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Abstract
Invasions by transposable elements (TEs) have shaped the genomes of species 
over the course of evolution. Through transcription factor binding sites 
contained in their DNA sequences, waves of species-specific TE insertions have 
contributed an extra layer of species-specific gene regulation. For the biggest 
part, this gene regulatory activity is silenced through binding of specific KRAB 
zinc finger (KZNF) proteins that recruit co-repressor proteins including KAP1 
and DNA/histone modifying enzymes to establish a repressive chromatin state. 
SVA elements are a TE class exclusively present in the genomes of great apes 
and they are still active in the human genome. The primate-specific ZNF91 is a 
KZNF protein that evolved in parallel and is shown to be a strong repressor of 
SVA activity.  Here we studied the role of ZNF91 in binding and repressing SVA 
elements in human cells. We identified through chromatin immunoprecipitati-
on followed by sequencing (ChIP seq) that ZNF91 binds to the vast majority of 
SVA elements. CRISPR/Cas9 mediated deletion of ZNF91 in human embryonic 
stem cells (hESCs) showed that mainly evolutionary young SVA-D/E/F elements 
become activated by gaining H3K4me3 and H3K27ac modifications and to a 
lesser extent show signs of transcriptional activity. SVA elements that become 
transcribed generate transcripts that extend into the downstream sequence 
resulting in lncRNAs, or SVA-gene fusion transcripts. Based on H3K27ac and 
H3K4me3 profiles, a proportion of SVA elements adopt properties of cis-re-
gulatory elements which suggests that they may potentially control genes 
closeby. Finally, we showed that activation of SVAs in the absence of ZNF91 
results in a collective upregulation of KZNF genes, which provides insights into 
the potential mechanisms utilized by the host genome to sense and counteract 
TE invasions. Together, by derepressing SVA elements upon ZNF91 knock out 
and mapping of ZNF91 binding sites, this study unraveled the genome-wide 
hidden gene regulatory potential of SVA elements in our genome, revealing 
which genes may have been affected by SVA insertions since they emerged in 
our great-ape ancestor. 
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Ectopic Activation of SVA Elements in Human Embryonic Stem Cells Induces Collective Upregulation of 
KRAB Zinc Finger Gene Clusters

Introduction
Over the course of evolution the human genome has been invaded by trans-
posable elements (TEs), which remain in our genome today as various families 
of repetitive DNA sequences (Cordaux and Batzer 2009). The majority of 
TE families have lost the capacity to copy-paste through accumulation of 
mutations or active repression by the host genome. Only elements belonging 
to Alu, LINE1, and SVA families are still capable of retrotransposition (Kazazian 
et al. 1988; Batzer et al. 1991; Brouha et al. 2003; Ostertag et al. 2003; Wang et 
al. 2005). Despite and owing to the genome’s efforts to repress TE activity, TE 
invasions have been an important source of evolutionary genomic innovation 
by creating genomic variability and introducing new regulatory elements on 
a broad scale. Throughout evolution, waves of TE insertions added a species 
specific layer of gene regulation through the introduction of novel transcription 
factor (TF) binding sites important for chromatin remodeling (Sundaram et al. 
2014), immunity (Chuong et al. 2016), brain development (Notwell et al. 2015), 
liver functioning (Trizzino et al. 2017, 2018) and stem cell pluripotency (Kunarso 
et al. 2010; Pontis et al. 2019). Profiling of enhancer associated histone marks 
(H3K27ac and H3K4me1) in liver cells derived from six primate species revealed 
that newly evolved cis-regulatory elements comprised mainly young TE classes 
inducing species-specific gene expression (Trizzino et al. 2017). Alternatively, 
novel TE insertions can affect gene expression negatively through the induction 
of local heterochromatin mediated by KZNF proteins and co-factors (Lippman 
et al. 2004; Rebollo et al. 2011; Jacobs et al. 2014). Thus we can conclude that 
TE insertions have a long lasting impact on gene regulation, even many millions 
of years after the spreading of novel TE insertions has been halted. Note that 
in this study, we define TE activity as an epigenetic signature associated with 
open chromatin which is commonly associated with gene regulatory properties.

Most TE families are silenced through binding of members of the KRAB zinc 
finger (KZNF) gene family of which members co-evolved to recognize specific 
TE families (Wolf and Goff 2009; Thomas and Schneider 2011; Jacobs et al. 
2014; Wolf et al. 2015; Najafabadi et al. 2015; Schmitges et al. 2016; Imbeault 
et al. 2017; Seah et al. 2019) and recruit KAP1 (Nielsen et al. 1999; Sripathy et 
al. 2006) and repressive epigenetic modifiers (Schultz et al. 2001, 2002; Turelli 
et al. 2014). The KZNF gene family expanded through segmental duplications 
along the course of evolution and reside in clusters divided across chromoso-
mes (Huntley et al. 2006; Thomas and Schneider 2011). How KZNF genes sense 
the invasion of new TEs and mediate a response to control the spread remains 
elusive. Recently, it has been shown that derepression of TEs leads to upregu-
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lation of KZNF genes, potentially induced through an innate immune response 
(Kauzlaric et al. 2017; Tie et al. 2018). The mechanism behind this and the con-
sequences of the upregulation of KZNF genes remains to be established. In 
addition, it is becoming increasingly clear that the function of KZNF genes is 
not limited to TE repression. Several other roles have been attributed to specific 
KZNF genes, such as autoregulation by binding to itself and/or other members 
of the KZNF gene family (Frietze et al. 2010; Yan et al. 2017), gene regulation 
(Oleksiewicz et al. 2017; Yang et al. 2017; Chen et al. 2019, Farmieloe et al. In 
press), and maintenance of DNA methylation at imprinting control regions (Li 
et al. 2008; Riso et al. 2016; Takahashi et al. 2016, 2019).

In this study we focus on a primate specific TE class, called after its composite 
domains: SINE-VNTR-ALU (SVA) and its repressor ZNF91. There are ~2700 fixed 
SVA insertions in the human genome, half of which inserted in our genome 
after the split with the LCA with chimpanzees and are therefore are unique to 
humans (Wang et al. 2005). Several lines of evidence showed that SVA insertions 
harbor a strong gene regulatory potential (Savage et al. 2013, 2014; Jacobs et 
al. 2014; Pontis et al. 2019) and can function both as transcriptional activators 
and repressors (Trizzino et al. 2017, 2018; Pontis et al. 2019). Although the pri-
mate-specific KZNF gene ZNF91 was identified as a repressor of SVA activity 
(Jacobs et al. 2014), it remains unclear to what extent ZNF91 binds to SVA 
elements and if ZNF91 is sufficient for SVA repression in a human-cellular en-
vironment. Here we investigated the role of ZNF91 in controlling SVA elements 
and potentially other regulatory functions. By mapping ZNF91 binding sites and 
profiling changes in epigenetic marks and transcription in ZNF91 knockout (ko) 
human embryonic stem cells (hESCs) we provide a clear picture of the influence 
of SVA elements in our genome. Surprisingly, we find collective changes in 
the expression of several clusters of KZNF genes, uncovering our genome’s 
response to reactivated TEs as a scenario that may show resemblance to a 
genome’s pioneer response to a new TE invasion.

Results
ZNF91 binds at the Alu-VNTR border of virtually all SVA elements
To determine genome-wide binding of ZNF91 we transfected HEK293 cells 
with a ZNF91-GFP fusion construct and performed GFP chromatin immunop-
recipitation followed by sequencing (ChIP). Nuclear localization and protein 
size indicated that ZNF91 is indeed expressed 48 hours after transfection 
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(Suppl Fig 1A+B). Two replicates were subjected to sequencing and showed 
8302 (replicate 1) and 16425 (replicate 2) high confidence peaks (Suppl Fig 
1C). Downstream analyses were done with the 7220 ZNF91 peaks that were 
shared between both replicates. First we identified regions with the strongest 
enrichment (Top 10% based on MACS score) to show which sequences are 
bound by ZNF91 most strongly and with the highest certainty. This analysis 
revealed that 85% of the top 10% binding sites localized to SVA elements, 
indicating that they are the primary target sequences of ZNF91 (Fig 1A). 
Indeed, the majority (88%) of SVA elements was bound by ZNF91 (Fig 1B). All 
SVA subclasses were bound by ZNF91 without a clear preference for ZNF91 to 
bind old or more recent SVA elements (Fig 1C). ZNF91 binding was highest at 
the Alu-VNTR border within SVA elements, at the same location where KAP1 
summits were detected frequently (Fig 1D, KAP1 data from Jacobs et al. 2014 
). In addition, 59% of ZNF91 bound SVA elements showed a second smaller 
ZNF91 peak at the VNTR-SINE border (Fig 1D+F). This second peak-sum-
mit was observed mainly at young SVA subclasses (Fig 1F, Suppl Fig 1D). To 
identify the core sequence bound by ZNF91 we generated two motifs from the 
two peaks and looked for the part where they overlapped (Fig 1D+E). Interes-
tingly, 58% (199/338) of SVA elements not bound by ZNF91 do contain at least 
one of the motifs in their DNA sequence. However, these SVA elements are 
shorter than the ones that are bound by ZNF91 (Fig 1G). The remaining group 
of SVA elements not bound by ZNF91 is heavily truncated and lost their ZNF91 
binding site (Fig 1G).

SVA elements become epigenetically and transcriptionally activated in 
the absence of ZNF91
To determine the fate of SVA elements in the absence of ZNF91 mediated 
repression, we genetically deleted ZNF91 in human embryonic stem cells 
(hESCs) using CRISPR/Cas9 (Suppl fig 2A). We performed H3K4me3 and 
H3K27ac histone ChIP seq profiling and gene expression analyses to study 
the consequences of loss of ZNF91. H3K4me3 is mainly found at transcription 
start sites (TSSs) and associated with active transcription (Bernstein et al. 2005), 
whereas H3K27ac histone modifications are associated with active enhancers 
and promoters (Wang et al. 2008; Creyghton et al. 2010). In ZNF91 ko hESCs 
~30% of SVA elements were H3K4me3 positive, opposed to 0.8% in wt hESCs 
(Fig 2A). H3K27ac was detected on 6% of SVA elements in ZNF91 ko hESCs and 
nearly all of them were also H3K4me3 positive (Fig 2A). Note that the H3K4me3 
peak co-localizes with the highest ZNF91 peak, suggesting that ZNF91 binds 
to the domain that is also important for the activation of the SVA element (Fig 
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2B). We observed that epigenetic activation of SVA elements is related to their 
evolutionary age: mainly young SVA elements (SVA-D/E/F) gained an H3K4me3 
mark upon ZNF91 deletion (Fig 2C). Furthermore, H3K4me3 negative SVA 
elements were shorter than their H3K4me3 positive counterparts, indicating 
that shorter elements, likely due to shorter VNTRs, have fewer domains required 
for activation (Fig 2D). ZNF91 deletion also resulted in aberrant transcripti-
onal activation of SVA elements. RNA sequencing revealed 173 significantly 
upregulated SVA transcripts, most of which were H3K4me3 positive at their 
genomic location (Fig 2E, Suppl Fig 2B). A closer inspection of the transcript 
structure revealed that many SVA elements generate transcripts that run from 
start (5’) to end (‘3) of the element, and some drive transcription that extends 
into the downstream sequence (up to 150kb) generating lncRNAs (Fig 2F). 
Furthermore, we were interested if SVA insertions located in transcriptionally 
active regions are more likely to become activated. To this end we looked at 
the distance between activated SVA elements and genes expressed in hESCs. 
Interestingly, SVA elements positive for both H3K4me3 and H3K27ac are 
located significantly closer to expressed genes than their H3K4me3 positive 
and H3K4me3/H3K27ac negative counterparts (Fig 2G).

SVA elements and ZNF91 as gene regulators
In line with what is observed for other KZNFs (Imbeault et al. 2017; Farmiloe et 
al. In press) ZNF91 also binds to genomic regions outside of SVA elements. We 
found 1061 gene promoters bound by ZNF91, raising the possibility that the 
expression of these genes may be influenced directly by ZNF91 (Fig 3A+B). 
Gene ontology (GO) analysis revealed that genes related to chromosome loca-
lization and organization, DNA conformation and cell cycle progression were 

Figure 1. ZNF91 binds at the Alu-VNTR and VNTR-SINE border of all SVA subclasses
A) Pie chart showing the distribution of Top 10% ZNF91 peaks based on MACS score B) Pie chart 
showing the number of SVA elements that are bound (green, 2545) and not bound (grey, 338) 
by ZNF91 C) Frequency plot showing fraction of SVA subclasses bound by ZNF91 (green). D) 
Schematic of SVA-D with different domains indicated. In blue a pile up of KAP1 summits on the 
SVA-D consensus is displayed (Jacobs et al., 2014) in green a representative example of ZNF91 
coverage on an SVA-D. Two ZNF91 binding motifs were identified localizing to the Alu-VNTR 
border and VNTR-SINE border. The fraction of SVA elements that contain motif 1 in the peaks lo-
calizing to the Alu-VNTR border and motif 2 in the peaks localizing to the VNTR-SINE border are 
expressed in percentages. E) Comparison of motif1 and motif2 showing overlap at the center. F) 
Heatmaps and profile plots of ZNF91 ChIP showing coverage in RPKM of the mean of rep1+rep2 
with SVA center as a reference point. Left: average signal across all SVA elements. Right: Average 
signal per SVA subclass G) Length of SVA elements bound (2546, green) and not bound (grey) by 
ZNF91. Light grey indicates that least one of the two SVA binding motifs (199) was present and 
dark grey that no motif was detected (139). For statistical testing an unpaired wilcoxon rank sum 
test was used followed by an FDR correction (**** P<0.0001).
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overrepresented among ZNF91 bound genes (Suppl Table 1). A motif search 
in sequences derived from top 200 ZNF91 peaks at gene promoters revealed 
a 15 nucleotides long motif that shows overlap with the SVA derived motifs 
(Fig. 3C). Despite the capability of ZNF91 to bind these gene promoters in 
HEK293 cells, RNA seq data of ZNF91 ko in hESCs revealed only a small group 
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of genes differentially expressed in the absence of ZNF91 (54 genes, Fig 3D). 
We found no overrepresentation of ZNF91 bound genes among differentially 
expressed genes (Fisher exact test, P=0.4) nor did ZNF91 bound genes show 
a collective upregulation (Suppl. Fig. 3A). On the contrary, genes located in 
proximity of an H3K4me3 positive SVA are overrepresented among differen-
tially expressed genes (Fisher exact test, P< 0.00001) and the vast majority 
(13/15) is upregulated (Fig 3D). Generally, genes located within a 25kb window 
from an H3K4me3 positive SVA element show a mild, but significant, upregu-
lation (Fig 3E). Strikingly, significantly upregulated genes are located much 
closer to H3K4me3 positive SVA elements compared to downregulated 
genes (Fig 3F). Together this suggests that activated SVA elements have a 
positive regulatory effect on gene expression closeby. Besides functioning as 
classical enhancers, we observed that several activated SVA elements close to 
a TSS extend H3K4me3 and H3K27ac signals at the gene promoter resulting 
in increased gene expression (Suppl Fig 3C, Suppl Table 2). Alternatively, 
activated SVA elements can function as alternative TSS, generating chimeric 
SVA-gene transcripts with downstream located genes. In case the neighbo-
ring gene was already expressed, only the transcript structure was changed. An 
example of a fusion transcript identified through de novo transcript assembly 
is SVA-HORMAD1-GOLPH3L. HORMAD1 is normally exclusively expressed in 
the testis, but aberrantly induced in hESCs upon ZNF91 deletion (Fig 3G). In 
the expressed sequence tags (EST) database we found ESTs that covered this 
fusion transcript, indicating that SVA-HORMAD1 fusion transcripts also exist in a 
(patho)physiological context (Suppl Fig 3B). Taken together, we show that SVA 
elements can regulate gene expression in numerous ways upon reactivation.

Figure 2. Evolutionary young SVA elements become epigenetically and transcriptionally 
active in the absence of ZNF91.
A) Pie charts showing number of H3K4me3 (dark blue) and H3K27ac (light blue) positive SVA 
elements in ZNF91 wt and ko hESCs, Venn diagram showing overlap of H3K4me3 and H3k27ac 
peaks. B) Profile plot showing average read coverage of ZNF91 and H3K4me3 ZNF91 ko ChIP 
centered on all H3K4me3+ SVA elements. 2Kb up- and downstream of the SVA is displayed. C) 
Number of H3K4me3 positive (blue) SVA elements in each subclass D) Boxplot showing length 
of H3K4me3 positive and negative SVA-D/E/F. E) Heatmap of hierarchical clustering (euclidean 
distance) using z-score of scaled counts of SVA elements that are upregulated in ZNF91 ko hESCs 
(defined as log2 fold change >=3). F) Coverage of RNA seq and H3K4me3 and H3K27ac ChIP seq 
data for ZNF91 wt and ko hESCs and ZNF91-GFP ChIP on HEK293 cells. Left: transcripts running 
from 5’ to 3’ end of SVA, Right: red box indicates SVA element as driver of lncRNA. G) Boxplots 
showing distance from H3K4me/H3K27ac negative, H3K4me3 positive, and H3K4me3/H3K27ac 
positive SVA elements to nearest TSS of a gene expressed in hESCs (baseMean >10) in base 
pairs (bp). Outliers are not displayed. For all statistical testing an unpaired wilcoxon rank sum test 
was used, if necessary followed by an FDR correction (**** P<0.0001, *** P<0.001, **P<0.01, ns= 
not significant). In all analyses only SVA elements bound by ZNF91 were included.
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Figure 3. Differentially expressed genes in ZNF91 knockout cells are bound by ZNF91 and 
driven by activated SVA elements
A) Piechart showing number of genes bound by ZNF91 at their promoter. B) Coverage tracks 
of ZNF91 ChIP data showing examples of ZNF91 promoter binding. C) 15 bases motif identi-
fied with top200 promoter peak summits (extended with 50bp to both sides) compared to SVA 
binding motifs. D) Pie charts of all expressed (baseMean >10) and differentially expressed (DE) 
genes (DEseq2 analysis, padj <0.05) indicating how many genes are: bound by ZNF91 at their 
promoter (green), located within 25kb of an H3K4me3 positive SVA (blue), both (yellow) and 
neither (grey). E) Boxplots showing Log2Foldchange of genes that are located within 25kb of an 
H3K4me3 positive SVA (508 genes) or H3K4me3/H3K27ac positive SVA (79 genes) compared to a 
set of randomly selected genes (556 genes). F) Boxplots of distance to nearest H3K4me3 positive 
SVA from TSS of DE genes. G) Coverage tracks of RNA seq and ChIP seq data showing activation 
of an SVA-F upstream of HORMAD1 leads to generation of an SVA-HORMAD1- GOLPH3L fusion 
transcript. Red box indicates activated SVA. For all statistiscal testing an unpaired wilcoxon rank 
sum test was used, if necessary followed by an FDR correction (**P<0.01).not significant). In all 
analyses only SVA elements bound by ZNF91 were included.
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Upregulation of SVA dense KZNF gene clusters upon ZNF91 deletion
It was recently reported that KZNF genes become upregulated in response 
to derepressed TEs (Kauzlaric et al. 2017; Tie et al. 2018). These observati-
ons suggest the presence of a first line of genome defense which acts on the 
regulation of KZNF genes in an attempt to increase their repressive capacities 
and gain control of aberrant TE activation. We assessed whether a similar 
phenomenon is observed under conditions of derepressed SVA elements. 
Indeed, we observed a collective mild but significant upregulation of KZNF 
genes upon deletion of ZNF91. This effect was limited to KZNF genes located 
in clusters of ZNF genes, while solitary KZNF genes were unaffected (Fig 4A). 
ZNF clusters are found on a number of chromosomes and vary in the amount 
of ZNF genes per cluster. Striking is the ZNF gene density on chromosome 19, 
it harbors many clusters that contain high numbers of KZNF genes (Fig 4B). A 
subset of these clusters show a collective upregulation in the absence of ZNF91 
(Fig 4C). Remarkable is that chromosome 19 also shows an exceptionally high 
density of SVA elements, which is highest in the same areas as were the upregu-
lated KZNF clusters reside (Fig 4B+C). A proportion of SVA elements in these 
clusters indeed become H3K4me4 positive upon ZNF91 deletion (Fig 4C). This 
suggests that the collective upregulation of KZNF genes is a consequence 
of activated SVA insertions in close vicinity of KZNF clusters (Fig 4D). This is 
further supported by the fact that only KZNF genes located closer than 100 kb 
to an H3K4me3 positive SVA element showed an upregulation that was signi-
ficant compared to a set of randomly selected genes (Fig 4E). This regulatory 
effect seemed restricted to KZNF genes because other genes located inside 
KZNF clusters on chromosome 19 do not show a collective upregulation (Suppl 
Fig 4A). Additionally, KZNF genes do not seem to be regulated by ZNF91 
directly through binding to their promoters, because only a small fraction of 
KZNF genes are bound by ZNF91 directly (Suppl. Fig. 4B).
A few studies have linked KZNF upregulation to the induction of an innate 
immune response by retroviral transcripts (Tie et al. 2018; Li et al. 2018). However, 
we found no significant upregulation of genes associated with a response to 
viral infections in ZNF91 ko hESCs (Suppl Fig 4C). 
To summarize, in the absence of ZNF91 we observed an upregulation of KZNF 
genes located in clusters and in proximity of activated SVA elements.
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Figure 4. Upregulation of clustered KZNF genes in proximity of activated SVA elements.
A) Boxplots showing Log2 Fold Change of a random gene set (257), KZNF located in clusters 
(265), and solitary KZNF genes (38). Only genes with a baseMean >10 were included. C) SVA 
coverage (SVA/Mb) is shown for SVA enriched (chr17+19) and SVA depleted (chr13+21) chromo-
somes. Chromosome density plots shows distribution of SVA elements (red) and KZNF genes 
(blue). C) schematic representation of chromosome 19 showing the location of KZNF clusters. 
Boxplots of Log2fold changes on top show if clusters are upregulated (red) or unchanged (grey). 
Only genes with baseMean> 10 were included. Number of expressed genes per cluster: 19.1= 
9 genes, 19.12= 42 genes, 19.2= 7 genes, 19.3 = 20 genes, 19.4 = 23 genes, 19.5= 5 genes, 19.6 
= 24 genes, 19.7= 3 genes, 19.8= 19 genes, 19.9 = 26 genes. Coverage tracks show SVA/Mb for 
all SVA elements (black) and H3K4me3 positive SVA elements (blue). D) Coverage of RNA seq 
and ChIP seq (H3K4me3 and H3kk27ac) on ZNF91 wt and ko hESCs and ZNF91 in HEK293 cells 
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Discussion
In this study we showed epigenetic and transcriptional consequences of loss 
of repression on a primate specific class of TEs, called SVA elements, through 
deletion of ZNF91 in hESCs. We found that approximately one third, mainly 
evolutionary young, SVA elements are epigenetically activated and seem to 
become cis-regulatory elements enhancing expression of nearby genes. This 
supports the latent regulatory potential of SVA elements as was previously 
described (Jacobs et al. 2014). A recent study showed that approximately half 
of SVA elements gain H3K27ac and regulatory properties in naive hESCs (Pontis 
et al. 2019). These cis-regulatory properties of SVAs were attributed to binding 
of pluripotency TFs of the KLF family. It is likely that in primed hESCs, the cells 
used in this study, the binding of KLF TFs is limited, which explains the low 
number of H3K27ac positive SVA elements in the absence of ZNF91. Alterna-
tively, the fact that only ~ 30% of SVAs are activated upon knockout of ZNF91 
raises the possibility that there may be other KZNFs involved in repression of 
SVA elements. Indeed, it was previously found that other KZNF proteins can 
bind to them, including ZNF611 which has been shown to bind and repress 
SVA elements upon overexpression in naive hESCs and is therefore a likely 
candidate (Imbeault et al. 2017; Pontis et al. 2019). Perhaps deletion of both 
KZNF proteins is necessary to expose the gene regulatory potential of SVA 
elements fully in primed hESCs.

SVA elements also have a latent potential to control gene expression directly 
through the generation of SVA-gene fusion transcripts. This phenomenon is 
called exonization and is reported for SVA elements and other TE classes that 
are spliced into the transcript of the surrounding gene (Faulkner et al. 2009; 
Hancks et al. 2009; Pontis et al. 2019). Note that generation of these transcripts 
can have major consequences for mRNA structure and stability and subsequent 
successful protein translation. There have been many reports of de novo SVA 
insertions leading to disease through mRNA dysregulation and alternative 
splicing (Kobayashi et al. 1998; Wilund et al. 2002; Deng et al. 2008; Van der Klift 
et al. 2012; Nakamura et al. 2015). Epigenetic activation of fixed SVA insertions 
could be an alternative mechanism through which SVA elements can dysregu-

showing ZNF772 and upstream SVA-D. E) Boxplots showing Log2Foldchange of KZNF grouped 
per distance to nearest SVA that gained H3K4me3 upon ZNF91 deletion (random=88 genes, 
0-50kb=112 genes, 50-100kb=60 genes, 100-150=46 genes,>150kb=85 genes). For all analyses 
only expressed (baseMean>10) genes were included
For all statistical testing an unpaired wilcoxon rank sum test was used, followed by an FDR cor-
rection (ns=P>0.05,**P>0.01, ***P<0.001,****P<0.0001).
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late gene expression and potentially contribute to pathogenesis. Cancer and 
aging related processes and diseases are examples that are characterized by 
epigenetic changes that can lead to derepression of young TEs (Bollati et al. 
2009; Szpakowski et al. 2009; Jintaridth and Mutirangura 2010; Barchitta et al. 
2014). However, little is known to what extent SVA elements play a role in such 
diseases. Here we showed that in the absence of repression, SVA elements can 
become strong transcriptional drivers and in particular a chimeric HORMAD1 
transcript became aberrantly expressed. Interestingly, HORMAD1 is found to 
be aberrantly expressed in various types of cancer (Shahzad et al. 2013; Watkins 
et al. 2015; Nichols et al. 2018). Further analyses of RNA seq and histone ChIP 
data of these cancer cells could point out if SVA elements are derepressed in 
these cells and if there is evidence for SVA-HORMAD1 driven fusion transcripts.
Our data suggests that SVA activation is dependent on the (epi)genomic 
context. It seems that in areas of active gene transcription SVA activation is 
facilitated. Trizzino et al. (2017) described the same observation in liver cells; 
H3K27ac positive SVA elements were located much closer to the nearest TSS 
than their repressed counterparts.

Finally, our data showed that activation of SVA elements results in a collective 
upregulation of KZNF genes, specifically affecting KZNF genes that are located 
in SVA-rich clusters. This supports an intriguing hypothetical model in which 
TE derepression elicits a defensive response by the host to counteract TE 
outbursts. The mechanism that drives this response remains elusive. Possibly, 
higher levels of KZNF protein leads to more aspecificity in KZNF binding, which 
could aid in the reestablishment of an appropriate repression of TEs. In our 
study, the collective upregulation of KZNF genes is likely mediated by the 
high density of activated SVA elements in the KZNF clusters. These findings 
are supported by an earlier study which attributed a collective upregulation 
of KZNF clusters in mouse KAP1 ko cells to aberrant activation of nearby TEs 
(Kauzlaric et al. 2017).
It has also been reported that the presence of TE-derived transcripts could 
elicit an innate immune response resulting in upregulation of KZNF genes (Li et 
al. 2018; Tie et al. 2018). However, in our study we did not find support for this.

In conclusion, by first showing that ZNF91 binds to the vast majority of SVA 
elements, we were able to convincingly assess their gene regulatory potential 
in absence of repression. We revealed which genes may have been affected 
directly by the insertion of SVA elements over the course of evolution. In fact 
our data support the intriguing hypothesis that TE activity can be co-opted by 
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the host to regulate a cellular defense against an outburst of the very same TEs. 
Together these findings shed light on the complex battle between TEs and 
their host, ultimately driving the evolution of gene regulatory networks.

Materials & Methods
HEK293 cell culture and transfection
HEK293 cells were cultured in DMEM (Invitrogen) supplemented with 10% 
fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Invitrogen). 
0.25% trypsin/0.01% EDTA (Invitrogen) in PBS was used to passage cells at 1:10 
every 3-4 days. One day prior to transfection, 2 million cells were seeded per 
60mm dish to reach 70% confluency on the day of transfection. 4.1 μg pCAG.
ZNF91-GFP or pCAG.GFP plasmid was used to transfect each 60mm dish using 
5.5 μl lipofectamine 3000 (Invitrogen) and 8.3 μl P3000 (Invitrogen). 48 hours 
after transfection cells were isolated for chromatin immunoprecipitation (ChIP) 
and western blot.

Human embryonic stem cell culture
H9 human embryonic stem cells were grown on matrigel (Corning) coated 
dishes. They were cultured in hESC medium that was incubated on mouse 
embryonic fibroblasts (MEFs) for 24 hours. hESC medium consisted of: DMEM/
F12 supplemented with 2mM L-glutamine (Invitrogen), 20% knockout serum 
replacement (Gibco), penicillin/streptomycin (Invitrogen), non-essential amino 
acids (Invitrogen), 0.1mM 2-mercaptoethanol (Invitrogen). Medium was sup-
plemented with basic fibroblast growth factor (sigma, 8ng/μl) and changed 
daily to secure pluripotency of hESCs. For maintenance of the culture, cells 
were grown in colonies and passaged manually by cutting the colonies with 
a needle. For transfection and clonal expansion hESCs were grown as single 
cells and passaged using accutase (sigma) at ratios 1:4-1:10. For single cell 
culturing, culture medium was supplemented with ROCK inhibitor Thiazovivin 
(2μM, Sigma) 1hr before dissociation and during plating.

hESC transfection, and clonal expansion
Two gRNAs targeting 172bp around the TSS of ZNF91 were designed and 
cloned into pX330 (Suppl Table 3). For transfection 400.000 hESCs per well 
were seeded on a 6 well plate one day prior transfection. Per well a total of 3 
μg px330(Cas9-gRNA), 1.5 μg of each of the two gRNAs and 20 ng of pCAG.
GFP, was mixed with 5 μl P3000 reagent in a total volume of 50 μl opti-MEM 
(Invitrogen). This DNA mix was combined with a second mix containing  
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3.75 μl Lipofectamine 3000 (Invitrogen) and 46.25 μl opti-MEM (Invitrogen) and 
incubated for 15 minutes at room temperature. Culture medium on the cells 
was refreshed before adding 100 μl transfection mix dropwise. 48 hours after 
transfection GFP positive cells were sorted using fluorescence activated cell 
sorting (FACS) on a FACS Aria III with a 100 μm nozzle. Cells were plated at low 
density (5000-9000 cells) on MEF coated 60mm plates for clonal expansion. Until 
colonies appeared, cells were cultured in recovery medium, consisting of hESC 
conditioned medium and MEF conditioned medium (1:1). To ensure clonality, 
colonies were passaged manually to a 96 well plate before they started to merge. 
All lines were frozen down and genotyped using PCR and sanger sequencing 
(genotyping primers see Suppl. Table 3). Lines were considered wild type if 
only one band of 580bp was found with PCR and sequencing confirmed no 
insertions/deletions were present. Lines were considered knockout if only one 
~ 386bp band was found and sequencing confirmed that the start codon of 
ZNF91 was deleted. A selection of wild type and knockout lines were expanded 
for ZNF91 mRNA level detection with qPCR (primers in Suppl Table 3) and 
further experiments.

Plasmids
For ZNF91-GFP ChIP experiments pCAG.ZNF91 from Jacobs et al. 2014 was 
used to generate pCAG.ZNF91-Glycinelinker-eGFP. For CRISPR/Cas9 deletion 
experiments gRNAs were cloned into pX330-SpCas9-HF1 (addgene #108301), 
pCAG.GFP (addgene #11150) was co-transfected for FAC-sorting of hESCs.

Western blot
A fraction of the GFP ChIP on ZNF91-GFP and GFP transfected HEK293 cells 
was used for Western blot to confirm the presence of ZNF91 protein. DTT (final 
concentration 100mM) and 2x Laemmli sample buffer (Biorad) were added 
to half of the sample. Samples were subjected to SDS-PAGE on 4-20% mini 
protean precast protein gels (Biorad) and transferred to a blotting membrane 
according to manufacturer’s protocol. Blots were washed three times in water 
and then blocked for 1 hour in 5% milk powder in TBS-T on a rocking platform. 
Blots were incubated with rabbit anti--Tubulin (cell signaling technologies 2144, 
1:1000) or rabbit anti-GFP (abcam ab290, 1:5000) in TBS-T overnight at 4 °C on 
a rotator. Blots were washed in TBS-T and then exposed to goat-anti-rabbit-
HRP (company, 1:25000) in TBS-T, both for 1 hour on a rocking platform. Blots 
were washed twice 30 min in TBS-T on a rocking platform. Signal was visualized 
with SuperSignal West Dura Trial Kit (Thermo scientific) on Odyssey FC Imaging 
System (LI-COR Biosciences).
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RNA sequencing
Two replicates of two wild type and three ZNF91 knockout clonal hESC lines 
where included. Total RNA was isolated using Trizol according manufacturer’s 
protocol, followed by a DNAse treatment and RNA purification using the RNA 
clean and concentrator kit (Zymo research). Ribosomal RNA was depleted 
from total RNA with the rRNA depletion kit (NEB# E6310) and subsequently 
prepared for RNA seq with NEB Next Ultra Directional RNA Library Prep Kit 
(NEB #E7420) at GenomeScan. Samples were sequenced at 150 bp paired end 
at an illumina Hiseq 4000 device.

Mapping and analysis of RNA seq data
A snakemake (Köster and Rahmann 2012) pipeline was written to trim, map and 
quantify RNA seq data after running a quality check with FASTQC. The complete 
pipeline can be found at DOI:10.5281/zenodo.2581199. Below a short descripti-
on of the separate steps composing the pipeline. Paired end Illumina RNA seq 
fastq files were used as input. Trimmomatic (Bolger et al. 2014 )was used to clip 
adapter sequences and trim low quality reads. Reads were aligned to the human 
genome (Hg19 version) using STAR (Dobin et al. 2013) with default settings 
except: outFilterMismatchNmax=2 and outFilterMultimapNmax=10, outWigTy-
pe=bedGraph, outSAMtype=BAM SortedByCoordinate. Base-by-base coverage 
tracks were generated from each bedGraph file with bedGraphToBigWig. Data 
are displayed on the UCSC genome browser (session: http://genome-euro.ucsc.
edu/s/ninaharing/Chapter_3 ). Raw read counts of genes were determined with 
FeatureCounts (Liao et al. 2014)using Hg19 KnownGenes.GTF from UCSC for 
annotation (downloaded 12th September 2016). Only properly paired reads were 
counted (-B) and the library was reversely stranded (-s 2). Genes were summarized 
at metalevel (default), whereas repeats were summarized at the feature level (-f).
Stringtie (version 1.3.4d) (Pertea et al. 2015) was used to build de novo transcript 
models from ZNF91 wildtype and knockout hESC samples mapped with STAR 
(bam files sorted by coordinate used as input). Predicted transcripts were 
included with a minimum length of 100bp (-m) and minimum read coverage of 
1.5 (-c). One annotation file was generated from all separate stringtie transcript 
models that could be used by FeatureCounts to estimate raw counts of chimeric 
transcripts.
DEseq2 (Love et al. 2014) was used to normalize raw counts, perform principal 
component analysis and differential expression analysis of genes, repeats, and 
chimeric stringtie transcripts. For differential expression analysis of SVA elements 
in hESCs significant different was defined as Log2FC >3, because SVA expression 
levels were too low to determine adjusted p values adequately. R packages 
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ggplot2 (Wickham 2009) and ggpubr were used to generate plots and perform 
statistical testing.

Chromatin immunoprecipitation (ChIP)
HEK293 and hESCs were harvested the following ways: HEK293 cells, trans-
fected with ZNF91-GFP or GFP two replicates each, were harvested from a 
confluent 60mm dish by mechanical detachment with a cell scraper in cold PBS. 
One replicate of ZNF91 wild type and knockout hESC colonies were detached 
from two 60mm dishes with a cell scraper and collected at the bottom of a 15 
ml tube through mild centrifugation (3 min at 400 rpm). Medium was replaced 
with 10 ml cold PBS. For all ChIP experiments cells were crosslinked immedia-
tely after harvest by adding 1 ml of 11x crosslinking buffer (50mM Tris-HCL pH 
7.5, 100mM NaCL, 1mM EDTA, 0.5 mM EGTA, 11% Formaldehyde) to 10ml of 
cold cell suspension for 10 minutes at room temperature on a rocking platform. 
To quench formaldehyde glycine was added at a final concentration of 0.11 M 
and samples were incubated for 5 minutes at room temperature on a rocking 
platform. Cells were were pelleted through centrifugation at 2000 rcf and 4 °C 
for 5 minutes. To remove all traces of crosslinking buffer, the cells were washed 
two times with 10 ml cold PBS. hESC samples were split in two for H3K4me3 and 
H3K27ac ChIP.
For cell lysis, 1 ml lysis buffer 1 (50 mM Hepes-KOH pH 7.5, 140 mM NaCl, 1 
mM EDTA, 10% glycerol, 0.5% NP40, 0.25% Triton X-100) supplemented with 
protease inhibitor cocktail (Roche) was added to cell pellets and incubated on a 
rocking platform for 10 minutes, GFP and H3K4me3 at 4 °C and H3K27ac at room 
temperature (RT). Cells were pelleted again by centrifugation (5 min at 2000 rcf 
at 4 °C). 1 ml lysis buffer 2 (10mM Tris-HCL pH 8, 200 mM NaCl, 1mM EDTA, 0.5 
mM EGTA) supplemented with protease inhibitor cocktail (Roche) was added 
and cell pellets and incubated at on a rocking platform for 5 minutes, GFP and 
H3K4me3 at 4 °C and H3K27ac at RT. Cells were pelleted again by centrifugation 
(5 min at 2000 rcf at 4 °C). The pellet was resuspended in 100 μl lysis buffer 3 (10 
mM Tris-HCL pH 8, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxy-
cholate, 0.5% N-Lauroylsarcosine) supplemented with protease inhibitor cocktail 
(Roche). Chromatin was sheared to fragments of ~500bp in 12 cycles of sonication 
(intensity high, 30 sec on and 1 min off) in a bioruptor. 450 μl lysis buffer 3 and 50 
μl 10% Triton X-100 was added to the sonicated cell lysate. Samples were centri-
fuged max speed for 10 min at 4 °C. 50 μl supernatant was stored at -20 °C to be 
used as input sample and the rest was used for chromatin immunoprecipitation 
(ChIP). 50 μl of Dynabeads M-280 sheep anti-rabbit igG (invitrogen) were washed 
three times with 0.5% BSA in PBS before incubating with 5 μg rabbit anti-GFP 
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(abcam, ab290), 3.75 μl rabbit anti-H3K4me3 (millipore, 07-473, lot 2930138), or 
5 μg rabbit anti-H3K27ac (abcam, ab4729, lot GR3205521-1) on a rotator at 4 °C 
for 4 hours. Excess antibody was removed by three wash steps with lysis buffer 3. 
Beads were resuspended in 500 μl 1% Triton X-100 in lysis buffer 3 and added to 
the lysate. IP was performed on a rotator at 4 °C overnight. Immuno complexes 
were washed four times with 1ml RIPA buffer (50 mM Hepes-KOH pH 7.5, 500 
mM LiCl, 1 mM EDTA, 1% NP40, 0.7% Na-Deoxycholate) supplemented with 
protease inhibitor cocktail (Roche) and once with 1 ml cold TBS (50mM Tris-HCL 
pH7.6, 150mM NaCl, GFP and H3K4me3) or TE (10 mM Tris-HCLpH8, 1 mM 
EDTA, H3K27ac) using a magnetic stand. After removal of all traces of TBS, the 
beads were resuspended in 200 μl elution buffer (50 mM Tris-HCLpH 8, 10mM 
EDTA, 1% SDS). 150 μl elution buffer was added to thawed Input sample (50 
μl). Chromatin was eluted and crosslinking reversed by incubating at 65 °C on 
a rocking platform. 200 μl TE (10 mM Tris-HCLpH8, 1 mM EDTA) was added to 
each sample to dilute SDS in elution buffer. ChIP DNA was treated with Ambion 
RNase Cocktail (Invitrogen) for 30 min at 37 °C and Proteinase K (Invitrogen) for 
two hours at 55 °C. DNA was extracted with one step phenol/chloroform and 
two steps chloroform. Ethanol (100%) was used to precipitate DNA for 45 min 
at -80 °C. DNA was pelleted by centrifugation at 14000rpm for 45 min at 4 °C. 
The Pellet was washed with 70% ethanol and centrifuged at 14000rpm for 10 
min at 4 °C. DNA was dissolved in nuclease free water. Finally, extracted DNA 
was purified using DNA clean & concentrator-‘5 columns (Zymo research). QPCR 
using the Quantifast or Quantitect SYBR green PCR kit (Roche) was performed 
on a Roche Lightcycler 480 II to check ChIP enrichment. For all ChIPs one or two 
positive and one negative control region were included (Suppl Table 4).

ChIP seq library prep and sequencing
25-30 ng of ChIP DNA was used as starting material for Truseq ChIP sample 
prep (Illumina, Lot 20194738). Provided protocol was followed with the following 
adjustments: DNA clean & concentrator-5 kit (Zymo research) instead of beads 
was used for DNA purification. DNA fragment size selection with 2% agarose size 
selections gels (Invitrogen) using E-Gel sizeSelect II (Invitrogen) was done before 
and after PCR amplification of indexed ChIP DNA to obtain the 400-500bp 
fraction. H3K4me3 and ZNF91-GFP ChIP samples were pooled and subjected 
to 75bp paired end sequencing at a depth of 130 million reads. H3K27ac ChIP 
samples were pooled and subjected to 150bp paired end sequencing.

Mapping and analysis of ChIP seq data
A snakemake (Köster and Rahmann 2012) pipeline was written to trim and 
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map ChIP seq data. The complete pipeline can be found at DOI:10.5281/
zenodo.2581325. Below a short description of the separate steps of the pipeline, 
using paired end Illumina sequencing fastq files as input. Read quality was 
assessed with FASTQC. Trimmomatic (version 0.38) (Bolger et al. 2014) was used 
to clip adapter sequences and trim low quality reads. Bowtie2 (version 1.0.1) 
(Langmead and Salzberg 2012) in –end-to-end –very-sensitive mode was used 
to map reads to the human genome (Hg19 version). Fragment length for valid 
paired end fragments was set to a minimum of 80 (-I) and a maximum of 500 (-X). 
The resulting sam files were converted to bam files sorted by coordinate using 
Samtools (version 1.7) (Li et al. 2009). The rmdup function of Samtools was used 
to remove potential PCR duplicates. Bedtools genomecov and bedGraphToBig-
Wig were used to generate unnormalized base-by-base bigwig files coverage 
tracks. BamCoverage from the deeptools package (version 2.5.7) (Ramírez et al. 
2016) was used to generate RPKM normalized base-by-base (--binSize 1) coverage 
bigwig file. BigwigCompare from the deeptools package was used to generate 
one coverage bigwig file displaying the mean of two ZNF91 ChIP replicates. 
Profile plots were generated with deeptools computeMatrix and plotHeatmap 
2kb around the center of SVA elements using Galaxy (Galaxy deeptools version 
3.1.2.0.1). Peak calling was done with MACS2 (version 2.1.1.20160309) (Zhang et 
al. 2008). All tags at a given location were included (--keep-dup all) and subpeaks 
were determined (--call-summits). We used the following cut offs for ZNF91 
ChIP: ZNF91 rep1 MACS score>= 50 and ZNF91 rep2 MACS score >= 100. Only 
peaks occurring in both replicates were included. This resulted in 7220 genuine 
ZNF91 peaks. For H3K4me3 and H3K27ac ChIPs all peaks were included. Data 
are displayed on the UCSC genome browser (session: http://genome-euro.ucsc.
edu/s/ninaharing/Chapter_3 ).

Motif analysis
MEME suite (version 5.0.4) (Bailey et al. 2009) was used for motif discovery 
(MEME), motif search (FIMO) and motif comparison (TomTom). For motif 
discovery sequences of peak summits extended with 50bp to both sides were 
retrieved and used as input for MEME. For SVA motif discovery SVA elements 
were split in half and intersected with ZNF91 peaks. Top200 peaks localizing 
to each half were used to generate two motifs. For promoter motif discovery 
top200 peaks overlapping with gene promoters (TSS plus/minus 1kb) were used 
respectively. For both motifs the orientation of SVA elements and genes were 
taken into consideration.
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Supplemental figures and tables

Supplemental Figure. 1. ZNF91-GFP ChIP
A) HEK293 cells transfected with pCAG.GFP (left) and pCAG.ZNF91-GFP (right), 48 hours 
post-transfection B) Westernblot for GFP and beta-Tubulin lysates from cells displayed in (A). 
ZNF91-GFP is detected at 166 kDA, GFP at 29 kDA, and beta-Tubulin at 55 kDA. C) Venn di-
agram showing number of ZNF91-GFP peaks derived from replicate1 and 2 through MACS 
peak calling D) Profile plot displaying the mean of replicate 1 and 2 of ZNF91 ChIP plotted 
around the center of all SVA subclasses
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Supplemental figure 2. ZNF91 deletion in hESCs induces SVA transcription
A) CRISPR/Cas9 design to delete 172bp around the transcription start site (TSS) of ZNF91 and 
RNA sequencing coverage shows absence of ZNF91 expression in ZNF91 ko clonal hESC lines. 
B) Venn diagram showing number of H3K4me3 positive and differentially expressed SVAs (de-
fined as log2 fold change >=3).

Supplemental Table 1. Gene ontology analysis of ZNF91 bound genes
1061 ZNF91 bound gene promoters were used as input. Top10 of GO analysis for biological 
process is displayed.

GO biological process #genes Fold 
enrichment

FDR corrected 
pvalue

chromosome localization (GO:0050000) 13 4.3 0.02

DNA conformation change (GO:0071103) 27 2.4 0.04

chromosome organization (GO:0051276) 73 1.7 0.02

regulation of cell cycle (GO:0051726) 80 1.6 0.03

establishment of localization in cell 
(GO:0051649)

120 1.6 0.01

regulation of organelle organization 
(GO:0033043)

85 1.6 0.04

intracellular transport (GO:0046907) 99 1.5 0.03

peptide transport (GO:0015833) 96 1.5 0.04

cellular localization (GO:0051641) 145 1.4 0.01

nucleic acid metabolic process 
(GO:0090304)

136 1.4 0.02
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Supplemental Table 2. SVA controlled genes in ZNF91 ko human embryonic stem cells
Genes that are appear to be regulated by an SVA in ZNF91 ko hESCs (green padj <0.05 and 
light green* padj <0.1, grey unchanged). Promoter ZNF91 bound means a ZNF91 peak  in the 
region 1000bp upstream and downstream of the transcription start site (TSS).  Putative SVA me-
diated regulation is based on inspection of RNA coverage, de novo transcript assembly,  and 
H3K4me3/H3k27ac ChIP peaks. 

Gene Direction Strand 
gene

SVA Strand 
SVA

Distance from TSS to SVA SVA 
H3K-
4me3+

SVA 
H3k27ac+

Putative SVA 
mediated  
regulation

AMDHD1 Up + SVA_F +  3.3 kb  downstream (Intron 1) Yes No Alternative 
TSS

CAMP Up + SVA_F + 10 kb upstream Yes No Alternative 
TSS

CLDN4 Up + SVA_D + 2.5 kb downstream Yes No Cis regulation

DLEC1 Up + SVA_F - 1.4kb downstream (Intron 6) Yes Yes Alternative 
TSS

GOLGA7B Up + SVA_D + 8kb upstream yes Yes Alternative 
TSS

HORMAD1 Up - SVA_F - 7kb upstream Yes Yes Alternative 
TSS

LOC100129269 Up - SVA_D - At TSS Yes Yes Alternative 
TSS

MRGPRX3 Up + SVA_D + At TSS Yes Yes Alternative 
TSS

PSPC1 Up - SVA_F +  2kb downstream (Intron 2) Yes Yes Extended 
promoter

RNASE10 Up + SVA_E + At TSS Yes Yes Alternative 
TSS

SYT11 Up + SVA_D + 25kb upstream Yes No Cis regulation

THOC5 Up - SVA_C + 0.4 kb downstream (Intron 1) Yes Yes Extended 
promoter

TOR4A Up + SVA_F + 5kb downstream Yes No Cis regulation

ZNF772 Up* - SVA_D + 5kb upstream Yes No Cis regulation

TACR3 Up* - SVA_B + 3kb upstream Yes No Cis regulation

PLEKHA7 Unchan-
ged

- SVA_F - 35 kb upstream Yes Yes Alternative 
TSS

VPS37C Unchan-
ged

- SVA_D - 4.5kb upstream Yes Yes Alternative 
TSS

EML2 Down - SVA_D + 2kb upstream Yes No Cis regulation

RNF135 Down + SVA_F - 7k.8 kb downstream (Intron 1) Yes No Cis regulation

WBSCR27 Down - SVA_D + 5.2kb downstream (Intron 5) Yes No Cis regulation
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Supplemental figure 3. Gene regulation in ZNF91 ko hESCs.
A) Boxplot showing Log2Foldchange of ZNF91 bound genes (799 genes) compared to random-
ly selected genes (704 genes). Only genes with a baseMean>10 were included. For statistiscal 
testing an unpaired wilcoxon rank sum test was used, ns=not significant. B) De novo transcript 
assembly of RNA seq data of ZNF91 ko hESCs indicated that a part of SVA-F becomes spli-
ced into the HORMAD1 transcript generating the SVA-HORMAD1-GOLPH3L fusion transcript. 
Expressed sequence tags (ESTs) covering the SVA-HORMAD1 fusion transcript. C) Coverage 
tracks of RNA seq and ChIP seq data showing extended H3k4me3 and H3K27ac signal at the 
THOC5 promoter in ZNF91 ko hESCs, resulting in elevated expression levels.
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Supplemental figure 4. Unaffected gene groups in ZNF91 ko cells
A) Boxplot showing Log2Foldchange of 34 non-KZNF genes residing in the upregulated KZNF 
clusters on chromosome 19 compared to 46 randomly selected genes in ZNF91 ko hESCs. B) 
Pie chart showing number of KZNF genes bound by ZNF91 at their promoter. C) Boxplot sho-
wing Log2Foldchange of 28 viral response genes compared to 25 randomly selected genes. 
For all analyses only genes with baseMean>10 were included.  For all statistiscal testing an 
unpaired wilcoxon rank sum test was used, ns=not significant.

Supplemental Table 3. Oligos used for the generation of ZNF91 ko hESCs

Name Sequence (5’ to 3’)

gRNA upstream exon 1 TCGAGACCTGGAAACTCCGGCGG

gRNA downstream exon 1 ACGTCCCGAGAGAGGGAACGGGG

Genotyping primer forward ATCTAATCAGGGACGCTGGGC

Genotyping primer reverse ATTCATGAGCCAGCACCTCC

qPCR primer forward CCAGACCTGATTACTTATCTGG

qPCR primer reverse ACATTTTTCATATTTTCTCAGTAATAC

200318_Proefschrift_Nina_L_Haring_170X240.indd   121200318_Proefschrift_Nina_L_Haring_170X240.indd   121 02-04-20   08:4102-04-20   08:41



Chapter 3

122

Supplemental Table 4. qPCR primers to check enrichment of ZNF91-GFP, H3K4me3 and 
H3k27ac ChIP

Primer ChIP Control Sequence (5' to 3')

SVA_1_Fw ZNF91-GFP positive GTGTACCCAACAGCTCATTG

SVA_1_Rv ZNF91-GFP positive CACGGCAACCATCCGATTTC

SVA_2_Fw ZNF91-GFP positive GCCTTGGGATCCTGTTGATC

SVA_2_Rv ZNF91-GFP positive CTTAACGAGCATGCTGCCTTC

LTR12C_Fw ZNF91-GFP negative GCACTTGAGGAGCCCTTCAG

LTR12C_Rv ZNF91-GFP negative ACACCTCCCTGCAAGCTGAG

GAPDH_Fw H3K4me3 positive TACTAGCGGTTTTACGGGCG

GAPDH_Rv H3K4me3 positive TCGAACAGGAGGAGCAGAGAGCGA

RPL30_Fw H3K4me3 positive CAAGGCAAAGCGAAATTGGT

RPL30_Rv H3K4me3 positive GCCCGTTCAGTCTCTTCGATT

AFM_Fw H3K4me3/H3K27ac negative GCAGAACCTAGTTCCTCCTTCAAC

AFM_Rv H3K4me3/H3K27ac negative AGTCATCCCTTCCTACAGACTGAGA

POU5F1_Fw H3K27ac positive CCTCTGTCGACTTAAGTAAGGC

POU5F1_Rv H3K27ac positive GACTCACGGATGCCACCAAG
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