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Genome-wide survey of D/E repeats in human proteins
uncovers their instability and aids in identifying
their role in the chromatin regulator ATAD2

Shalabh Shukla,1 Pavlo Lazarchuk,1 Maria N. Pavlova,1 and Julia M. Sidorova1,2,*

SUMMARY

D/E repeats are stretches of aspartic and/or glutamic acid residues found in over
150 human proteins. We examined genomic stability of D/E repeats and func-
tional characteristics of D/E repeat-containing proteins vis-à-vis the proteins
with poly-Q or poly-A repeats, which are known to undergo pathologic expan-
sions. Mining of tumor sequencing data revealed that D/E repeat-coding regions
are similar to those coding poly-Qs and poly-As in increased incidence of trinucle-
otide insertions/deletions but differ in types and incidence of substitutions. D/E
repeat-containing proteins preferentially function in chromatin metabolism and
are the more likely to be nuclear and interact with core histones, the longer their
repeats are. One of the longest D/E repeats of unknown function is in ATAD2, a
bromodomain family ATPase frequently overexpressed in tumors. We demon-
strate that D/E repeat deletion in ATAD2 suppresses its binding to nascent and
mature chromatin and to the constitutive pericentromeric heterochromatin,
where ATAD2 represses satellite transcription.

INTRODUCTION

The ATPase family AAA Domain-containing protein 2 (ATAD2, also referred to as ANCCA, or AAA + Nu-

clear Coregulator Cancer-Associated), a member of a conserved AAA ATPase family,1 has attracted major

interest as a protein whose high expression correlates with poor prognosis in various cancers.2–8 Overex-

pression of ATAD2 is ubiquitous across many cancers,9 and its depletion inhibits growth of cancer cells,

fueling an ongoing effort to develop clinically usable small molecule inhibitors of ATAD2.10,11

Mammalian ATAD2 was first described as a transcriptional co-activator at genes regulated by MYC, AR, ER,

and E2F,2,12–14 and later found to be associated with chromatin genome-wide as a global facilitator of tran-

scription.3,15,16 We and others found human ATAD2 on the newly-replicated, immature chromatin.17,18

Yeast homologs of ATAD2 were implicated in maintaining heterochromatin (the Schizosaccharomyces

pombe homolog of ATAD2, Abo1,19,20), or limiting its spread (the Saccharomyces cerevisiae homolog

Yta7,21 also reviewed in Cattaneo et al.1). Heterochromatic localization of human ATAD2 has been in-

ferred17,22 but not pursued in detail.

In addition to a two-partite AAA + ATPase domain and a bromodomain,3,14,23,24 ATAD2 contains a 28

amino acid-long uninterrupted run of aspartic and glutamic acid residues in its N-terminal half, hereafter

referred to as a D/E repeat (in ATAD2 this region has also been called Acidic N terminal region, ANR,1 how-

ever, this term does not distinguish it from the regions that are merely enriched for acidic residues). The

function of the human ATAD2 D/E repeat is unknown, but indirect evidence from S. cerevisiae and mouse

homologs suggests that it may participate in binding to chromatin.3,25 Repeats of Ds or Es, or any combi-

nation of both residues have been noted in many human proteins26,27. Although in a handful of proteins

D/E repeats have been implicated in binding to histones or other positively charged proteins, or mimicking

a DNA substrate for DNA-binding proteins,27–29 overall these repeats have not received much attention as

a group.

D/E repeats are encoded by runs of trinucleotides GAC, GAT, GAG, and GAA. Short tandem repeats in

DNA are considered more unstable compared to non-repetitive DNA, and as a subcategory of short tan-

dem repeats, trinucleotide repeats (TNRs) exhibit genetic instability manifesting as contractions and
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expansions of the number of repeat units.30,31 Repeat variability can fuel the functional plasticity of repeat-

containing proteins,32,33 which bears significance for cancers, where repeats may exhibit elevated insta-

bility.34,35 Extreme repeat expansions in non-coding and coding DNA can result in cellular dysfunction

and disease.36 However, the degree of instability can vary among different repeats, and it is unknown

how D/E repeat-encoding sequences compare to others, for example, to the poly-Q repeats encoded

by the CAG TNR and poly-A repeats encoded by the GCN TNR, both of which can undergo pathologic ex-

pansions in exons.37 Although the TNR of GAA, a trinucleotide that encodes the E residue, is known to

expand in introns of the genes FXN and DMD (reviewed in Khristich and Mirkin 38), exonic expansions of

(GAA)n or any expansions of (GAG)n, (GAT)n, or (GAC)n are currently unknown. At the same time, insertions

or deletions of 1–2 D/E residues have been noted, e.g., in the COMP39 and ASPN40,41 genes, where they

may be clinically significant.

Here we compare the distribution and instability of the D/E-coding TNRs in the human genome versus the

well-known expandable TNRs, and derive an overview of D/E repeat function via proteome-wide analysis of

subcellular localization, functional categorization, and protein-protein interactions using custom-designed

computational tools. Based on the common themes emerging from these analyses, we address the func-

tion of the ATAD2 D/E repeat in vivo and demonstrate for the first time that it is critical for ATAD2 binding

to chromatin, including the constitutive heterochromatin of the pericentromere, where it is important for

transcriptional silencing.

RESULTS

An overview of D/E repeat-coding TNRs vis-a-vis other coding TNRs

Figure 1 outlines the implemented trinucleotide repeat search pipeline. To delineate the scope of our task,

we began by identifying all the homopolymeric TNRs, i.e., uninterrupted repeats of the same trinucleotide,

in the protein-coding fraction of the human genome (note that all trinucleotides are identified by their

sequence in the sense DNA strand). The results demonstrate a wide range of the maximum lengths

Figure 1. An overview of the TriRepSearch pipeline

(A) A schematic of the regions of a protein-coding gene that are included in the search. Note that only the sense (top)

strand of a gene is searched.

(B) Region-specific sequences are extracted for analysis by TriRepSearch. Exonic sequences are scanned in the frame of

the ORF only and continuously, accounting for the uninterrupted amino acid repeats that are encoded on more than one

exon. Intronic regions are scanned in all three possible trinucleotide frames (+0, +1, and +2) and individually because an

uninterrupted trinucleotide repeat can by definition span only one intron.

(C) The general workflow of the TriRepSearch package for search and analysis of triplet repeats in protein-coding genes.

Search parameters specified by the user can allow for the search of non-homogeneous and discontinuous trinucleotide

repeats.

ll
OPEN ACCESS

2 iScience 25, 105464, December 22, 2022

iScience
Article



attained by different homopolymeric TNRs in exons and introns (Figure 2A). At n = 21, (CAG)n, which en-

codes poly-Q repeats, is the longest found in the human exome (of the GRCh37 release 105), and repeats of

at least some of the D or E-encoding trinucleotides (GAG and GAT) are in the top five (Figure 2A). Intronic

(GAT)n are found at a record-breaking n = 56. Notable examples of proteins with homopolymeric repeats in

exons are listed in Table S1.

The majority of amino acid repeats are represented by heteropolymeric TNRs42 because the number of

units in single amino acid repeats (SAARs) is typically larger than in the homopolymeric TNRs that encode

them (Figures 2A and 2B). Among all the different SAARs, the poly-D and poly-E SAARs reach the maximal

lengths that are comparable to the poly-A and poly-Q SAARs in the human proteome. Notably however,

poly-Es can be twice as long as poly-Ds, which incidentally is similar to poly-Qs being much longer than

poly-Ns (see discussion).

D/E repeats were also among the longest multiple amino acid repeats (MAARs), defined as uninterrupted

runs of amino acids of one type (e.g., basic or acidic, Figure 2C and Table S2), where they were second only

Figure 2. An overview of trinucleotide and amino acid repeats in the protein-coding subset of the human genome

(A) Maximum lengths of uninterrupted homopolymeric repeats of the indicated trinucleotides in exons and introns of

human protein-coding genes. The trinucleotides coding for D or E are highlighted in green and those coding for Q – are in

pink. Note that for the intronic trinucleotide repeats, each region with a repeat was effectively annotated three times, i.e.,

in each of the three reading frames (also see Figure 1).

(B) Maximum lengths of single amino acid repeats (SAARs).

(C) Maximum lengths of multiple amino acid repeats (MAARs) comprising amino acids of similar properties.

(D) Totals of human proteins containing A, Q, D/E, or R/K amino acids repeated the indicated number of times.

Note that in all graphs repeat lengths are given in numbers of repeated units, i.e., trinucleotides in (A) and amino acids in

(B–D). See also Figure S1 and Tables S1 and S2.
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to the small/polar (C, S, T) MAARs and far longer than basic (H, R, K) MAARs, in agreement with.26 Thus, at

least in terms of their maximal uninterrupted length, D/E repeats are on par with the poly-Q repeats and

exceed poly-A repeats, both of which are known to show instability and expandability.

D/E, poly-Q, and poly-A repeats display similar relationships between the length of the repeats and the

number of proteins that contain a repeat of a given length (Figure 2D). The overwhelming majority of

D/E and poly-Q proteins and the entirety of poly-A proteins contain uninterrupted repeats no longer

than 33 aa. In all three sets, the number of proteins containing a repeat of a particular length drops sharply

as the length of a repeat increases, and proteins with repeats less than 16 amino acids long comprise 99% or

more of each set. Although there are very few poly-A proteins with repeats longer than 17 units, the subsets

of poly-Q and D/E repeat proteins that contain repeats longer than 15 amino acids are of similar number.

Thus, the overall similar values distribution and sample size make D/E, poly-Q, and to a degree, poly-A

repeat sets suitable for comparative analyses. The R/K repeat set, on the other hand, represents proteins

with even shorter repeat lengths than poly-A proteins, making them less comparable to D/E and poly-Q

repeat sets. For comparison, the lengths distributions of the D/E� and Q-coding trinucleotides in introns

are shown in Figure S1.

Evolutionary expansion of D/E repeats in complex organisms

Phylogenetic comparisons of poly-Q SAAR lengths in protein homologs suggested a tendency for expan-

sion in complex organisms.42 To extend this analysis to D/E and other repeats, we identified eukaryotic ho-

mologs for a subset of human proteins with poly-Q, poly-A, or D/E repeat lengths above 15 residues, or R/K

repeat lengths above 9 residues. To validate our data retrieval and analysis tools, we reproduced the anal-

ysis conducted in Kumar et al., 201642 for two poly-Q proteins, ATXN3 and HTT, and arrived at a very similar

result (Figure S2A). Next, we plotted the mean repeat lengths as a function of evolutionary distance from

Homo sapiens for non-human homologs of our selected human repeat proteins (Figure 3). As expected,

average uninterrupted poly-Q repeat lengths increased dramatically in primates (divergences of up to

0.1 on the X-axis in Figure 3). Of interest, D/E repeats followed a similar tendency of recent expansion.

Poly-A repeats showed lesser expansion, and R/K repeats exhibited no expansion trend. These results sug-

gest a similarity of selection pressures acting on D/E and poly-Q repeats.

Assessing instability of TNRs encoding D/E, poly-Q, poly-A, and R/K repeats in human tumors

We reasoned that potential genetic instability of D/E repeats can be gleaned from a comparison of muta-

tion frequencies and types in the TNRs encoding these repeats versus the TNRs encoding the poly-Q and

poly-A repeats, the two disease-associated SAARs with a known propensity to expand, and the R/K repeats

that have no evidence of expansion. We used the publicly available sequencing data for tumor samples, as

repeat instability is documented in this material and is relatable to normal tissues.35 Mutation calls were

downloaded from the ICGC data portal.43,44 For each repeat-containing protein, we retrieved mutation

data for the repeats, the corresponding repeat-containing exons, and all coding sequences combined.

For each of these categories, we derived mean tumor allele frequencies (MTAF) and mutations per base

Figure 3. Expansion of repeat lengths in phylogeny

Shown are the homologs of the human proteins that carry repeats of poly-Q, poly-A, or D/E of 15 residues or longer, or

R/K of 9 residues or longer. Mean repeat lengths of these homologs in each phylum are plotted as a function of

evolutionary divergence (branch length) from H. sapiens. See also Figure S2.
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pair (MBP) metrics. For subsets of proteins with repeat lengths greater than 12 residues, we also derived

MTAF and MBP for all non-coding sequences and 500 bp flanks upstream and downstream of the respec-

tive genes. Mutation scores, MS, for each region were derived as MS = MTAF x MBP. These metrics were

also compiled for intronic homopolymeric repeats of GAA, GAT, GAG (encoding D or E), and CAG (encod-

ing Q). The GAC trinucleotide (encoding for E) was not included because it is found at lengths of only six

units or shorter in intronic sequences (Figure 2A).

An overall comparison of the subset of genes for proteins with repeat lengths equal to or greater than 12

residues revealed a similar pattern across all repeats, in which a fraction of genes shows substantially

elevated MTAF and/or MBP specifically within the repeat (Figures S3, S4, and 4) compared to the

repeat-encompassing exon or to all exons. Non-coding regions of these same genes scored overall higher

MTAFs and lower MBPs than their coding regions, as expected, because non-coding sequences are less

constrained and are of greater length overall than coding sequences. On average however, only poly-Q

repeats showed as mutable enough to move the repeat-specific median MTAF, MBP, and MS values up

compared to the all-exon baseline (Figures 4 and S3).

Among the D/E proteins, Asporin (ASPN) showed a five times higher mutation score than the rest of the

proteins, which overshadowed the rest of the variation. Excluding Asporin from the dataset allowed us

to better see the elevated mutation scores for additional D/E proteins (Figures 4 and S3C). Of note,

ATAD2 scored an average MTAF but had the fifth highest MBP of the repeat versus the MBP of its entire

coding sequence (Figure S4A). For all types of repeats, MTAF and MBP values did not correlate, and sub-

sets of proteins had lower repeat MBPs than MBPs for the entire coding region (Figures S4A–S4C).

To reveal quantitative differences between the repeats at a finer level of detail, we asked how mutation

scores (MSs) correlated with repeat length. For each repeat type, we plotted mean MSs for all proteins

with repeat lengths no less than n residues over the range of n from 4 to 30 (Figure 5A). Given the shapes

of the distributions in Figure 2D, this allows the proteins with repeat lengths at the lower end of the range

Figure 4. Mutation prevalence in exonic repeats in tumor samples

Mean tumor allele frequencies (MTAF), Mutations per base pair (MBP), and Mutation Scores (MTAF x MBP) were derived

for the indicated coding and non-coding regions in the genes of proteins that contain poly-A, poly-Q, or D/E repeats of at

least 12 residues, and plotted. All mutation types are included. Upstream and downstream flanks encompass 500 bp of

DNA. See also Figures S3 and S4.
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Figure 5. Mutation types and their dependence on repeat length

(A) Mutation scores of all within-repeat mutations were derived for the proteins with uninterrupted repeats no shorter than 4 and up to 30 residues long, and

mean mutation scores were calculated for sets of proteins binned by repeat length, such that each bin contained the proteins with the repeat length at or

longer than indicated by each X-axis value (expressed as number of residues). The minimal number of proteins in a bin was set at 3, and bins with one or two

proteins were not included. Error bars are SEMs. A dotted line represents mean MS for all exons of all repeat-containing proteins in the sample,

3.6 3 10-4+/�1.8 3 10-6 SEM. p values are described in the main text.

(B) Mutation scores of all within-repeat mutations were derived for proteins with uninterrupted intronic repeats of (GAA)n, (GAT)n, (GAG)n, or (CAG)n, where

n is between 4 and 30. Binning for the X-axis and minimal number of proteins in a bin are as in (A) except repeat lengths are expressed as the number of

trinucleotides. Error bars are SEMs. A dotted line represents mean MS for all introns of all repeat-containing proteins in the sample, 1.33 10-4+/�5.13 10-5

SEM.

(C) For the same protein sets as in (A), means of mutations per base pair (MBPs) values for each mutation type were plotted for repeats (red), repeat-

containing exons (green), and all exons (blue). X-axes represent sets of proteins binned by number of amino acid residues in the repeat, where each value is a

minimal number of repeats allowed in the bin. Bins with fewer than 3 proteins were not included. p values adjusted for multiple comparisons (listed in Table 2)

were derived in one-way ANCOVA tests with repeat length as a covariate.

See also Figures S5 and S6, and Table S3.
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drive the sample mean for each bin. Repeat lengths with sample sizes of fewer than 3 proteins were not

included. As Figure 5A shows, poly-Q repeat proteins displayed the highest mean MSs and the most dra-

matic MS increase dependent on length. D/E repeat proteins were in the second place, and poly-A and R/K

proteins exhibited no significant correlation. For both poly-Q and D/E proteins, mean MSs strongly posi-

tively correlated with repeat lengths for n between 4 and 16 residues (Pearson coefficients 0.804 and 0.895,

and p values 0.0005 and 0.00001, respectively). Of interest, for repeats longer than 16 residues, MS values

peaked and leveled off for poly-Q proteins but not nearly as much for D/E proteins, in which the positive

correlation between n and MS remained significant over the full range of repeat lengths (Pearson coeffi-

cient 0.623, p value 0.0005). Thus, the data suggest that although poly-Q repeats appear to be the most

mutation-prone, D/E repeats definitely show an elevated level of mutations that correlates with repeat

length.

A parallel analysis performed on intronic runs of GAA, GAT, GAG, and CAG TNRs revealed markedly

elevated mutation scores compared to bulk introns, and these mutation scores rose and fell for all of

the examined TNRs (Figure 5B). Note that these TNRs were identified by their sequence in the sense

(top) DNA strand for the purpose of direct comparison with the exonic TNRs. Intriguingly, the expan-

sion-associated (CAG)n and (GAA)n had comparable though not the highest MS, whereas (GAT)n showed

the highest MS.

Repeat-preserving and repeat-disrupting mutation tendencies distinguish D/Es in exons and

the cognate TNRs in introns from the pathologic expansion-associated TNRs

To address which types of mutations were elevated in the repeats and whether this varied with repeat

length, we plotted mean MBPs for each mutation type within the repeats, repeat-containing exons, and

whole coding regions of poly-A, poly-Q, R/K, and D/E proteins over a range of repeat lengths (Figure 5C

and see Table 1 for p values; only the cases in which repeats were significantly different both from all exons

and from the repeat-containing exon are detailed below). First, we found that in-frame insertions and de-

letions within repeats were significantly elevated for all four types of repeats, albeit poly-Q repeats showed

the highest MBPs for these mutation types. Second, silent mutations were significantly elevated, and

missense mutations were reduced in poly-Qs and poly-As, though MBPs values were lower overall in

poly-As compared to poly-Qs. Third, D/E and R/K repeats were similar to poly-As and lower than poly-

Qs for within-repeat insertion and deletion MBP values, however, they did not show repeat-associated

alteration in silent or missense mutations. Forth, uniquely, R/Ks had the highest frameshift MBPs of all

the examined repeats, and D/Es, also uniquely, showed elevated stop codon gains.

Changes in repeat length markedly contributed to the repeat-specific MBP variation in several cases. First,

insertions increased in poly-Q and D/E repeats and then fell after a certain repeat length. In contrast, de-

letions increased with repeat length in poly-A and D/E repeats while starting out high and declining in

poly-Q repeats. Second, missense mutations strongly declined with repeat length in poly-Q and poly-A

repeats.

The overall trend of mutations in poly-Qs to be the least disruptive to the repeat, gleaned from the above

results, could also be traced by comparing BLOSUM62 scores of single base substitutions for different re-

peats (Figure S5). Although all repeats except R/Ks displayed higher BLOSUM62 score averages compared

to the adjacent gene regions, poly-Q substitutions tended to be more conservative compared to other re-

peats. Longer repeat lengths were associated with more conservation in poly-Qs and declined in D/Es.

Prevalence of insertions and deletions was also significantly higher than in the adjacent non-repeat se-

quences for all intronic TNRs examined (Figure S6, note that in this case, both the whole and partial repeat

unit insertions/deletions are included). Surprisingly, the GAA TNR showed the lowest prevalence of inser-

tions among the four TNRs. Repeat length strongly contributed to both insertions and deletions in (GAA)n

and (CAG)n, to insertions only in (GAG)n and deletions only in (GAT)n. On the other hand, the behavior of

single base substitutions distinguished the expansion-associated TNRs (GAA, CAG) from those not known

to expand (GAT, GAG). The CAG TNR was the only TNR with a suppressed prevalence of single base sub-

stitutions. The GAA TNR had an elevated prevalence of substitutions.

Collectively, the results demonstrate that insertion/deletion instability of repeat sequences is elevated over

the cognate non-repeat sequences whether they are known to undergo pathologic expansions or not.
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Furthermore, despite their lengths and recent evolutionary expansion, both of which are on par with poly-Q

repeats, the instability of D/E repeat-coding TNRs in exons and the same TNRs in introns is quantitatively

and qualitatively different from poly-Qs and their TNR. And lastly, patterns of repeat-supporting versus

repeat-disrupting mutations, e. g. silent substitutions versus frameshifts, were very different among the

examined TNRs (see Table S3 and discussion).

Long D/E repeats are prevalent in proteins with nuclear functions

The list of D/E repeat proteins includes many chromatin regulators and transcription factors, of which

ATAD2 is a perfect example. To quantify the prevalence of nuclear function proteins among D/E repeat

proteins, we determined which GO IDs (retrieved from STRINGDB) were enriched two-fold or more among

these proteins (Figure 6, these enrichments were highly significant with Fisher exact p values <0.001, unless

marked otherwise). For D/E repeats, the enriched GO IDs corresponded to nuclear functions in DNA and

RNA metabolism. Poly-Q and poly-A proteins followed the same overall tendency though some distinc-

tions were notable. For example, D/E proteins were absent from categories centered on DNA-binding

and were the only group enriched in nucleolar and chromatin categories (Figure 6B).

Querying the Protein Atlas database of IF in situ and IHC-based protein localization data also revealed that

proteins with D/E repeats at or above 12 residues were clearly enriched in the nucleus vs. the cytoplasm

(Figure 7A). Here, categorical values of low, mid, and high confidence of localization to a particular cellular

compartment obtained from the Protein Atlas were converted to numerical values of 0, 0.5, and 1 to derive

Table 1. Lengths of Poly-A, poly-Q, D/E, and R/K repeats contribute to their mutability

Ancova (1-way), p < 0.05

Repeat type Variables

Mutation type

silent missense insertion deletion frameshift stop gained

poly-A Regions 1.54E-06 1.03E-09 6.93E-11 1.37E-15 0.487 1.1E-21

poly-A Min repeat length 0.106 4.47E-11 0.194 0.000638 0.809 1.65E-06

poly-Q Regions 4.82E-39 9.89E-29 1.42E-37 1.06E-57 9.65E-07 0.0643

poly-Q Min repeat length 0.0264 3.44E-15 0.000416 0.00522 2.44E-19 3.74E-14

D/E Regions 0.00165 0.015 7.09E-12 3.66E-41 0.00416 1.49E-13

D/E Min repeat length 0.0397 0.00189 3.71E-08 1.07E-05 0.000737 0.119

R/K Regions 0.0605 0.0291 3.78E-10 1.53E-10 1.21E-10 0.997

R/K Min repeat length 0.000009 0.000014 0.589 0.0125 0.522 0.000016

Multiple Comparison of Means, Tukey HSD, FWER = 0.01

Repeat type Region1 Region2

Mutation type

silent missense insertion deletion frameshift stop gained

poly-A Coding Exons 0.538 0.828 0.975 0.782 0.759 0.0003

poly-A Coding Repeat 3.57E-06 0.0002 9.96E-10 1E-12 0.867 6.44E-15

poly-A Exons Repeat 0.0001 0.0009 1.92E-09 6.44E-12 0.448 5.48E-13

poly-Q Coding Exons 0.59 0.0259 0.403 0.0395 0.996 0.734

poly-Q Coding Repeat <4.44E-16 <4.44E-16 <4.44E-16 <4.44E-16 0.0123 0.643

poly-Q Exons Repeat <4.44E-16 <4.44E-16 <4.44E-16 <4.44E-16 0.0098 0.232

D/E Coding Exons 0.0399 0.661 0.956 0.0623 0.539 0.991

D/E Coding Repeat 0.0018 0.0199 6.1E-08 <4.44E-16 0.0064 1.45E-11

D/E Exons Repeat 0.528 0.15 2.05E-07 <4.44E-16 0.0989 2.58E-11

R/K Coding Exons 0.93 1 0.297 0.668 0.239 1

R/K Coding Repeat 0.358 0.311 <4.44E-16 <4.44E-16 <4.44E-16 1

R/K Exons Repeat 0.56 0.322 <4.44E-16 <4.44E-16 <4.44E-16 0.999

Listed are the p values for the differences between the mutations per base pair (MBP) values of repeats, repeat-containing exons, and all exons (collectively,

‘‘Regions’’), with minimum repeat length as a covariate.
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protein group averages. Using these values, we then asked how subcellular localization of repeat-contain-

ing proteins changedwith their repeat length, by plotting localization confidence averages for D/E, poly-Q,

poly-A, and R/K proteins as a function of minimal repeat length. Figure 7B shows that for D/E, poly-Q, and

poly-A proteins, repeat length significantly positively correlated with nuclear localization, with Pearson co-

efficients for all three groups measuring above 0.9 and p values at or below 1.5E-05. In contrast, repeat

length did not correlate with the likelihood of non-nuclear localization of these groups of proteins or in

some cases showed a negative correlation. R/K proteins were more likely to be nuclear than cytoplasmic,

Figure 6. The GO categories enriched for D/E, poly-Q, or poly-A repeat-containing proteins

(A) The GO categories that were enriched more than 2-fold for D/E repeat-containing proteins were retrieved from

STRING DB and plotted.

(B) Fold enrichment values for the GO categories in which proteins with the indicated repeats were enriched more than

2-fold. All enrichment values are statistically significant at p % 0.01 or less in Fisher exact tests, except where indicated

otherwise in the graph; ns, not significant at p % 0.05.
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however, length of R/K repeats did not correlate with nuclear localization (Pearson r =�0.39, p = 0.38). The

finding that proteins with longer D/E repeats are more likely to be nuclear supports the assumption that

these repeats, as poly-Qs and poly-As, are important for the nuclear function of the proteins that

carry them.

In some cases, D/E repeats were shown to be involved in association with histones. Examples include D/E

regions of the proteins PELP1,45 SET,46 and DAXX.47 To systematically address chromatin function of D/E

repeats, we retrieved from BioGRID the physical interactomes of human proteins that contain these re-

peats. Most up-to-date lists of all histone variants were obtained from.48 We then plotted the percentages

of interactions of D/E-carrying proteins with histones among all their interactions as a function of D/E

repeat length (Figure 7C). Interactions with core histones comprised the majority of histone interactions

of D/E proteins. Proteins with longer D/E repeats associated with core histones up to three times more

frequently compared to proteins with short repeats (Figure 7C, left panel) and compared to the prote-

ome-wide average, where only 1.53% of interactions were with core histones. Also, for all repeat lengths

Figure 7. Cellular localization and interactions of D/E and other repeat proteins

(A) Predominant localization of the proteins containing D/E repeats of 12 or more residues compared to all proteins.

Localization calls, expressed as low, medium, and high confidence of localization to a given subcellular compartment,

were converted to numerical values of 0, 0.5, and 1 for the purpose of averaging across multiple proteins. The averaged

values are plotted as Mean localization prevalence on X-axis.

(B) Mean localization prevalence values for the nuclear, cytoplasmic, or membrane system compartments were derived for

poly-A, poly-Q, D/E, and R/K proteins and plotted as a function of repeat length. X-axes represent sets of proteins binned

by minimal length, i.e., a minimal number of amino acid residues in the repeat. Dotted lines represent mean prevalences

of localization to the respective compartments derived for the whole proteome.

(C) Average percentage of interactions with histones among all protein-protein interactions of D/E and R/K proteins was

plotted as a function of minimal repeat length. Note that the minimal repeat length values that yielded fewer than 10

proteins per sample were not included because of the increasing variance in such samples. For the random sample

control (grey circles), a sample of interactions equal in number to that of D/E proteins’ interactions for eachminimal length

bin was randomly drawn 1,000 times out of all protein/protein interactions. Percentages of interactions with histones

found in each of these draws were fitted to a normal distribution, and m and s values of these distributions were plotted as

gray circles (m) with error bars (s). p values for the differences between random samples and D/E samples derived from this

analysis are listed in Table 2.

See also Figures S7 and S8.
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above 6 residues the enrichment for interactions with core histones was highly significant compared to

samples of random interactions of the same sample size (Figure 7C, left panel, and Table 2 for p values).

In contrast, interactions with linker histones were overall not enriched over random samples at the upper

cutoff of 0.01 for p values, though they became somewhat more frequent for proteins with the longest re-

peats (Figure 7C, center-left panel, Table 2). As a control, histone associations of R/K repeat proteins

showed a more modest enrichment (Figure 7C, center-right and right panels). Statistically significant

enrichment over random interactions samples was seen only for the R/K repeat length range of 5 to 8 res-

idues with p values < 0.01, and for both core and linker histone interactions. This likely reflects interactions

between histones because histone proteins themselves carry R/K repeats.

Of interest, proteins with poly-Es of a specified length exhibited a more consistent enrichment for interac-

tions with core histones than proteins with poly-Ds (Figure S7). Despite its limitation (poly-Ds only reach half

the length of poly-Es), this result may suggest that D/E repeats’ negative charge is not a sole determinant of

interaction with histones. We thus probed the secondary structure properties of poly-D and poly-E pep-

tides using PEP-FOLD3 de novo structure prediction application (https://bioserv.rpbs.univ-paris-diderot.

fr/services/PEP-FOLD). Poly-Qs and poly-Ns were included for comparison. The results showed that

poly-Es (and poly-Qs) adopted an a-helical conformation whereas poly-Ds (and poly-Ns) were disordered

(Figure S8). This highlights the molecular differences between these residues that may affect their confor-

mation within proteins, and suggests that D/E repeats of variable length and D to E ratio and distribution

may in fact have different propensity for structuring.

D/E repeat of ATAD2 is important for its association with chromatin and maintains silencing

of pericentromeric constitutive heterochromatin

ATAD2 has a 28 aa-long D/E repeat that consists of a stretch of Ds flanked by mixed Ds and Es, and the

histones H2, H3 and H1 are listed among its interactors in BioGRID. To test if the D/E repeat of ATAD2

Table 2. Human proteins with longer D/E repeats are more likely to interact with core histones

Min repeat length

Core histones with Linker histones with

D/E R/K D/E R/K

4 4.57E-21 ns 2.55E-23 ns

5 ns 4.52E-05 6.58E-05 4.64E-05

6 7.91E-10 7.44E-08 ns 5.19E-04

7 6.97E-07 1.54E-04 ns 5.29E-09

8 3.89E-11 4.47E-07 ns ns

9 4.86E-21 3.29E-03 ns ns

10 1.10E-26 1.01E-02 ns ns

11 5.59E-21 ns

12 7.64E-14 ns

13 2.06E-11 ns

14 2.92E-15 ns

15 1.43E-13 ns

16 2.16E-14 ns

17 1.39E-17 ns

18 1.92E-15 ns

19 2.16E-17 ns

20 1.60E-17 ns

21 1.01E-15 ns

22 1.41E-17 ns

23 9.81E-16 ns

24 5.06E-09 ns

Listed are the p values for the prevalence of interactions with histones among D/E or R/K repeat-containing proteins. Ns, not

significant, denotes p values > 0.01.
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Figure 8. Chromatin-binding phenotypes of the D/E repeat deletion in the ATAD2 protein

All experiments were performed in GM639 SV40-transformed fibroblasts. An empty vector, or the vectors expressing the

wild type or D/E deletion mutant ATAD2, C-terminally tagged with a V5 epitope, were stably integrated into these cells

via lentiviral transduction.

(A) A schematic of the D/E repeat deletion generated in ATAD2-V5. The 28 residues (red) comprising the uninterrupted

run of Ds and Es, and the two flanking G residues were removed, creating a 6 amino acid D/E repeat (blue).

(B) Immunofluorescence in situ staining of cells using the V5 antibody and a DAPI counterstain. Nuclear V5 signal was

quantified as Mean Fluorescence Intensity (MFI) per nucleus in digital microscopy images. Red bars are distribution

medians.

(C) Quantitation of Alamar Blue fluorescence. Cells were seeded into 96-well plates at 1000, 2000, and 4000 cells/well in

triplicates, grown for 3 days, and subjected to the Alamar Blue assay for growth/viability. Error bars are standard

deviations. p values are calculated in paired one-tailed t-tests.

(D) A representative result from two independent experiments performed on GM639 with the indicated transgenes.

Nuclear area measurements were done on digital images of cells stained with DAPI in situ. Red bars are medians and the

p value was determined in a KS test.

(E) A schematic of fractionation and Western blots of cells expressing the empty vector or the indicated transgenes.

Asterisks denote blank lanes. Samples were resolved on 4–12% Bis-Tris gels, and approximate positions and molecular

weights (kDa) of the protein ladder are shown on the right of the gels.

(F) qPCR measurements on ChIPs carried out with the V5 tag antibody and chromatin extracts from the indicated cells.

Each pulldown and input was analyzed in triplicates. Pulldowns were normalized to inputs using the DCq method. Error
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is involved in association with chromatin, we deleted the entire uninterrupted repeat from D256 to E287

(Figure 8A). The flanking G residues were also removed, generating a 6 aa-long D/E stretch. The mutant

and wild type ATAD2 with C-terminal V5 tags were stably expressed in SV40-transformed human fibroblasts

that we previously used to study ATAD218 (Figure 8). These cells express a high level of endogenous

ATAD2.18 By western blotting, ATAD2-V5DDE was expressed at a modestly higher level than the wild

type ATAD2-V5 (Figure S9A). Immunofluorescence in situ (IF, Figure 8B) showed that DDE and wild type

proteins were nuclear-localized and confirmed their overall expression levels, albeit on a single-cell basis

the wild type ATAD2 expression was more heterogeneous. Remarkably, despite the presence of the

endogenous ATAD2, ectopic expression of ATAD2-V5DDE markedly slowed cell population growth

when compared to empty vector control or to the wild type ATAD2-V5 (Figure 8C). ATAD2-V5DDE cells

also had decreased nuclear areas compared to the other two cell lines (Figure 8D). These phenotypes sug-

gest that the mutant exerts a dominant negative effect on the cells.

To address if association of ATAD2 with chromatin was altered by the D/E repeat deletion, we followed the

multistep nuclear extraction procedure described in Federation et al.22 (Figure 8E). Probing with the V5

antibody revealed that ATAD2-V5 was predominantly found in the high salt extract and pellet fractions

of cells, whereas ATAD2-V5DDE was mostly in the high salt extract (Figure 8E). We next used the ATAD2

antibody raised against the N-terminal fragment of ATAD2 (amino acids 1 to 150), which recognizes the

endogenous ATAD2,18 (Figures S9B and S9C) and should also recognize ATAD2-V5 and its D/E deletion

mutant. Probing with the ATAD2 antibody produced an overall higher signal and revealed the presence

of ATAD2 in the low salt extract of cells carrying ATAD2-V5DDE (see Figures S5B and S5C for more detail

on the antibody specificity). Together, these results are consistent with a reduced affinity of ATAD2-V5DDE

for chromatin. To note, the pellet and high salt fractions, to which ATAD2 fractionated above, were shown

to be enriched for heterochromatic and structural chromatin proteins in the original study.22

We next used ChIP with the V5 antibody to examine ATAD2 association with chromatin more quantitatively.

We probed for association of ATAD2 with heterochromatic repetitive DNA based on the ATAD2 fraction-

ation pattern (see above) and because the high copy number of repetitive DNA may facilitate detection of

ATAD2. The wild type and DEmutant ATAD2-V5 occupancy on SATII and aSAT repeats that comprise peri-

centromere (SATII and aSAT) and centromere (aSAT), and account for the majority of constitutive hetero-

chromatin, was measured by qPCR in V5 pull-downs against the background of empty vector cells that

express no V5 tag (Figure 8F). Above-background levels of SATII and aSAT sequences were clearly asso-

ciated with the wild type ATAD2-V5. In contrast, ATAD2-V5DDE pull-downs yielded virtually no SATII

and aSAT DNA above the background, suggesting a markedly reduced association of the mutant

ATAD2 with aSAT and SATII sequences. Association of ATAD2-V5DDE with another pericentromeric

repeat, SATIII, was also reduced compared to the wild type ATAD2-V5 (Figure 8F, right panel). To note,

chromatin association defect of ATAD2-V5DDE may not necessarily be limited to pericentromeric hetero-

chromatin. Indeed, ATAD2-V5DDE occupancy was also reduced, albeit not eliminated, on Alu repeats,

which are not heterochromatic49 (Figure S5D).

To determine if the reduced occupancy of ATAD2-V5DDE on constitutive heterochromatin is functionally

significant, we asked if transcription from these sites was altered in cells expressing ATAD2-V5DDE. Tran-

scripts from pericentromeric satellites are detectable in human cells and their levels can be modulated by

heterochromatin defects or by certain biological perturbations.50,51 We were able to detect SATII and

SATIII transcripts by RT-qPCR in RNA preparations subjected to two rounds of DNA elimination (Fig-

ure S9E). Remarkably, cells expressing ATAD2-V5DDE had markedly elevated levels of SATII and SATIII

transcripts compared to cells with the wild type ATAD2 or the empty vector control (Figure 8G). This sug-

gests that reduction of binding of ATAD2-V5DDE to the satellite repeat heterochromatin is associated with

a disruption of transcriptional silencing despite the presence of the endogenous ATAD2. Lastly, depletion

Figure 8. Continued

bars are standard deviations. p values were calculated in paired t-tests performed on DCq values. The results

represent three (left and center panels) and two (right panel) independent experiments.

(G) qPCR measurements on reverse-transcribed RNA preps isolated from the indicated cells. SATII (left panel) or SATIII

(right panel) Cq values were normalized to GAPDH Cq values using the DCq method. p values were calculated in paired

t-tests performed on DCq values. Error bars are standard deviations. The results represent three (left panel) and two (right

panel) independent experiments.

See also Figure S9.
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of 90% of ATAD2 by siRNA in the same SV40 fibroblast cell line also showed elevated SATII expression

compared to cells with control siRNA (Figure S9F). Collectively, the results implicate ATAD2 and its D/E

repeat in maintaining proper heterochromatin function and, furthermore, support the idea that ATAD2-

V5DDE has a dominant-negative effect on the endogenous ATAD2.

Another way to explore chromatin binding activity of ATAD2 is to measure ATAD2 association with newly-

replicated chromatin, as previously documented by us18 and others.17 We used Proximity Ligation Assay

(PLA) to detect ATAD2 on nascent DNA. In this assay, a fluorescent signal develops only if the assayed

counterparts, in this case ATAD2 and EdU-labeled DNA, are in close proximity to each other (approx.

40 nm, Figure 9A). By ‘‘clicking’’ EdU to a biotin-azide spiked with fluorescent azide, we are able to identify

EdU-positive cells and verify that the PLA signal is seen in these cells only, thus confirming its specificity. We

performed V5/EdU PLA to detect exclusively the ectopic wild type and D/E mutant ATAD2 (Figure 9B).

ATAD2-V5DDE displayed markedly reduced association with nascent, EdU-labeled DNA compared to

ATAD2-V5 (Figure 9C). This low PLA signal could conceivably be explained by the fact that expression level

of ATAD2-V5DDE is never as high as that seen in the top quartile of the wild type ATAD2-V5 expressing

cells (Figure 8B). However, PLA with the ATAD2 antibody showed that ATAD2-V5DDE expression also

reduced the ATAD2/EdU signal. This suggests that the endogenous wild type ATAD2 was also less able

to associate with EdU-labeled DNA in the presence of the D/E mutant (Figure 9D), and therefore that

the expression level of the D/E mutant was sufficient to interfere with the endogenous ATAD2. Thus, the

data are consistent with the notion that D/E repeat deletion compromises the ability of ATAD2 to associate

with nascent chromatin/DNA in a dominant-negative manner. Taken together, the data of this section

argue that the D/E repeat of ATAD2 is required for its association with nascent and mature chromatin as

well as with at least a subset of constitutive heterochromatin, where ATAD2 contributes to transcriptional

silencing.

Figure 9. D/E repeat deletion reduces binding of ATAD2 to nascent chromatin

(A) A schematic of the Proximity Ligation Assay (PLA) for the association of ATAD2 with EdU-labeled, newly-replicated

chromatin.

(B) Microscopy images of DAPI (blue), EdU-Alexa488 (green), and V5/EdU PLA (red) channel fluorescence in the indicated

cells. Scale (left panels) is 20um.

(C) Quantitation of V5/EdU PLA foci numbers per nucleus in the indicated cells.

(D) Quantitation of ATAD2/EdU PLA foci numbers per nucleus in the indicated cells.

In (C) and (D) foci numbers in EdU-negative and EdU-positive cells are shown separately. p values were calculated in

Wilcoxon tests. (C) and (D) each represent three independent experiments.
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DISCUSSION

Our analysis provides an overview and an information resource on the human proteins that contain D/E re-

peats. The computational tool we have generated can be applied to other user-specific protein libraries

and also to the databases other than used in this study (provided, a database-specific link is first established

for the latter). Further, we highlighted several general features of D/E repeats as a group and established

their function in the protein ATAD2, which carries one of the longest uninterrupted runs of D/E residues in

the human proteome.

D/E repeats are as widespread as poly-Q repeats, which are well-known for their disease-associated expan-

sions,38 achieve comparable lengths to poly-Qs, and exceed poly-A and R/K repeats. D/E repeats’ lengths

have undergone a recent evolutionary expansion on par with poly-Q repeats. These and other observations

raised a question of whether there should exist as yet undiscovered D/E expansion diseases or whether D/E

repeat expansions do not occur or are selected against.

One approach to this question is to frame it in a deliberately agnostic fashion with regard to the potential

mutation mechanism(s) involved, and ask how D/E repeats compare to poly-Qs and other repeats in terms

of their genetic instability in tumors. Analysis of the PCAWG tumor mutation data revealed significantly

elevated levels of in-frame insertions and deletions in all four examined repeats (poly-Q, poly-A, D/E,

and R/K), though the poly-Qs had the highest values among all. Nevertheless, the levels of in-frame inser-

tions and deletions in D/E repeats weremore similar to poly-A repeats, for which the instances of expansion

are known but are less common, and even to R/K repeats, for which expansions are not known.

One curious feature observed for poly-Q and D/E repeats was that the occurrence of in-frame insertions

increased with repeat length up to a point and then declined. It is uncertain however, if this reflects repeat

biology. Insertions into the longest of the repeats may be underrepresented in the data because the cor-

responding reads were not mappable or did not span the expanded region. Detection of large repeat

expansions by next generation sequencing is a recognized challenge.52 Also, according to the findings

of inverse correlation between cancer susceptibility and (CAG)n length,53 expanded (CAG)n repeats

may be specifically underrepresented in cancers. On the other hand, the level of deletions remained

high and even somewhat declined with length in poly-Qs, whereas in all other repeats it increased with

length. This may suggest an expansion-limiting pressure at work on all the examined repeats except

poly-Qs, which is in alignment with the fact that these repeats hold a record of pathologic expansions in

multiple different proteins.

D/Es differed from both of the expandable repeats, poly-Qs and poly-As, in two notable ways. First, unlike

poly-Qs and poly-As, they exhibited no suppression of missense mutations. Second, only D/E repeats

showed elevated levels of premature terminations. In summary, if mutations can be broadly categorized

into repeat-maintaining and repeat-disrupting by whether or not they support or disrupt the purity and

length of the repeat, the two factors that are thought to be crucial for a repeat’s potential to expand,38,54

then it follows that D/Es and R/Ks, unlike poly-Qs and poly-As, lacked the repeat-preserving mutation

trends and showed repeat-disrupting trends (Table S3). These mutation trends could be observed both

in exonic and intronic instances of D/E-coding TNRs, which likely are subjected to very different selective

pressures. To conclude, despite the similarities between poly-Qs and D/Es in terms of their length and

recent evolutionary expansion, the results of the mutation survey may suggest that D/E repeat expansions

could in fact be non-existent or extremely rare, whereas small insertion/deletion mutagenesis is likely com-

mon and may have physiologic significance.

Although structural properties of D/E repeats were beyond the scope of this work, a couple of observations

are worth discussing in the context of the repeats’ prevalence and function. When compared as separate

subsets, poly-E and poly-D SAARs in the human proteome appeared to follow the tendency of poly-Q and

poly-N SAARs in that the maximum attainable lengths of both poly-Es and poly-Qs exceeded poly-D and

poly-Ns (by two-fold for poly-Es and five-fold for poly-Qs). Poly-Ds and poly-Ns of any length are also found

in far fewer proteins than, respectively, poly-Es and poly-Qs.55,56 Poly-Ns have been highlighted before as a

unique example of the SAAR that is longer andmore prevalent in invertebrates than vertebrates,55,57,58 and

to our knowledge, this underrepresentation of poly-Ns in vertebrates remains unexplained. Nevertheless,

modeling of all four of these SAARs as isolated peptides highlights the fact that poly-Qs and poly-Es are

different from, respectively, poly-Ns and poly-Ds: they are far likelier to adopt alpha-helical structure.
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Poly-Ns and poly-Ds, on the other hand, model as disordered, with poly-Ns adopting a more compact

shape than poly-Ds. Indeed, the alpha-helical propensity of poly-E59 and its increase over poly-D60 have

been noted. Poly-Qs can be alpha-helical,60 though their structures are influenced by the flanking se-

quences.61,62 Although more research is clearly needed, it is possible to suggest from the above consider-

ations that, rather than being ubiquitously disordered, D/E repeats likely have a structuring potential that

informs their function. By the same token, pure D/E repeats may be structurally different from D/E-rich do-

mains, and not all D/E repeats may be DNA mimics, as the latter category has been defined in terms of a

regular structure with the periodicity of a DNA double helix63 and this is likely not the case for all D/E

repeats.

To reveal common themes in the cellular functioning of D/E repeats, we analyzed publicly available protein

function, localization and interaction data and examined if the latter two features varied with repeat length.

D/E repeat proteins were strongly enriched for nuclear localization and the GO categories associated with

nuclear functions, prominently including chromatin regulation. Importantly, the likelihood of D/E repeat

proteins localizing to the nucleus and interacting with core histones increased with their repeat length.

These data point to the direct involvement of D/E repeats in nuclear functions of the repeat-bearing

proteins.

Consistent with the above trends, we found that the 28 amino acid-long D/E stretch in the human chromatin

regulator ATAD2 critically participates in the association of ATAD2 with chromatin, including the pericen-

tromeric constitutive heterochromatin (PCH). We propose that association with PCH, which is hypoacety-

lated, may be more strongly dependent on D/E repeat because here ATAD2 cannot rely on its bromodo-

main, which binds to acetylated histones.14,23,24 To note, the D/E deletion that we generated in ATAD2

essentially reduces its D/E stretch from the exceptional length of 28 residues to merely 6 residues, a length

that in other D/E proteins corresponds to the lowest likelihood of nuclear localization and histone interac-

tion. It is noteworthy that this mutation had a dramatic, dominant-negative phenotype. When expressed in

wild type cells that have endogenous ATAD2, our D/E mutant inhibited population growth, reduced bind-

ing of the wild type ATAD2 to newly-replicated chromatin, and increased PCH transcript level while also

being defective in binding to nascent chromatin and PCH. The S. pombe homolog of ATAD2, Abo1,

was shown to form multimers,64 and, if this is the case for human ATAD2, it is possible that ATAD2-

V5DDE may interfere with the endogenous wild type ATAD2 by sequestering it into inactive complexes.

Alternatively, the D/E mutant can titrate the proteins that cooperate or interact with ATAD2, for example,

the FACT complex.16

Our finding that disruption of ATAD2 association with PCH by D/E repeat deletion correlates with an in-

crease in PCH transcription, while is agreement with the heterochromatic role of the S. pombe ATAD2 ho-

molog Abo1,19,20 is surprising since mammalian ATAD2 has been described as a transcriptional activator

and (in mouse ES cells) a global transcriptional facilitator that binds acetylated histones, supports open

chromatin, and enables histone turnover at active genes by countering histone loading by HIRA and

FACT.1,15,16 Potential differences between mouse and human ATAD2 and the cell types used can be

responsible for the above paradox. It is also possible to reconcile all reported activities of ATAD2 by

considering its role in histone turnover. Histone turnover may contribute to maintaining silenced hetero-

chromatin, and, generally, a lower rate of histone turnover is thought to support heterochromatic

silencing.47 Incidentally, both facilitation of the turnover, by mouse ATAD2 in ES cells,15 and its suppres-

sion, by human ATAD2 in cancer cells,3 have been reported. We propose that ATAD2may suppress histone

turnover in PCH and facilitate it in euchromatin in a manner dependent on local regulatory cues. One pre-

cedent to this dual role is the S. pombe FACT.65,66 Further, participation in the maintenance of PCH is not

mutually exclusive with the presence of ATAD2 on nascent chromatin throughout the genome, where it can

contribute to the reestablishment of local chromatin environment, whether at PCH or euchromatic loci.

The proposed PCH maintenance activity of ATAD2 may also be advantageous to the cancer cells in which

ATAD2 is overexpressed. As PCH needs re-establishment after each round of replication, rapidly dividing

cancer cells may require extra means to maintain it. In fact, elevated satellite repeat expression was noted

for epithelial cancers.67–69 Excessive satellite expression can interfere with pericentromere function and

cause chromosomal and genomic instability,70–73 and overexpression of ATAD2 may mitigate it. Overall,

our focus on D/E repeats, the extent to which their length is a correlate of their function across the prote-

ome, and their role in ATAD2 in particular, has opened routes for further mechanistic dissection of ATAD2
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roles in promoting cell proliferation. Understanding of themechanism of ATAD2-DDE interference with the

wild type ATAD2 and a further analysis of how the D/E repeat length affects ATAD2 affinity for chromatin,

may hold future significance for cancer therapy.

Limitations of the study

Large expansions of TNRs may not be captured in the PCAWG cancer mutations database because of

methodological and biological constraints, as discussed. Our focus on uninterrupted repeats and the cod-

ing fraction of the genome allowed us to generatemeaningful data with limited computing resources, how-

ever, a more extensive analysis may be recommended. Proteome-wide averages, e.g., nuclear localization

or function, while overall informative, may not reveal more subtle, subpopulation-specific tendencies which

will require more granular re-inspection of the data.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse a-biotin Vector Laboratories RRID:AB_2336110

rabbit a-ATAD2 Proteintech RRID:AB_2879352

mouse a-NCL Cat. No. 396400 Life Technologies RRID:AB_1501816

mouse a-NCL Cat. No. 87792 CST RRID:AB_2800106

mouse a-V5 tag Cat. No. 80076 CST RRID:AB_2920661

rabbit a-V5 tag Cat. No. 13202 CST RRID:AB_2687461

mouse a-GAPDH Cat. No. 97166 CST RRID:AB_2756824

Alexa Fluor 594 goat a-rabbit antibody Invitrogen RRID:AB_2534079

HRP-linked a-mouse antibody CST RRID:AB_330924

HRP-linked a-rabbit antibody CST RRID:AB_2099233

Chemicals, peptides, and recombinant proteins

resazurin sodium salt Acros Organics CAS 62758-13-8

EdU Click Chemistry Tools CAS 61135-33-9

Blasticidin HCl Thermo Scientific CAS 3513-03-9

Pierce Protease inhibitor tablets Thermo Scientific Cat. No. A32965

Proteinase K recombinant Invitrogen Cat. No. 25530–015

RNAse A Qiagen Cat. No. 19101

mouse a-V5 tag antibody-conjugated

magnetic beads

CST Cat. No. 53475

Biotin azide Click Chemistry Tools Cat. No. 1265

AZDye 488 azide Click Chemistry Tools Cat. No. 1275

Bovine serum albumin (BSA) Millipore-Sigma Cat. No A9647

Lipofectamine RNAiMAX Invitrogen Thermo Scientific Cat. No. 13778150

Critical commercial assays

DuoLink red detection kit

DuoLink anti-mouse antibody

Duo-Link anti-rabbit antibody

Millipore-Sigma Cat. No. DUO92008 DUO92001

DUO92002

DUOLINK DAPI mounting medium Millipore-Sigma Cat. No. DUO82040

High Capacity cDNA Reverse Transcription kit Applied Biosystems Cat.No.43-688-14

RNeasy Plus RNA isolation kit Qiagen Cat. No.74134

DNA-free kit Thermo Fisher/Invitrogen Cat. No. AM1906

iTaq Universal SYBR Green supermix Bio-Rad Cat.No.1725121

Pierce� ECL Western Blotting Substrate Thermo Fisher Cat. No. 32209

Q5 site directed mutagenesis kit NEB Cat. No. E0554S

Gibson assembly cloning kit NEB Cat. No. E5510S

mouse a-V5 tag antibody-conjugated

magnetic beads

CST Cat. No. 53475

NucleoSpin Gel and PCR clean up Macherey-Nagel Cat.No.740609.50

Buffer NTB Macherey-Nagel Cat.No.740595.150

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Julia M. Sidorova (julias@uw.edu).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

GM000639 (Gish and Botchan 74, 1987) Cellosaurus ID CVCL_7299

Oligonucleotides

50GAAGAAGAGAATCAGAAGC3’ to

introduce D/E domain deletion

This work N/A

50ATCATCTTCATGTTCTTGG3’ to introduce

D/E domain deletion

This work N/A

Alu ChIP 1: 50AATGGTACGATCTCGGCTCA3’ (Shen et al.,75 2021) N/A

Alu ChIP 2: 50TAGCCAGGTGTGGTGACTTG3’ (Shen et al.,75 2021) N/A

SATIII ChIP 1: 50AATCAACCCGAGTGCAATC

NGAATGGAATCG3’

(Shen et al.,75 2021) N/A

SATIII ChIP 2: 50TCCATTCCATTCCTGTAC

TCGG3’

(Shen et al.,75 2021) N/A

SATII-1: 50TCATCGAATGGAAATGAAAG

GAGTCATCATCT3’

This work GenBank: X72623.1

SATII-2: 50CGACCATTGGATGATTGCA

GTCAA3’

This work GenBank: X72623.1

aSAT primer pair CST Cat. No. 4486

GAPDH RT qPCR-1: 50ACAACTTTGGCATT

GAA3’

(Ding et al.,76 2018) N/A

GAPDH RT qPCR-2: 50GATGCAGGGATGA

TGTTCTG3’

(Ding et al.,76 2018) N/A

SATIII RT qPCR: 50AATCAACCCGAGTG

CAATCGAATGGAATCG3’

(Shen et al.,75 2021) N/A

SATIII RT qPCR-2: 50TCCATTCCATTCCT

GTACTCGG3’

(Shen et al.,75 2021) N/A

Hs_ATAD2_3 siRNA, target sequence

50AAGGCATTTATAAAGATCGAA3’

Qiagen Cat. No. SI00103138

Hs_ATAD2_5 siRNA, target sequence

50CCGGATAAAGAAGAACGGACA-30
Qiagen Cat. No. SI02640232

Recombinant DNA

GFP-ATAD2-V5 plasmid Addgene RRID:Addgene_65370

pLenti EFS T2A BSD ATAD2-V5 This work N/A

pLenti EFS T2A BSD ATAD2DDE-V5 This work N/A

Software and algorithms

RStudio RStudio Team (2020). RStudio: Integrated

Development for R. RStudio, PBC, Boston, MA

https://www.rstudio.com/

MicroManager (Edelstein et al.,77 2010) https://micro-manager.org/

FIJI ImageJ (Schindelin et al., 78 2012) https://fiji.sc/

CellProfiler (Carpenter et al., 79 2006) https://cellprofiler.org/

TriRepSearch This work https://doi.org/10.5281/zenodo.7140652

PhyloRepeatSearch This work https://doi.org/10.5281/zenodo.7242893
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Materials availability

d Plasmids generated in this study are available on request from the lead contact.

Data and code availability

� Original western blot images have been deposited at Zenodo and are publicly available as of the

date of publication. The DOI is https://doi.org/10.5281/zenodo.7136678. Microscopy data reported

in this article will be shared by the lead contact on request.

� All original code has been deposited at Zenodo and is publicly available as of the date of publication.

DOIs are listed in the key resources table.

� This article analyzes the existing, publicly available data. The datasets used for analyses are

freely available from ICGC (https://dcc.icgc.org/), StringDB (https://string-db.org/), Protein Atlas

(https://www.proteinatlas.org/), BioGRID (https://thebiogrid.org), and Ensembl (https://www.

ensembl.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The SV40-transformed human fibroblast GM63974 (GM00639, Cellosaurus ID CVCL_7299) has been used by

us and others previously80,81 and was obtained from the NIGMS Human Genetic Mutant Cell Repository.

Exome sequencing of this cell line was reported in.82 GM639 was grown in high glucose DulbeccoModified

Minimal Essential Medium (DMEM) with L-glutamine, 10% fetal bovine serum, FBS, (Hyclone) and antibi-

otics in a humidified 5% CO2, 37�C incubator. Mycoplasma testing was performed regularly using the

UW/FHCRC Cancer Consortium Shared Resource Specimen processing service https://sharedresources.

fredhutch.org/services/mycoplasma-testing.

METHOD DETAILS

Bioinformatics

TriRepSearch (Figure 1) is a python package for identifying and analyzing repetitive stretches of trinucleo-

tides in protein-coding genes. The search parameters are flexible and robust allowing for the search of non-

homogeneous and discontinuous repeats. The user can specify the minimum and maximum length of the

repeat, the trinucleotides that are allowed in the repeat (i.e., can enter multiple trinucleotides to search for

repeats that have mixed trinucleotide content), the region where the repeat is found (either exonic or in-

tronic), and the number of gaps allowed in the repeated sequence (by default the gap allowance is set

to 0).

TriRepSearch searches against all protein-coding genes found in the Ensembl GRCh37 release 105 (https://

grch37.ensembl.org/index.html). After the search is complete, a dictionary containing all the genes found

as well as the genomic coordinates of the individual repeats is generated. Using this dictionary,

TriRepSearch queries various online databases such as ICGC (https://dcc.icgc.org/), StringDB (https://

string-db.org/), and Protein Atlas (https://www.proteinatlas.org/) through their dedicated inbuilt APIs.

Alternatively, TriRepSearch can use local copies of the databases which are hosted on the GitHub or pro-

vided by the user as CSVs for offline search or to maintain version cohesion in case of dataset depreciation.

Biological data retrieved from these databases are stored as CSVs for the user. In addition, multiple statis-

tical analyses are performed on the retrievedmutational and expression data to determine the tumor allele

frequencies in repeat regions, the various types of mutational events that occur in repeat regions, and the

overall score of mutability of the repeat regions. Severity of single base substitutions andmulti region com-

parisons of repeats are also calculated and output as CSVs for the user.

TriRepSearch was developed in Python 3.8 (https://www.python.org/downloads/release/python-380/) and

is deployable as a dedicated python package for all users. The TriRepSearch package is open source and

distributed under the MIT license via GitHub (https://github.com/SidorovaLab/TriRepSearch). For easy

installation TriRepSearch can be installed using the ‘PIP’ command (instructions on github).

Phylogenetic tree construction

Additional code is required to reconstruct the relation trees from Ensembl phylogenetic JSON data. This

was done in python using the in-built urllib module. We then employed a recursive tree traversal algorithm
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to extract the relevant relationship data from the given dataset. The code is available on GitHub (https://

github.com/SidorovaLab/PhyloRepeatSearch).

Protein-protein interactions

Protein-protein interaction data was collected from the most recent release of the full online BioGRID

biomedical interaction repository dataset, obtained using their restful API. We then filtered for all physical

human protein-protein interactions, and tallied the interactions for and between D/E containing proteins,

R/K containing proteins and histone proteins.

Alamar Blue cell viability/growth assay

10 mg/mL stock solution of Resazurin sodium salt (Acros Organics) in PBS was stored at 4�C. For the assays,

the stock was diluted to 36ug/mL in tissue culture media, and added to cells. After incubation for 1.5–2 h at

37�C, fluorescence was measured in a microplate reader using a 540/35 excitation filter and a 590/20 emis-

sion filter.

Constructs

GFP-ATAD2-V5 plasmid was a gift from Kyle Miller (Addgene plasmid # 65370; http://n2t.net/

addgene:65370; RRID:Addgene_65370). A complete D/E domain deletion was introduced into this plasmid

using Q5 site directed mutagenesis kit (NEB Cat. No. E0554S) with the primers 50GAAGAAGAGAATCAG

AAGC-30 and 50ATCATCTTCATGTTCTTGG-30. Wildtype and mutant ORFs (including the V5 tag but

excluding GFP) were then transferred into pLenti EFS T2A BSD backbone using Gibson assembly cloning

kit (NEB Cat. No. E5510S). Virus generation from these constructs was done as described81 by calcium

phosphate transfection into human HEK293T with helper plasmids pCMV-dR8.2 dvpr and pCMV-VSVG.

GM639 transduced with empty vector or ATAD2-expressing lentiviral constructs were selected with blas-

ticidin for 6 days before analyses. Expression of transgenes was verified in Western blots with mouse

a-V5 antibody.

Western blotting

Proteins were visualized on Western blots by ECL (Thermo Scientific) and quantified using FluorChem

Imager (Alpha Inotech). For presentation, images were saved in TIFF format, adjusted for brightness/

contrast and cropped in Adobe Photoshop, then assembled into figures in CorelDraw. Image bright-

ness/contrast adjustments were made across all lanes of each protein measured.

Cellular fractionation

Fractionation was performed according to22 with minor modifications. Nuclei from 1–5x106 cells were iso-

lated by incubation with buffer A (15 mM Tris-Cl, pH 8.0, 15 mM NaCl, 60 mM KCl, 1 mM EDTA, pH 8.0)

supplemented with 0.25% NP40 and protein inhibitors, for 15 min on ice followed by pelleting at 400xg

for 7 min at 4�C. Nuclear pellets were extracted with 100–200 uL of buffer A at 4�C with gentle agitation

for 5 min and pelleted as above. Supernatants were saved as the isotonic wash fraction. Nuclei were further

extracted with 100–200 uL of low salt extraction buffer (10 mM Tris-Cl, pH 8.0, 250 mMNaCl, 0.5 mM EDTA,

protease inhibitors) at 4�C with gentle agitation for 30 min and pelleted at 1000xg at 4�C for 5 min. Super-

natants were saved as the low salt fraction. Nuclei were extracted with 100–200 uL of high salt extraction

buffer (10 mM Tris-Cl, pH 8.0, 600 mMNaCl, 0.5 mM EDTA, protease inhibitors) at 4�Cwith gentle agitation

for 30 min and pelleted at max speed at 4�C for 10 min. Supernatants were saved as the high salt fraction,

and chromatin pellets were resuspended in LDS sample buffer (Invitrogen), boiled for 10 min, and soni-

cated in Bioruptor Pico (Diagenode).

Chromatin immunoprecipitation (ChIP)

ChIP was performed according to the Abcam protocol from 1–2x107 cells crosslinked in 1% formaldehyde

in PBS for 10 min. Chromatin was isolated in ChIP lysis buffer (50 mM HEPES-KOH pH7.5, 140 mM NaCl,

1 mM EDTA pH8.0, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS, protease inhibitors) added

at 750 mL per 1 3 107 cells, incubated on ice for 10 min and sonicated in 100ul aliquots in Bioruptor Pico

for 10 cycles (30 s ON, 30 s OFF). Lysates were cleared by centrifugation at 16,000xg for 10 min at 4�C
and supplemented with 10% glycerol for storage at �80�C whereas 50 mL of lysates were processed for

input DNA isolation as follows. Lysate aliquots were supplemented with 70 mL of elution buffer (1% SDS,

100 mM NaHCO3), 4.8 mL of 5 M NaCl and 2 mL RNase A (10 mg/mL), and incubated while shaking at
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65�C overnight. Then 2 mL of proteinase K (20 mg/mL) was added to samples and incubated for 1 h while

shaking at 60�C. Sample DNA was then purified using the NucleoSpin Gel and PCR clean up kit (Macherey-

Nagel) with the SDS-compatible NTB buffer (Macherey-Nagel) and quantified to calculate the concentra-

tion of chromatin preps.

5ug of chromatin was diluted 1:10 in ChIP dilution buffer (50 mM Tris-HCl pH8.0, 150 mMNaCl, 2 mM EDTA

pH8.0, 1%NP-40, 0.5% SodiumDeoxycholate, 0.1% SDS, Protease Inhibitors) and immunoprecipitated with

15 mL of mouse a-V5 tag antibody-conjugated magnetic beads (CST Cat. No. 53475) overnight at 4�C.
Beads were washed 23 in Low Salt Wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-

HCl pH 8.0, 150 mM NaCl), 23 in High Salt Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,

20 mM Tris-HCl pH 8.0, 500 mM NaCl), 13 in LiCl Wash Buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxy-

cholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.0), and 13 in PBS. Beads were eluted with 120 mL of elution

buffer by shaking for 30 min at 30�C. Eluates were then processed the same way as inputs to isolate

DNA. Input and pulldown DNA samples were analyzed in triplicates by qPCR with iTaq Universal SYBR

Green supermix (Bio-Rad) and the following pairs of primers:

Alu ChIP: 50AATGGTACGATCTCGGCTCA-30 and 50TAGCCAGGTGTGGTGACTTG-30

SATIII ChIP: 50AATCAACCCGAGTGCAATCNGAATGGAATCG-30 and 50TCCATTCCATTCCTGTACTC

GG-30. Alu and SATIII primers were described in Shen et al.75

SATII: 50TCATCGAATGGAAATGAAAGGAGTCATCATCT-30 and 50CGACCATTGGATGATTGCAGTC

AA-30 were derived from the chr.1 SATII sequence, GenBank: X72623.1.

aSAT: (CST Cat. No. 4486).

RNA isolation and qPCR

RNAs were isolated using RNeasy Plus RNA isolation kit (Qiagen) and additionally purified of DNA contam-

ination using DNA-free kit (Thermo Fisher). 2 mg of RNAwas reverse-transcribed using High Capacity cDNA

Reverse Transcription kit (Applied Biosystems) per manufacturer’s protocol, either with random primers, or

with a GAPDH-reverse primer 50GATGCAGGGATGATGTTCTG-30 and one of the following: an HSATII

primer 50ATCGAATGGAAATGAAAGGAGTCA-30 or an HSATIII primer 50TCCATTCCATTCCTGTACT

CGG-30. cDNAs were diluted 1:2 and 1 mL of diluted cDNA was used per qPCR reaction. Reactions were

run in triplicates with iTaq Universal SYBR Green supermix (Bio-Rad) and the following pairs of primers:

50ACAACTTTGGCATTGAA-30 and 50GATGCAGGGATGATGTTCTG-30 for GAPDH, described in76;

50TCATCGAATGGAAATGAAAGGAGTCATCATCT-30 and 50CGACCATTGGATGATTGCAGTCAA-30 for

HSATII; 50AATCAACCCGAGTGCAATCGAATGGAATCG-30 and 50TCCATTCCATTCCTGTACTCGG-30 for
HSATIII, described in Shen et al.75 Triplicate Ct values for GAPDH were averaged and subtracted from

HSAT values to derive DCt values. The results were plotted as mean 2–DCt values. Significance was deter-

mined in paired two-tailed t-tests.

Proximity Ligation Assay (PLA) and immunofluorescence in situ (IF)

EdU (Click Chemistry Tools) labeling of cells grown on coverslips was for 20 min at a final concentration of

20 mM from a 10 mM stock in DMSO stored at �20�C. PLA was performed using Duolink red detection kit

and Duolink anti-mouse and anti-rabbit antibodies (Millipore-Sigma) in accordance with our detailed

methods paper,83 except that after 2% formaldehyde fixation for 20 min cells were washed twice in PBS,

permeabilized by addition of 4�C 90% methanol in PBS and used immediately or stored at �20�C before

staining. For PLA, cells were washed twice for 5 min in PBS and rinsed once in 3% BSA in PBS. The following

mix was prepared before use (in the order of addition to PBS): 20uM biotin azide and 0.4uM AZDye 488

azide (Click Chemistry Tools); 11 mM Na ascorbate; 2.2 mM CuSO4; and incubated on cells for 30 min at

room temperature (RT) in the dark. Cells were washed twice in 3% BSA in PBS and blocked with PBS/3%

BSA/3% Normal goat serum for 20 min at room temperature then stained with mouse a-biotin antibody

at 1:200 dilution and rabbit a-ATAD2 antibody at 1:200 dilution, or mouse a-biotin antibody at 1:200 dilu-

tion and rabbit a-V5 antibody at 1:1000 dilution for 1 h at RT. After washing in three changes of 0.3% BSA/

0.1% Tween 20 in PBS, coverslips were incubated with PLA secondary antibodies and Duolink red detection

reagents per manufacturer’s manual and mounted in DUOLINK DAPI mounting medium (Millipore-Sigma).
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Immunofluorescence in situ (IF) was performed as in18 and similar to the procedure above, except cells on

coverslips were not EdU-labeled or clicked. After fixation, permeabilization and blocking as above, cells

were incubated with rabbit a-V5 antibody at 1:1000 dilution for 1 h at RT, washed as above and incubated

with Alexa 594-conjugated goat a-rabbit secondary antibody (Invitrogen) at 1:500 dilution for 1 h at RT. PLA

and IF images were collected under Zeiss Axiovert 200 Mmicroscope with 403magnification objective us-

ing MicroManager software.77 Digital images were analyzed with the Fiji ImageJ software package78 with

custom macros as described in83 or with the CellProfiler software package79.

RNAi-mediated depletion. siRNAs against ATAD2 (Hs_ATAD2_3, Cat. No. SI00103138, and Hs_ATAD2_5,

Cat. No. SI02640232) and AllStars negative control SI03650318 siRNAs were fromQiagen. siRNA was trans-

fected with lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s protocol. Experiments

were performed 36 to 48 h after transfection with individual siRNAs, which produced similar results. Deple-

tion was verified in each transfection by western blotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of quantification and statistical tests are included in Figure Legends. Wilcoxon and Kolmogorov-

Smirnov (KS) tests were done in RStudio and t-tests in Excel or RStudio. ANCOVA analyses for Figure 5

were done in python using the pingouin package’s ancova module, and pairwise Tukey’s HSD analysis

was done in python using the statsmodels package’s pairwise_tukeyhsd module. Fisher exact tests for Fig-

ure 6 were done in python using the SciPy package’s fisher_exact module. For enrichment tests for Figure 7,

the dataset obtained via random draws from the human interactome was fitted against probability density

function for normal distribution in python using SciPy package’s normmodule (https://docs.scipy.org/doc/

scipy/reference/generated/scipy.stats.norm.html [docs.scipy.org]) to derive the mean and variance.
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