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SUMMARY

Repeat elements can be dysregulated at a genome-wide scale in human diseases. For example, in Ewing
sarcoma, hundreds of inert GGAA repeats can be converted into active enhancers when bound by EWS-
FLI1. Here we show that fusions between EWS and GGAA-repeat-targeted engineered zinc finger arrays
(ZFAs) can function at least as efficiently as EWS-FLI1 for converting hundreds of GGAA repeats into active
enhancers in a Ewing sarcoma precursor cell model. Furthermore, a fusion of a KRAB domain to a ZFA can
silence GGAA microsatellite enhancers genome wide in Ewing sarcoma cells, thereby reducing expression
of EWS-FLI1-activated genes. Remarkably, this KRAB-ZFA fusion showed selective toxicity against Ewing
sarcoma cells compared with non-Ewing cancer cells, consistent with its Ewing sarcoma-specific impact
on the transcriptome. These findings demonstrate the value of ZFAs for functional annotation of repeats
and illustrate how aberrant microsatellite activities might be regulated for potential therapeutic applica-

tions.

INTRODUCTION

Following the success of large-scale sequencing and map-
ping efforts, the functional annotation of assembled genomes
has emerged as one of the most important current scientific
challenges in biology and medicine. This task has been accel-
erated and facilitated by the development of targetable gene-
and epigenetic-editing tools that make it possible to probe
the endogenous function of individual genes and regulatory
sequences.'? While the characterization of coding sequences
has advanced at a rapid pace, the functional annotation of
non-coding regions presents significant challenges, particu-
larly for highly repetitive sequences that constitute up to
two-thirds of the human genome and that have been pro-
posed to play critical roles in normal development and dis-
ease.®”’ Recent studies have adapted transcription acti-
vator-like effector (TALE) and RNA-guided catalytically
inactive or “dead” (dCas9)-based effectors to test the func-
tion of subclasses of transposable elements,®® but many
other categories of highly repetitive sequences await
characterization.

Gheck for
Updates

We sought to develop strategies to functionally characterize
repeat elements in the genome by first focusing on microsat-
ellite repeats, a class of simple tandem repeats that previous
studies have shown can be dysregulated in multiple disease
states.”'°"'? For example, large-scale epigenetic dysregula-
tion of microsatellite repeats has been observed in Ewing
sarcoma, a pediatric bone tumor where the EWS-FLI1 translo-
cation fusion protein operates as a transcriptional pioneer
factor.’®'* This fusion includes both the N-terminal transacti-
vation domain of EWS and the C-terminal DNA-binding
domain of FLI1. In contrast to FLI1, which stably binds to
only non-repeat GGAA sites, EWS-FLI1 can bind to both
non-repeat GGAA motifs and GGAA microsatellite repeats.
Notably, binding by EWS-FLI1 converts hundreds of GGAA
microsatellites present throughout the human genome into
transcriptional enhancers, thereby inducing a tumor-specific
gene-regulatory program.’”'" This example, together with
the dysregulated expression of other repeat classes in other
tumor types,®'? illustrates how aberrant transcriptional pro-
grams in cancer and other diseases can be caused by the
widespread activation of specific repeat categories and
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highlights the need for robust tools to conduct genome-wide
studies and perturbation of these elements.

Here we provide a proof-of-concept demonstration for how
engineered ZFAs can be used to efficiently target and alter the
chromatin state of a class of microsatellite repeats in human cells.
Using GGAA microsatellite repeats bound by EWS-FLI1 as a test
case, we show that engineered EWS-ZFA fusion proteins targeted
to these repeats can be over an order of magnitude more efficient
than an EWS-dCas9-targeted fusion for activating a GGAA repeat
previously shown to be converted into a de novo enhancer by
EWS-FLI1. In addition, EWS-ZFA fusions can effectively pheno-
copy the pioneer function of EWS-FLI1 at GGAA microsatellites
and recapitulate the GGAA-repeat-dependent chromatin land-
scape and gene expression profiles of Ewing sarcoma. Remark-
ably, coupling of a GGAA-repeat-targeted ZFA to a transcriptional
repressor KRAB domain results in genome-wide silencing of
GGAA microsatellites and cytotoxicity that is selective for Ewing
sarcoma cells through the targeted inactivation of oncogenic
gene expression programs. Our results validate the power and ef-
ficacy of engineered zinc finger (ZF) technology for targeting and
altering the functional state of microsatellite repeats and illustrate
how this platform can be deployed to interrogate the function of
microsatellite repetitive elements at genome scale.

RESULTS

Engineering sequence-specific DNA-binding domains to
target GGAA microsatellite repeats

Although multiple platforms are available to create DNA-binding
modules that might be capable of recognizing GGAA microsatel-
lite repeats bound by the EWS-FLI1 fusion protein, we chose to
focus on using engineered ZFAs and RNA-guided dCas9 from
Streptococcus pyogenes. Cys2His2 ZFAs can be engineered
to recognize novel DNA sequences of interest and have been
used successfully to build artificial transcription factors capable
of influencing gene expression in human cells.'®?%?"?? Alterna-
tively, dCas9 programmed by guide RNAs (QRNAs) have similarly
been used to create gene-regulatory proteins that function effi-
ciently in human cells®*° and offer the substantial additional
advantage of simple targetability by altering the gRNA sequence.
TALE repeats have also been used to build customized DNA-
binding domains, utilizing assembled arrays of four TALE-repeat
domains as “building blocks,” with each recognizing one of the
four different DNA bases.”®?® However, because the NN TALE
repeat typically used to recognize guanine (G) has also been re-
ported to recognize adenine (A) (albeit with less efficiency),? "
we elected not to engineer TALE-repeat arrays designed to
recognize GGAA microsatellite repeat sequences.

We engineered ZFAs to recognize two 18 bp sequences that
align within different registers of 4.5 GGAA repeats: 5-GGA
AGG AAG GAA GGA AGG and 5-AAG GAA GGA AGG AAG
GAA. A single ZF recognizes ~3 bp of DNA, and previous work
has shown that highly active arrays of six ZFs that recognize
18 bp target sites can be assembled by using pre-selected
2-ZF units joined together by non-canonical (non-TGEKP) linkers
such as TGSQKP or CGSQKP*274922 (J.K.J.’s lab, unpublished
data). Using this strategy and an archive of pre-selected 2-ZF
units engineered to bind to various specific target sequences,
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we assembled eight different 6-ZF arrays for each of the two
18 bp target sites (Figure 1A) (STAR Methods and Table S1).
To test the abilities of these 16 ZFAs to bind to GGAA microsat-
ellite repeats, we fused the disordered prion-like N-terminal
domain of EWSR1"7" (hereafter referred to as the EWS domain)
to the N terminus or C terminus of each of the ZFAs (Figure 1B).
We then assessed the abilities of each of these 32 fusions to acti-
vate the UGT3A2 gene (an EWS-FLI1 target gene that has 11
GGAA repeats positioned ~2 kb upstream of its promoter) in hu-
man U20S cells. We found that all of these ZF-based fusions
activated UGT3A2 with varying levels of efficiency (mean fold
activation ranging from 14- to 190-fold) (Figure 1C). Because
the ZF array ZFA7 exhibited approximately equivalent activity
regardless of the position of the EWS domain (mean fold activa-
tion of 83- and 70-fold) and this level of activation was similar to
that observed with EWS-FLI1 (mean fold activation of 121-fold)
(Figure 1C), we selected the EWS-ZFAY fusion (hereafter referred
to as EWS-ZFA) for use in further experiments.

To enable binding of GGAA repeats by dCas9, we also de-
signed a gRNA that would target a 23 bp sequence composed
of ~5.5 GGAA repeats: 5-AGG AAG GAA GGA AGG AAG
GAA GG, consisting of a 20 nt spacer (bold) and an NGG proto-
spacer adjacent motif (underlined). To our surprise, expression
of this gRNA together with a fusion protein in which the EWS
domain was fused to the N-terminal or C-terminal end of
dCas9 (hereafter referred to as EWS-dCas9 or dCas9-EWS,
respectively) failed to activate the UGT3A2 gene in U20S cells
(Figure 1D). To increase the number of EWS domains recruited
by our dCas9-gRNA complex, we used single and multimerized
configurations of two domains called DmrA and DmrC that only
interact in the presence of a small-molecule A/C heterodimer-
izer. We co-expressed our gRNA and a DmrC-EWS domain
fusion together with a dCas9-DmrA fusion protein harboring
one, two, three, or four DmrA domains in U20S cells (Figure 1D).
In the presence of heterodimerizer, we found that dCas9-DmrA
fusions harboring two, three, or four DmrA domains could
mediate modest activation of the UGT3A2 gene (mean fold acti-
vation of 3.1, 3, or 1.1, respectively), at levels much lower
compared with the activation observed using the EWS-ZFA
fusion (Figure 1D). In contrast, these same dCas9-based EWS
constructs were effective at activating various other genes
when using different gRNAs directed to non-repetitive target
sites within the promoters of those genes in U20S cells and
HEK293 cells (Figure S1). The ability of our dCas9-based EWS
constructs to mediate activation from unique sites in the genome
but not from GGAA repeats suggests that it may be challenging
for these fusions to recognize and/or bind to these repeats that
are present at over 13,000 loci in the human genome including
the UGT3A2 promoter. Taken together, our results show that
an engineered EWS-ZFA fusion can more effectively activate
an EWS-FLI1 target gene with upstream GGAA repeats than
analogous dCas9-based fusions to the EWS domain.

An EWS-ZFA fusion recapitulates genome-wide
activation of microsatellite repeats observed in Ewing
sarcoma

We next tested whether EWS-ZFA could target and activate
GGAA microsatellites genome wide by comparing its activity to
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Figure 1. Engineering ZFAs to bind GGAA microsatellites in the human genome and efficient activation of a target gene by engineered ZFAs
fused to EWS

(A) Schematic of 16 ZFAs, each engineered to bind ~4.5 GGAA microsatellites. The ZFAs have six zinc fingers, and each finger recognizes three nucleotides. The
target sequences of ZFA 1 through 8 start with GGA, and ZFA 9 through 16 with AAG. The amino acid compositions of recognition helices for each zinc finger are
shown on the right. Multiple zinc fingers with different recognition helices can recognize the same nucleotides.

(B) Schematic of ZFAs fused to EWS activating UGT3A2 by binding to an 11-unit GGAA microsatellite located ~2 kb upstream of the transcription start site. EWS
is fused to the N terminus (left) or C terminus (right) of ZFAs.

(C) Thirty-two fusions of EWS and ZFAs that target GGAA repeats were tested for UGT3A2 gene activation in U20S cells by nucleofection. EWS-ZFA7 closely
mimicked the activation level of EWS-FLI1 and therefore was selected for further experiments.

(D) MRNA expression of UGT3A2 in U20S cells nucleofected with EWS-ZFA7, EWS-dCas9, dCas9-EWS, or dCas9-based bipartite EWS activators (dCas9-DmrA
and DmrC-EWS). The bipartite system increases the density of EWS molecules recruited to a target site.

See also Figure S1 and Table S1.
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Figure 2. Efficient and specific binding of EWS-ZFA at GGAA repeats in MSCs induces active chromatin and activation of GGAA-repeat-
associated genes

(A) GGAA-repeat motifs identified at sites bound by EWS-ZFA in MSCs.

(B) Scatterplot showing binding of 3xHA-tagged EWS-FLI1 and EWS-ZFA to GGAA repeats genome wide (n = 13,029) in MSCs determined using hemagglutinin
(HA) ChiP-seq. ChIP-seq signals are on a log, scale. The Spearman correlation coefficient is 0.68 with p < 2.2 x 107", Data from one of two biological replicate
experiments is shown.

(C) Bar plots showing the fraction of GGAA repeats in the genome bound by EWS-ZFA (left) and EWS-FLI1 (right) upon lentiviral transduction in MSCs. Data from
one of two biological replicate experiments is shown. The number of consecutive GGAA repeats in each category is shown on the x axis.

(D) Heatmaps showing HA and H3K27ac ChIP-seq signals in MSCs at EWS-FLI1-bound GGAA repeats identified in Ewing sarcoma (n = 812) upon lentiviral
transduction of either 3xHA-tagged EWS-FLI1 or EWS-ZFA. 3xHA-tagged GFP was used as control. 10-kb windows in each panel are centered on EWS-FLI1
binding sites in Ewing sarcoma.

(E) Example showing the binding of 3xHA-tagged EWS-FLI1 or EWS-ZFA and accompanying H3K27ac levels in MSC at the IGF2BP1 locus containing a GGAA
repeats element and a canonical ETS binding site.

(legend continued on next page)
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EWS-FLI1 in mesenchymal stem cells (MSCs). MSCs are a
model for the cell of origin of Ewing sarcoma, and EWS-FLI1
has previously been shown to operate as a pioneer factor at
GGAA repeats in these cells to induce a chromatin landscape
and gene expression pattern similar to that of tumor cells.
Transduction of MSCs with lentiviral vectors expressing EWS-
ZFA followed by chromatin immunoprecipitation sequencing
(ChlP-seq) and unbiased sequence analysis identified GGAA
repeats as the dominant motif found in EWS-ZFA peaks (more
than 80% of EWS-ZFA-binding sites contained more than four
consecutive GGAA units, Figures 2A and S2A). EWS-ZFA also
bound nearly all of the GGAA repeats in the genome bound by
EWS-FLI1 (Figures 2B and S2B). We categorized 13,029 GGAA
microsatellites with more than four consecutive GGAA units
based on their length (Figure S2C) and found that the EWS-
ZFA binds a higher fraction of GGAA microsatellites (10%-
20%) than EWS-FLI1 at each length interval (Figures 2C and
S2D).

We further tested whether EWS-ZFA binding would lead to the
induction of active chromatin states at GGAA repeats in MSCs.
To this end, we used ChIP-seq to measure the active chromatin
mark H3K27ac at 812 GGAA microsatellites that are consistently
bound by endogenous EWS-FLI1 in Ewing sarcoma cell lines.'*
We observed strong binding of EWS-ZFA at these same sites
and de novo deposition of H3K27ac, often at higher levels than
that induced by EWS-FLI1 (Figures 2D, 2E, and S2E). This higher
activity and the higher binding of GGAA repeats by EWS-ZFA
compared with EWS-FLI1 (Figures 2C and S2D) may be due to
higher protein expression levels observed upon lentiviral induc-
tion (Figure S2F). However, we cannot rule out other possible ex-
planations such as structural and functional differences between
the ZFA and FLI1 DNA-binding domains (which may provide
distinct DNA stability profiles to each fusion protein) or differing
numbers of fusion proteins recruited to a given GGAA repeat
(which may result in variable recruitment of chromatin co-factors
involved in H3K27ac deposition). By contrast, canonical non-
repeat GGAA sites bound by EWS-FLI1 showed no evidence
of EWS-ZFA binding or chromatin state changes, thereby
demonstrating the specificity of the engineered EWS-ZFA fusion
for GGAA repeats relative to non-repeat GGAA sites as expected
(Figures 2F, 2G, and S2G). In addition to changes in chromatin
activity, we also measured transcriptional changes for genes in
the vicinity of EWS-FLI1-bound GGAA repeats. Transcript anal-
ysis showed that 72% of the genes that are within 100 kb of
EWS-FLI1-bound GGAA repeats (Figure 2H and Table S2) and
are induced >2-fold by EWS-FLI1 were also upregulated to a
similar degree by EWS-ZFA. Taken together, these data show
that EWS-ZFA is able to phenocopy the chromatin and transcrip-
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tional activation observed in Ewing sarcoma, suggesting that
localizing the N-terminal EWS domain to GGAA repeats via an
engineered ZFA instead of the FLI1 DNA-binding domain is suf-
ficient to initiate the recruitment of chromatin regulators required
for pioneer function, enhancer activation, and target gene
expression. These results provide an important proof of concept
for how engineered ZFAs can be an effective tool to target and
alter the functional state of GGAA microsatellites genome wide.

KRAB-ZFAs can selectively silence the microsatellite-
driven Ewing sarcoma gene expression program
Given that EWS-ZFA can efficiently target and activate GGAA
microsatellites in MSCs, we hypothesized that a fusion of our
engineered ZFA to a repressive KRAB domain“?*® might con-
versely silence active GGAA microsatellites bound by endoge-
nous EWS-FLI1 in Ewing sarcoma cells, thereby inactivating
its downstream oncogenic gene expression program. This
approach offers the possibility to delineate the precise functional
role of GGAA repeats in Ewing sarcoma cells, in isolation from
the non-repeat GGAA target sites of EWS-FLI1. We expressed
a KRAB-ZFA fusion protein and found that it bound efficiently
to GGAA microsatellites in two Ewing sarcoma cell lines
(SKNMC and A673). Interestingly, KRAB-ZFA binding was fol-
lowed by EWS-FLI1 eviction from the same genomic sites, as as-
sessed by FLI1 ChIP-seq performed in SKNMC and A673 cells
(FLI1 ChIP-seq can be used to detect the binding of EWS-FLI1
because these two cell lines do not express endogenous wild-
type FLI1) (Figures 3A, 3B, S3A, and S3B). KRAB-ZFA binding
was also associated with striking changes in chromatin states
and the induction of repressive marks with increased
H3K9me3 and decreased H3K27ac signals at GGAA microsatel-
lites (Figures 3A, 3C, 3D, S3A, and S3C). As expected, these
changes were observed uniquely at GGAA repeats and not at
non-repeat GGAA EWS-FLI1-binding sites, confirming the spec-
ificity of KRAB-ZFA (Figures S3D-S3F). Among the genes
located within 100 kb of EWS-FLI1-bound GGAA repeats that
showed >2-fold decreases in EWS-FLI1-depleted cell lines,
49% and 47% showed a similar decrease due to KRAB-ZFA
expression in SKNMC and A673 cells, respectively (Figures 3G
and S4A; Table S3). Genes involved in specific functional cate-
gories (e.g., cell-cycle regulation and neurogenesis) that have
previously been identified after EWS-FLI1 knockdown'® and
are linked to Ewing sarcoma cell survival were enriched among
the genes downregulated by KRAB-ZFA in SKNMC and A673
cells (Figure S4B; Tables S4 and S5).

Because the KRAB-ZFA fusion would only be expected to alter
the function of GGAA repeats in Ewing sarcoma cells in which the
EWS-FLI1 is expressed (and in which these repeats function as

(F) Heatmaps showing HA and H3K27ac ChlIP-seq signals in MSCs at EWS-FLI1-bound canonical ETS binding sites identified in Ewing sarcoma (n = 973) upon
lentiviral transduction of either 3xHA-tagged EWS-FLI1 or EWS-ZFA. GFP was used as control. 10-kb windows in each panel are centered on EWS-FLI1 binding

sites in Ewing sarcoma.

(G) Example showing the binding of 3xHA-tagged EWS-FLI1 or EWS-ZFA and accompanying H3K27ac levels in MSC at the NIBAN3 and COLGALT1 loci

containing a canonical ETS binding site.

(H) Heatmaps of log, fold changes in expression of GGAA-repeat-associated genes (n = 126) in MSCs treated with EWS-FLI1 or EWS-ZFA constructs compared
with a GFP control, determined by RNA sequencing (RNA-seq). Two biological replicates are shown. Spearman correlation of log, fold changes in EWS-FLI1 and

EWS-ZNF is 0.58 (p < 2.22 x 1079).
See also Figure S2 and Table S2.
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Figure 3. Binding of KRAB-ZFA to GGAA repeats induces selective toxicity in Ewing sarcoma cell lines by repressing target gene expression
(A) Heatmaps showing binding of 3xHA-tagged KRAB-ZFA and H3K9me3 deposition at EWS-FLI1 bound GGAA repeats (n = 812) in SKNMC cells as determined
using ChlP-seq.

(B) Composite plot showing EWS-FLI1 occupancy of GGAA repeats after introduction of KRAB-ZFA or GFP (control) in SKNMC. The x axis represents a 10-kb
window centered on 812 GGAA repeats.

(C) Histograms showing changes in H3K27ac at 812 EWS-FLI1-bound GGAA repeats upon treatment of SKNMC cells with KRAB-ZFA.

(D) Example showing the binding of KRAB-ZFA (3xHA tagged), endogenous EWS-FLI, H3K9me3, and H3K27ac, a GGAA-repeat element associated with the
CCND1 locus, after treatment of SKNMC cells with KRAB-ZFA constructs. GFP was used as control.

(E) Heatmaps showing binding of KRAB-ZFA (3xHA tagged) and H3K9me3 deposition in HEK293T cells at GGAA repeats bound by EWS-FLI1 in Ewing sarcoma
(n = 812) as determined using ChIP-seq.

(legend continued on next page)
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enhancers), we were interested in evaluating the effects of
KRAB-ZFA expression in non-Ewing sarcoma cells. To this
end, we analyzed genome-wide chromatin state changes in
HEK293T cells upon expression of KRAB-ZFA. Similar to what
has been observed in most non-Ewing cell types previously
examined,'* we found that HEK293T cells were largely devoid
of active chromatin marks at GGAA repeats and that there
were no major changes in H3K27ac signals induced with
KRAB-ZFA expression (Figure S4C). However, GGAA repeats
in HEK293T cells accumulated strong repressive H3K9me3 sig-
nals after expression of KRAB-ZFA in the same manner as Ewing
sarcoma cells (Figures 3E and 3F). In contrast to Ewing sarcoma
cells, HEK293T transduced with KRAB-ZFA displayed minimal
transcriptional changes, which only included a handful of genes
with GGAA repeats located within their promoters (Figure S4D
and Table S5).

Finally, we tested whether the selective antagonistic effect ex-
erted by the KRAB-ZFA fusion on the EWS-FLI1-induced tran-
scriptional program in Ewing sarcoma cells might also translate
into a cell-type-specific impact on cell viability. To this end, we
quantitatively compared the viability of four different Ewing sar-
coma cell lines with four non-Ewing sarcoma control lines
upon the expression of KRAB-ZFA or GFP (as a negative control)
(Figure 3H). Strikingly, despite similar KRAB-ZFA protein expres-
sion levels (Figure S4E), only the viability of Ewing sarcoma cells
was affected by KRAB-ZFA, with a reduction exceeding 80%,
whereas minimal toxicity was observed in all negative control
non-Ewing sarcoma cell lines (Figure 3H).

DISCUSSION

Our results show that engineered ZFAs are highly effective and
specific tools for targeting widely distributed repetitive elements
and altering their chromatin states. Engineered ZFAs have
distinct advantages for this purpose given their high DNA-bind-
ing affinities, small size, and similarities to endogenous tran-
scription factors.** Our findings further demonstrate that
engineered ZFAs can greatly facilitate the functional assessment
of the important but challenging-to-study repetitive elements of
the human genome and may provide a strategy for therapeuti-
cally modifying the non-coding function of these repeats. Target-
ing repeat elements outside of non-coding regions with ZFAs
may also have therapeutic value, as suggested by a recent study
targeting a single CAG repeat expansion in the coding sequence
of the Huntington disease gene, HTT.*° Future studies may thus
develop ZFAs that target other repeats, whose expansion or
dysfunction may alter a number of biological processes including
gene regulation, RNA stability, and altered protein function.’" In
addition, our approach provides tools to investigate the function
of other microsatellite elements that are widely distributed such

¢ CellP’ress

as telomeric repeats, interstitial telomeric sequences implicated
in genome stability,*® or specific classes of simple repeats that
are enriched at promoters and regulatory elements.*”

In the case of GGAA microsatellites that are activated genome
wide in Ewing sarcoma, the high degree of specificity conferred
by ZFAs allowed us to isolate their function and determine that
these elements are in fact responsible for large-scale gene
activation in this tumor type. By recruiting specific regulatory
domains without the involvement of endogenous DNA-binding
proteins, engineered ZFAs also make it possible to study the
contribution of poorly understood proteins, as shown by our
finding that the N terminus of EWSR1 is sufficient to activate
GGAA microsatellites in the absence of the erythroblast transfor-
mation-specific (ETS) DNA-binding domain contained in EWS-
FLI1.

Intriguingly, we observed large differences between ZFA and
RNA-guided dCas9 approaches for targeting GGAA repeats.
Although future studies are needed to investigate the underlying
causes of this, we speculate that these differences might be
linked to: (1) higher binding affinity of EWS-ZFA for GGAA re-
peats and/or higher expression of EWS-ZFA compared with
dCas9-EWS (perhaps owing to protein size differences), which
in turn lead to higher occupancy of GGAA-repeat sites; (2) forma-
tion of R loops by dCas9-EWS that might interfere with the
recruitment of other endogenous transcription factors;*® and
(3) potentially higher binding steric hindrance constraints
imposed by nucleosomes at closed GGAA repeats on dCas9 fu-
sions compared with their ZF counterparts.”® Taken together,
these observations suggest that ZFAs may have advantages
over dCas9 for studying the function of tandem repeats that
occur at a high number of different locations in the human
genome.

Finally, the significant toxicity observed when silencing GGAA
repeats in Ewing sarcoma cells compared with other cell types
indicates that the function of repeat elements may be highly
cell-type dependent. This points to the importance of systemat-
ically evaluating the role of repeats in normal and pathogenic
states and their potential as targets for altering cell behavior in
a robust and specific manner.

Limitations of the study

Our study presents proof-of-concept experiments showing that
ZFAs can be used to alter the chromatin states of microsatellite
repeats genome wide. While the methodologies utilized can in
principle be applied more generally to other repetitive elements,
further experiments will be required to test the effectiveness of
this approach in other contexts. Our results are also notable
for showing significant advantages of ZFAs compared with
dCas9-based technologies. Further studies will be needed to
determine whether these differences hold true for other genomic

(F) Example showing the binding of KRAB-ZFA (3xHA tagged), H3K9me3, and H3K27ac at a GGAA-repeat element associated with the CCND1 locus, after
treatment of HEK293T cells with KRAB-ZFA construct. GFP was used as control.
(G) Heatmaps showing expression (row-normalized counts) of GGAA-repeat-associated genes (n = 235) in SKNMC and HEK293T cells treated with KRAB-ZFA or

GFP (control) determined by RNA-seq. Data are from two biological replicates.

(H) Viability of Ewing sarcoma and non-Ewing cell lines 8 days post lentiviral transduction of KRAB-ZFA and GFP (control). Open circles indicate two biological

replicates with three technical replicates; error bars show the SEM.
See also Figures S3 and S4; Tables S3-S5.

Cell Genomics 2, 100119, April 13,2022 7




¢? CellPress

OPEN ACCESS

repeats and to elucidate the mechanistic basis for these obser-
vations. Finally, we demonstrated that repression of GGAA re-
peats by KRAB-ZFA leads to selective toxicity in Ewing sarcoma
cell lines, suggesting the possibility of a therapeutic application
for our findings. Further development of this concept will require
extensive in vivo validation and the development of effective ap-
proaches for the delivery of KRAB-ZFA to solid tumors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-FLI1 Polyclonal Antibody, Abcam Cat# ab15289;

Unconjugated RRID: AB_301825

Anti-HA High Affinity; Rat monoclonal Roche Cat# 11867423001;

antibody (clone 3F10) RRID: AB_390918

Mouse Anti-Glyceraldehyde-3-PDH (GAPDH) Millipore Cat# MAB374;

Monoclonal antibody, Unconjugated RRID: AB_2107445

Rabbit Anti-Histone H3, trimethyl (Lys9) ChIP Abcam Cat# ab8898;

Grade Polyclonal Antibody, Unconjugated RRID: AB_306848

Histone H3K27ac antibody Active Motif Cat# 39134; RRID: AB_2722569

Goat Anti-Rabbit IgG (H L)-HRP Bio Rad Cat# 1706515;

Conjugate antibody RRID: AB_11125142

Goat Anti-Mouse IgG (H L)-HRP Bio Rad Cat# 1706516; RRID: AB_11125547

Conjugate antibody

Goat anti-Rat IgG (H + L) Secondary Invitrogen Cat# 62-9520; RRID: AB_2533965

Antibody, HRP

Chemicals, peptides, and recombinant proteins

HALT PROTEASE AND Pierce Cat#PI78445

PHOSPHATASE inhibitors

Dynabeads® Protein G LIFE TECHNOLOGIES Cat#10004D

TransIT-LT1 Transfection Reagent
Polybrene (HEXADIMETHRINE BROMIDE)
Puromycin

Western Lightning Western Blot
Chemiluminescence Reagent Plus

AUTORAD BLUE FILM
RNase A

Proteinase K

LentiX concentrator
AMP Pure beads

MIRUS BIO LLC
Sigma-Aldrich
FISHER SCIENTIFIC
PERKINELMER

FISHER SCIENTIFIC
ROCHE

LIFE TECHNOLOGIES
Takara

Beckman Coulter

Cat#MIR 2305
Cat#H9268-50G
Cat#NC9138068
Cat#NEL104001EA

Cat#NC9648989
Cat#11119915001
Cat#25530049
Cat#631232
Cat#A63881

Critical commercial assays

TruSeq Stranded Total RNA Library lllumina Cat#RS-122-2301

Prep Kit with Ribo-Zero Gold Set A

TruSeq Stranded Total RNA Library lllumina Cat#RS-122-2302

Prep Kit with Ribo-Zero Gold Set B

Nextera DNA Sample Preparation Kit lllumina Cat#FC-121-1030

Nucleospin RNA Plus Clontech Cat#740984.50

Celltiter-Glo Luminescent cell viability assay Promega Cat#G7570

fast SYBR Green Master Mix ThermoFisher Cat#4385618

High Capacity cDNA reverse transcription kit ThermoFisher Cat#4387406

Ovation Ultralow System V2 kit Nugen Cat#0344NB-A01

SE Cell Line Kit Lonza Cat# V4SC-1096

Deposited data

Western blot (Figures S2 and S4) This study Mendeley Data: http://doi.org/10.17632/
zbrd8fgdn5.1

ChIP-seq and RNA-seq data This study GEO: GSE163886

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HEK293 ATCC CRL-1573

AB73 ATCC CRL-1598

SKNMC ATCC HTB-10

U208 ATCC HTB-96

HEK293-T ATCC CRL-11268

HEK293-T LentiX Clontech Cat#632180

Human pediatric Mesenchymal This study N/A

Stem Cells

EW7 Lausanne Submitted sample, STRB5754 (EW?7), is not
a match to any cell line in either the ATCC or
DSMZ STR database. However, the profile
for the submitted sample is an exact match
to the STR profile for the (EW-7) cell line
that is listed on the ExPASy website

MRC5 ATCC CCL-171

HELA ATCC Submitted sample, STRB5759

(HeLa), is a similar match to ATCC
cell line CCL-2 (HeLa)

CHP100 Lausanne Submitted sample, STRB5755
(CHP100), shows similarities to ATCC
cell line CRL-5918 (NCI-H2073) however
the cell lines appear to be unrelated, see
addendum. The profile for the submitted
sample is a similar match to the STR
profile for the (CHP100) cell line
that is listed on the ExXPASy website

Oligonucleotides

See Table S6 N/A

Recombinant DNA

pLiv-3xHA-EWS-FLI1 This paper YET3443

pLiv-3xHA-GFP This paper YET3442

pLiv-3xHA-EWS-ZFA This paper YET3444

pLiv-3xHA-ZFA-EWS This paper YET3445

pLiv-3xHA-KRAB-ZFA This paper YET3446

pCAG-EWS-3XHA-dCas9 This paper YET3486

pCAG-dCas9-3xHA-EWS This paper NP173

pCAG-dCas9-DmrA (x1- x4) This paper BPK1019, BPK1033, BPK1140, BPK1179

pCAG-DmrC-EWS This paper YET3386

Software and algorithms

Prism Version 9 N/A

Bwa version 0.7.12-r1039 Li and Durbin, 2009 https://github.com/Ih3/bwa

Bwtool version 1.0 Pohl and Beato, 2014 https://github.com/CRG-
Barcelona/bwtool

STAR version STAR_2.4.0h Dobin et al., 2013 https://github.com/alexdobin/STAR

R version 3.6.2 https://cran.r-project.org

IGV IGV_2.3.60 https://github.com/igvteam/igv

HOMER version 4.7 Heinz et al., 2010 http://homer.salk.edu/homer/

DESeq?2 version 1.26.0 Love et al., 2014 https://bioc.ism.ac.jp/packages/3.1/
bioc/htmI/DESeq2.html

Bedtools version v2.26.0 Quinlan and Hall, 2010 https://github.com/arqg5x/bedtools

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

featureCounts Version 1.5.0-p2 Liao et al., 2014 http://subread.sourceforge.net
MASC?2 version macs2 2.0.10.20120913 Zhang et al., 2008 https://github.com/tacliu/MACS

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Miguel N.
Rivera (mnrivera@mgh.harvard.edu).

Materials availability

Plasmids generated in this study have been deposited to Addgene.

Data and code availability

Raw western blot data from Figures S2 and S4 were deposited on Mendeley at http://doi.org/10.17632/zbrd8fgdn5.1. Datasets from
ChiIP-seq and RNA-seq experiments have been deposited in the Gene Expression Omnibus (GEO) repository with the accession
number GSE163886. This paper does not report original code. Scripts for ChIP-seq and RNA-seq analysis will be made available
upon request. Any additional information required to reanalyze the data reported in this paper is available from the lead contact
upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Primary bone marrow derived-MSCs were collected with approval from the Institutional Review Board of the Center Hospitalier Univer-
sitaire Vaudois. Samples were de-identified prior to our analysis. MSCs were cultured in IMDM (Life Technologies) containing 10% fetal
calf serum (FCS) and 10 ng/mL platelet-derived growth factor BB (PeproTech). U20S were obtained from Toni Cathomen (Freiburg). All
other cell lines were obtained from ATCC and media from Life Technologies. Ewing sarcoma cell lines SKNMC, A673, EW7 were grown in
RPMI 1640 and CHP100 in McCoy’s 5a Medium. HEK293T, Hela and U20S were grown in DMEM and MRC5 in EMEM. All media were
supplemented with 1% penicillin and streptomycin (Life Technologies). McCoy’s 5a medium was supplemented with 15% FBS and all
other media were supplemented with 10% FBS. Cells were cultured at 37°C with 5% CO,. Media supernatant was analyzed biweekly for
the presence of Mycoplasma using MycoAlertTM PLUS (Lonza). Cell lines were authenticated by ATCC STR profiling.

METHODS DETAILS

Plasmids and oligonucleotides

Each of the 16 different ZFAs that recognize ~4.5 GGAA tandem repeats was generated by assembling pre-selected 2-ZF units from
an unpublished Joung lab archive. Although we used an unpublished archive of engineered zinc finger modules to provide the various
2-ZF units for constructing our ZFAs, there are other published public sources of zinc finger units as well as protocols that can be
used to create customized zinc finger arrays.®”°” The assembled ZFAs were inserted into the pENTR3C vector and EWS N-termi-
nus'* or KRAB (from BPK1407) was cloned into pENTR3C-ZFAs by Gibson assembly. The EWS-ZFA or KRAB-ZFA fusions thus
generated were transferred to lentiviral pLIV vector containing EF1-alpha promoter via LR reactions using Gateway LR clonase I
Enzyme Mix (Invitrogen). dCas9-EWS (NP173) was constructed by cloning EWS into BPK1179 digested with Xhol and Not1 by
Gibson assembly, and EWS-dCas9 (YET3486) was constructed by cloning EWS into dCas9 (pSQT847) digested with Agel and
BstZ17i by Gibson assembly. DmrC-EWS was generated by inserting EWS into DmrC entry vector digested with Nrul, using Gibson
assembly. Sequences of gRNAs used in this study are provided in Table S5.

Transfection

For EWS-ZFA experiments in U20S cells, 2 x 10° cells were transfected with 1ug of plasmids by nucleofection using the DN-100
program on a Lonza 4-D Nucleofector with the SE Cell Line Kit (Lonza) and transfected cells were plated in 24-well plates. For
dCas9-based EWS constructs, we used the nucleofection method described in detail previously.*®

Lentiviral generation

Lentivirus was produced in HEK293T LentiX cells (Clontech) by LT1 (Mirus Bio) transfection with gene delivery vector and packaging
vectors GAG/POL and VSV plasmids.'” Viral supernatants were collected 72 h after transfection and concentrated using the LentiX
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concentrator (Clontech). Virus containing pellets were resuspended in PBS and added dropwise on cells in presence of growth media
supplemented with six ug/ml polybrene. Cells infected with lentivirus were selected using puromycin (Invivogen) at a concentration of
one ug/ml for SKNMC, EW7, CHP100, HEK293T, HeLa and U20S or two ug/ml for A673 and MRCS5 in the growth medium. MSCs
were selected with 0.75 ug/ml puromycin. Overexpression efficiency was determined by immunoblot analysis.

Immunoblot analysis

Immunoblot analyses were performed using standard protocols.'” Primary antibodies were used at the following concentrations: rat
anti-HA (Roche, 1ug/ml), rabbit anti-FLI1 (abcam, 1ug/ml), and mouse anti-GAPDH (Millipore, 0.1 ug/ml). Secondary antibodies were
goat anti-rabbit, goat anti-rat, and goat anti-mouse IgG respectively conjugated with horseradish peroxidase (Bio Rad, 1: 10,000 dilu-
tion). Membranes were developed using Western Lightning Plus-ECL enhanced chemiluminescence substrate (PerkinElmer) and
visualized using photographic film.

Real-time quantitative reverse transcription PCR

Total RNA was extracted from the transfected cells 72 h post-transfection using the NucleoSpin RNA Plus (Clontech), and 250 ng of
purified RNA was used for cDNA synthesis in 20ul of total reaction using High-Capacity RNA-cDNA kit (ThermoFisher). cDNA was
diluted 1:20 and 3 uL of cDNA was used for gPCR using SYBR Green Real-Time PCR Master Mix (ThermoFisher), and primers spe-
cific for the target transcript (Table S5). gPCR was performed using Roche LightCycler480 with the following cycling protocols: initial
denaturation at 95°C for 20 s (s) followed by 45 cycles of 95°C for 3 s and 60°C for 30 s. Ct values over 35, were considered as 35.
Relative quantification of each target, normalized to an endogenous control (GAPDH or HPRTT1), was performed using the compar-
ative Ct method (Applied Biosystems).

Cell viability assays

Cells that were transduced with lentiviral KRAB-ZFA plasmid or GFP control plasmid were grown for 8 days and cell viability was
measured using the CellTiter-Glo luminescent assay (Promega) as described by the manufacturer. Endpoint luminescence was
measured on a SpectraMax M5 plate reader (Molecular Devices).

Definition of target genes associated with EWS-FLI1 bound GGAA-repeats

In Figure 2H, 126 GGAA repeat-associated genes were selected based on a maximum distance of 100 kb from EWS-FLI1 bound
GGAA repeats (n = 812) and upregulation upon EWS-FLI1 induction in MSCs (greater than 2-fold). In Figure 3H, 235 GGAA
repeat-associated genes were selected based on a maximum distance of 100 kb from EWS-FLI1 bound GGAA repeats (n = 812)
and downregulation upon EWS-FLI1 knockdown in both SKNMC and A673 Ewing sarcoma cell lines (greater than 2-fold).'*

ChlP-seq

ChIP assays of MSCs, SKNMC, A673 and HEK293T cells were carried out using two to five x 10° cells per sample and per epitope,
following the procedures described previously.®" In brief, chromatin from formaldehyde-fixed cells were fragmented to 200-700 bp
with a Branson 250 sonifier. Solubilized chromatin was immunoprecipitated overnight at 4C with 3 pg of target specific antibodies (rat
anti-HA (Roche), rabbit anti-FLI1 (Abcam), rabbit anti-H3K27ac (Active Motif), and rabbit anti-H3K9me3 (Abcam)). Antibody-chro-
matin complexes were pulled down with protein G-Dynabeads (Life Technologies), washed, and then eluted. After crosslink reversal,
RNase A, and proteinase K treatment, immunoprecipitated DNA was extracted with AMP Pure beads (Beckman Coulter). ChIP DNA
was quantified with Qubit. Sequencing libraries were prepared with 1-5 ng of ChIP DNA samples and input samples using the Ovation
Ultralow System V2 kit (Nugen). Libraries were sequenced with single-end (SE) 50-75 cycles on an lllumina Nextseq 500 lllumina
genome analyzer.

ChlP-seq bioinformatic analysis

Reads were aligned to human reference genome hg19 using bwa.*? Aligned reads were then filtered to exclude PCR duplicates
and were extended to 200 bp to approximate fragment sizes. Density maps were generated by counting the number of fragments
overlapping each position using igvtools, and normalized to 10 million reads. We used MACS2°° to call peaks using matching
input controls with a g-value threshold of 0.01. Peaks were filtered to exclude blacklisted regions as defined by the ENCODE con-
sortium.>* Peaks within 200 bp of each other were merged. Genomewide GGAA microsatellite repeats were previously anno-
tated.'”">° Peak intersections were identified using bedtools.*® Average ChIP-seq signals across intervals were calculated using
bwtool.®” findMotifsGenome.pl was used to identify de novo DNA motifs between 8 and 20 bp from all sites bound by EWS-
ZFA with the Homer suite of tools.”® Signals shown in heatmaps (100 bp windows) and composite plots (10 bp window) were
calculated using bwtool.®” Heatmap signals are in log2 scale, centered around EWS-FLI1 binding sites'* and are capped at
the 99th percentile.

RNA-seq

Total RNA was isolated from cells using NucleoSpin RNA Plus (Clontech). For Figure 2H, RNA libraries were prepared from 500 ng of
total RNA treated with Ribogold zero to remove rRNA using TruSeq Stranded Total RNA Library Prep Gold kit (lllumina, 20,020,599)
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and TruSeq RNA Single Indexes. The RNA libraries were sequenced with PE 32 cycles on an lllumina Nextseq500 system. For Fig-
ure 3G, RNA samples were sent to Novogene Corporation for mMRNA sequencing. RNA libraries were sequenced with PE150 cycles
on an lllumina NovaSeq 6000 system. Reads were aligned to hg19 using STAR.*® Mapped reads were filtered to exclude PCR du-
plicates and reads mapping to known rRNA coordinates, obtained from the rmsk table in the UCSC database (http://genome.ucsc.
edu). Gene expression was calculated using featureCounts.®® Only primary alignments with mapping quality of 10 or more were
counted. Counts were then normalized to one million reads. Signal tracks were generated using bedtools.*® Differential expression
was calculated using DESeq2.°"

GSEA analysis

Gene set overlaps were computed using Gene Set Enrichment Analysis (GSEA, https://www.gsea-msigdb.org/gsea/msigdb/
annotate.jsp). Genes lists for GSEA analysis were selected using a log2 fold change of 0.6 for upregulated genes and —0.6 for down-
regulated genes. An adjusted p value threshold of <0.1 was also applied. Gene lists were then analyzed for overlaps with C2 (curated
gene sets) and BP (GO biological process), with an FDR g-value < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information on the number of biological replicates, statistical tests and p values is provided in the figure legends.
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