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ABSTRACT

Mammalian genomes contain hundreds of genes transcribed by RNA Polymerase
III (Pol III), encoding noncoding RNAs and especially the tRNAs specialized to carry
specific amino acids to the ribosome for protein synthesis. In addition to this well-
known function, tRNAs and their genes (tDNAs) serve a variety of other critical cellular
functions. For example, tRNAs and other Pol III transcripts can be cleaved to yield
small RNAs with potent regulatory activities. Furthermore, from yeast to mammals,
active tDNAs and related “extra-TFIIIC” (ETC) loci provide the DNA scaffolds for the
most ancient known mechanism of three-dimensional chromatin architecture. Here
we identify the ZSCAN5 TF family - including mammalian ZSCAN5B and its primate-
specific paralogs - as proteins that occupy mammalian Pol III promoters and ETC
sites. We show that ZSCANS5B binds with high specificity to a conserved subset of
Pol III genes in human and mouse. Furthermore, primate-specific ZSCAN5A and
ZSCANS5D also bind Pol III genes, although ZSCAN5D preferentially localizes to MIR
SINE- and LINE2-associated ETC sites. ZSCANS5 genes are expressed in proliferating
cell populations and are cell-cycle regulated, and siRNA knockdown experiments
suggested a cooperative role in regulation of mitotic progression. Consistent with
this prediction, ZSCAN5A knockdown led to increasing numbers of cells in mitosis
and the appearance of cells. Together, these data implicate the role of ZSCAN5 genes
in regulation of Pol III genes and nearby Pol II loci, ultimately influencing cell cycle
progression and differentiation in a variety of tissues.
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INTRODUCTION three major types, depending on their locations relative to
the transcription start site (upstream of or internal to the
Most eukaryotic genes are transcribed by transcript) and distinct sets of general transcription factors

RNA Polymerase II (RNA Pol II) and its attendant
transcriptional machinery. However, a significant number
of non-coding RNAs (ncRNAs), including tRNAs,
5SRNA, U6 small nuclear RNA, and other essential
transcripts, depend on the activity of RNA Polymerase
III (Pol IIT) (reviewed in [1]). Pol III promoters exist in

(TFs) - TFIIA, TFIIIB and TFIIIC. Despite their different
structures, Pol II and Pol III promoters share many
features. For example, active promoters of both gene types
are marked by similar configurations of modified histones
[2]; furthermore, several TFs classically identified as Pol
II regulators, such as MYC, P53 and MAF1, also regulate
the expression of Pol III genes (reviewed in [3]).
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Because they are central to basic cellular functions
including translation, Pol III transcripts are essential
to cellular survival. However, tRNAs and other Pol
Il transcripts also play a variety of other critical,
noncanonical roles. Notably, active tDNAs are key
participants in the most ancient known mechanism of
chromatin organization, clustering together within the
nucleus to serve chromatin barrier, insulator and other
regulatory functions [4-7]. Most vertebrate tDNAs are
organized in genomic clusters at syntenically homologous
positions, thus providing a stable and conserved
framework for chromatin structure [8]. However, not all
TFIIIC binding sites are so highly conserved. In particular,
extra-TFIIIC, or ETC sites, also called ‘“chromatin
organizing clamps” in yeast, interact with each other and
with tDNA to influence chromatin architecture [9, 10].
In mammals, Pol III and TFIIIC binding sites include
transposable elements such as MIRs, ALUs and other
SINE subfamilies that were originally derived from
Pol III transcription units [11]. These lineage-specific
transposable elements (TEs) greatly outnumber the
conserved tDNA sites in mammalian genomes.

Furthermore, tRNAs and other Pol III transcripts,
including the RNA component of RNase MRP (encoded
by RMRP), are processed to generate small RNAs with
diverse roles in cell proliferation and differentiation
[12, 13]. The expression of individual Pol III genes and
thus, their participation in both traditional and extra-
translational functions varies according to cell type,
cellular state and developmental stage [14-18], and
in different cell types [2, 16, 18-20]. The selection of
specific tDNAs for expression or silencing has direct
developmental consequences [21], and indirect effects on
the transcription of nearby Pol II genes [6, 19, 22, 23].
Possibly relevant to this indirect effect, tRNA expression
plays a decisive role in nuclear clustering and thus likely,
the selection of alternative anchors for chromatin loops
[8, 10, 23, 24].

Here we report the DNA-binding functions of
ZSCANSB, a protein encoded by a unique eutherian
SCAN domain-containing zinc finger (SCAN-ZNF) gene,
and two human paralogs (ZSCAN5A and ZSCANS5D)
that arose in early primate lineages. Primate ZSCAN5A
and ZSCAN5D have diverged from ZSCANSB in both
sequence and tissue-specific expression patterns, but
share expression in dividing cell populations with a
distinct peak around the time of mitosis. Combining
chromatin immunoprecipitation sequencing (ChIP-seq)
with analysis of gene expression after siRNA knockdown,
we discovered that Pol III genes and ETCs are the
strongly preferred binding sites for mouse Zscan5b and
human ZSCANS5 proteins, and that ZSCANS5 gene
knockdown alters expression of the Pol III genes. We
also documented the dysregulation of nearby polymerase
IT (Pol II)-transcribed genes that predict cooperative
functions in control of mitosis and cell fate decisions in

multiple tissues. Consistent with these predictions, stable
knockdown of ZSCANS5A led to the accumulation of cells
in mitosis and aneuploidy in cultured human cells. Based
on these data, we conjecture that ZSCANS5B evolved in
eutherians to directly modulate the activities of ancient Pol
IIT gene activities including secondary effects on nearby
Pol II genes. Further we hypothesize that in primates,
ZSCANSA and ZSCANSD evolved to independently extend
these regulatory activities to a wider range of TFIIIC
binding sites, including those carried by MIR and L2
repeat-associated ETCs.

RESULTS

The ZSCANS family arose by duplication of
conserved Zscan5b in early primate history

Zscan5b is a unique gene in mouse and most other
eutherian genomes, but primate genomes contain four
very closely related gene copies, annotated as human
ZSCANSA, ZSCANSB, ZSCAN5C and ZSCANS5D [25].
Human ZSCANSB is the ortholog of the single mouse
gene as confirmed by overall sequence similarity as well
as the alignment of the DNA-binding amino acids of
each zinc finger (corresponding to amino acids -1, 2, 3,
and 6 relative to the alpha-helix) [26-28] (Figure 1). For
simplicity, as we have in a recent paper [29], we will refer
to this pattern of DNA-binding amino acid quadruplets as
a protein’s “fingerprint” in the following discussion.

Mouse, marmoset and human ZSCANSB proteins
share almost identical fingerprints, but the three primate-
specific paralogs have diverged from the parental gene in
fingerprint patterns. After an initial phase of divergence
in early primate history, these patterns have been very
well conserved (Figure 1). In contrast to the zinc fingers,
the SCAN domains of the four human ZSCANS family
members are nearly identical (95-98% identity between
members; not shown). Since SCAN mediates protein
dimer formation [30, 31], this suggests that ZSCANS
family members could form homo/heterodimers,
cooperating in different combinatorial patterns in tissues
and cell types where they are co-expressed.

We found orthologs of all four human genes in the
marmoset genome but identified only a unique ZSCANSB-
related copy in other eutherian genomes and in genomes
of more primitive primates such as Galago (not shown).
Available evidence therefore indicates that ZSCANS5A,
ZSCANSC, and ZSCANS5SD arose in the ancestors of
new world monkeys and have been conserved in higher
primates after a rapid period of divergence.
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ZSCANS paralogs display overlapping but unique Human ZSCANS5 genes display a peak of mitotic
patterns of expression expression

ZSCANS5A was identified in a previous study
as one of ~850 genes expressed in a cell cycle stage-
specific pattern, with transcription peaking around the
M/G1 transition [32]. To confirm this finding and to

Overlapping but distinct patterns of tissue-specific
expression in human tissues

Publicly available data indicated that both human investigate the cell-cycle expression patterns for other
and mouse ZSCANS genes are expressed at high levels ZSCANS genes, we synchronized HEK-293 cultures
in testis but at very low levels in most other adult tissues. using a double thymidine (TT) block, which synchronizes
To further examine expression profiles of ZSCANS family the cells at early S-phase [33]. We collected cells at
members, we used quantitative reverse transcript PCR different time points after release to test gene expression
(qQRT-PCR) to measure transcript levels of the unique levels of ZSCANS5A, ZSCANS5B, and ZSCANS5D by qRT-
mouse Zscan5b and all four human ZSCANS5 genes in PCR, together with marker genes expressed at specific
panels of RNA derived from adult and embryonic tissues cell cycle stages [CCNE! (expression peak at G1/S),
(Figure 2A-2D). ZSCANSC transcripts were not detected, RRM?2 (S), CDC2 (G2), BUBI (G2/M) and PTTGI (M/
or were detected near background levels, in every tissue G1)]. ZSCAN5SB and ZSCANS5D showed clear peaks
we tested (not shown). As expected, mouse Zscan5h of expression beginning around 14h after the release,
and all three expressed human paralogs were detected at consistent with peak transcription during the M/G1
highest levels in adult testis; in adult mouse, we also found period (Figure 2E; Supplementary Table 1A). ZSCAN5A
Zscan5b transcript in thymus, fetal liver and placenta with expression showed a similar expression pattern consistent
lower levels of expression in brain, lung and skeletal with the published reports although RNA levels peaked
muscle. Quantitative RT-PCR across a similar panel of somewhat sooner than the M/G1 transition, beginning
tissues revealed significant overlaps, but also showed that around G2/M according to our experiments.
each of the human duplicates displays distinct features of

. . Mouse and human ZSCANSB are expressed in
gene expression compared to each other and to the unique populations of actively dividing cells

mouse gene; ZSCANSA and ZSCANSB expression patterns
overlap significantly, while the ZSCAN5D expression
pattern has diverged most significantly from the other
human paralogs and the mouse gene.

To identify cell type-specific expression patterns for
the conserved paralog in vivo, we developed probes for in
situ hybridization (ISH) from the unique 3’-untranslated

Fingerprints

1 2 3 4 5

Mm_Zscan5b| YSRL | QSDV | HSTG | HGNV | QGTR
Cj_ZSCANS5B| YSQL | QSDV | HSTG | HGNV | QGTR
Hs_ZSCANS5B| YSQI | QSDV | HSTG | SGNV | QGTR
Cj_ZSCANS5A| CSKI | QISF | QSYC | YGSE | RKLR
Hs_ZSCANS5A| CSKTI | QISF | QSYC | YGSE | RKLR
Cj_ZSCANS5C| YGKI | QIGL | QSYC | YGSE | RATR
Hs_ZSCANS5C| YGKV | QIGF | QSYC | YANE | RATR
Cj_ZSCANS5D| YSKI | QSDV | RFSC | YKNQ | RETR
Hs_ZSCANS5D| CSKI | QSDV | RFSC | YKNE | RETY

Proteins

Figure 1: Diverged DNA-binding “fingerprint” patterns for primate-specific ZSCANS proteins. Amino acid residues
corresponding to DNA-binding positions (1-, 2, 3, and 6 relative to the alpha helix) in each of the five zinc fingers in ZSCANS proteins
predicted from mouse (Mm), human (Hs), and marmoset (Cj) genomes are shown aligned in the C- > N terminal order of the zinc fingers in
each gene. Mouse and other mammals contain a single gene, Zscan5b, which was duplicated in early primate history to generate three new
gene copies: ZSCANSA, ZSCANSC, and ZSCAN5SD (Mm_Zscan5b: ENSMUSG00000058028, Cj_ ZSCANSB: ENSCJAG00000020279,
Hs ZSCANS5B: ENSG00000197213, Cj_ZSCANSA: ENSCJAG00000037918, Hs_ ZSCANSA: ENSG00000131848, Cj ZSCANSC:
ENSCJAG00000020275, Hs ZSCANSC:  ENSG00000204532, Cj ZSCANSD:  ENSCJAG00000014787, Hs ZSCANSD:
ENSG00000267908). The fingerprints of the novel duplicates have diverged relative to the ancestral gene copy, but once generated, these
patterns have been conserved in primate species.
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(3’UTR) regions of the mouse and human Zscan5b/
ZSCANSB genes. For mouse, we hybridized probes to
sagittal sections of whole embryos taken at 14.5 days
post-coitum (E14.5), E16.5 and E18.5; for human, we
examined paraffin sections of a selection of adult tissues
on a tissue array. Mouse Zscan5b displayed highest
expression in E14.5 heart (Figure 3A, 3C), alveoli of
the developing lungs, spinal cord and forebrain (Figure
3A, 3B). Heart and lung expression was diminished but
expression remained particularly high in the olfactory bulb
(Figure 3D) and thymus (Figure 3E) at E16.5. By E18.5,
expression was high in developing skeletal muscle and
skin (Figure 3F) and cartilage and lower level in bone in
the vertebral column (Figure 3G) the intestinal epithelia;
expression detected but at reduced levels in the E18.5
forebrain (not shown). In human tissues, ZSCAN5B was
also detected in adult skin (Figure 3H), epithelial cells in
the small intestine (Figure 3I), testicular spermatocytes
(Figure 3J), lung epithelia (Figure 3K), and bone marrow

(Figure 3L); thymocytes were also strongly positive for
human ZSCAN5B, while tissue cores taken from several
adult brain regions were not (not shown). In general,
therefore, human adult gene expression was highest in
tissues and cell types with high levels of cellular turnover
and cell division. Interestingly, despite qRT-PCR data
suggesting distinct patterns of relative tissue-specific
expression levels (Figure 2A), the cell types and tissues
that express Zscan5b in mouse embryos overlapped
considerably with those that displayed high levels of
human ZSCANS5B in adults.

Gene knockdown experiments reveal clues to
shared and unique cellular functions

Testing RNA from a panel of human cell lines with
qRT-PCR confirmed the high and virtually ubiquitous
expression of ZSCANS5A in cultured cells. However, very

A ZSCANSA mZscan5b
Testis /i F— Testis /L —
Kidney— 1+ Pituitary gland —
Skeletal muscle—H Thymus —
Placenta —% Fetal liver —
Liver —F Placenta /" }——
Heart[_F Lung—1+
Lung[—} Hindbrain—¥
Thymus[—3 Forebrain[——1+—
Fetal liver [} Fetal brain[
Brain [ Skeletal muscle[— 1+
Fetal brain Heart[+
0 1 3 A 10 n Liver[}
Relative expression Kidney
0 1 2 3 9 10 1
B ZSCAN5B Relative expression
Testis /i —
Kidney—— 11—
Skeletal muscle —3+
Placenta [¥
Liver [
Heart g3
Lung [t E LSO
Ny v
Thymust NN
Brain [t ZSCAN5A
Fetal brain
0 1 2 .3 . 10 m PTTG1
Relative expression ZSCANS5B
C ZSCAN5D ZSCAN5SD
Testis F—
Placenta — BUB1
Liver — CDC2
Kidney —
Skeletalmuscle—————1+— RRM2
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Lung———+ CCNE1
Heart——1~ = el
Brain——F [ =S
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0 1 2 3 4 5 6 7 8 9 0 N
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Figure 2: Tissue- and cell cycle stage-specific expression ZSCANS family genes. Relative transcript levels measured in cDNA
prepared from total tissue RNA for A. human ZSCANS5A, B. ZSCAN5B, C. ZSCANS5D, and paralogous gene for D. mouse Zscan5b by qRT-
PCR. Relative expression in other tissues was normalized to expression level in testis, which was set as 10. Error bars correspond to the
variance between experimental triplicates. E. Heat map showing the patterns of expression for ZSCANSA, ZSCANSB, and ZSCANSD in
HEK-293 cells collected at different times after release from a double thymidine block to synchronize cells at early S-phase. Expression
levels of CCNE1, RRM2, CDC2, BUBI and PTTGI were measured on the same cDNA samples to monitor progression through the cell

cycle.
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few cell lines also expressed ZSCANSB or ZSCANS5D (not
shown). With the goal of examining paralog function in
the same cellular context, we identified two lines in which
all three paralogs were expressed - BeWo, a trophoblast-
like cell line derived from choriocarcinoma, and HEK-
293, derived from human embryonic kidney but with
neuronal characteristics [34] for further study.

Since transfection is particularly efficient for HEK-
293 cells, we used HEK-293 for siRNA knockdown
experiments. We tested a number of independent siRNA
designs, both commercially available and custom, for
each gene to assess efficiency and specificity of paralog
knockdown. Most siRNA designs displayed off-target
effects that significantly reduced levels of at least two
of the ZSCANS genes under conditions we tested (not
shown). However, two of the siRNA reagents (hereafter
called si4 and si5) reduced levels of ZSCAN5A relatively
efficiently. The two siRNA designs differed in their
impact on paralogous genes, producing some effect
on ZSCANS5D (si5) or even some over-expression of

E14.5

ZSCANSB (si4). Additionally, we found a single siRNA
design that knocked down ZSCANSB transcripts quite
well and specifically (sil). We identified one siRNA
design (si2) that allowed a reasonable degree of ZSCANS5SD
knockdown without reducing levels of either of the other
two ZSCANS genes, but treatment with si2 increased
ZSCAN3SB transcripts levels significantly in HEK-293 cells
(Figure 4A; Supplementary Table 1B). Unlike ZSCANS5A,
we could not find a second siRNA that knocked down
ZSCAN5D without significantly affecting the levels of the
other genes, complicating further functional analysis of
this paralog.

We analyzed RNA from HEK-293 cells treated
with sil, si4, si5, and a scrambled control using RNA-
seq to identify differentially expressed genes (DEGs).
Since two independent siRNA designs could be tested for
ZSCANS5A, gene expression analysis after knockdown of
this paralog yielded the most robust and reliable DEG set
(363 genes detected with adjusted P > 0.05, fold change >
1.5; Supplementary Table 2). Analyzing these DEGs with

E16.5 E18.5

Mouse

Human

Figure 3: In situ hybridization in sectioned embryos and adult human tissues shows that ZSCAN5B expression is
highest in rapidly dividing cell populations. Sagittal sections of paraffin embedded mouse embryos at E14.5, E16.5, and E18.5
were hybridized with a Zscan5b antisense RNA probe detected with TSA-Rhodamine (Red), against a DAPI counterstain (blue). A. Whole
sagittally sectioned E14.5 embryo shows overall tissue expression, with higher magnification panels showing expression in B. forebrain
(fb), as well as C. heart (he). At E16.5, high levels of expression were detected in D. olfactory bulb (ob), and E. thymus (th). By E18.5,
high levels of expression were no longer detected in heart and lung but were predominant in tissues including F. muscle (mu), skin (sk),
and G. cartilage (ca). In human adult tissues, the ZSCANS5B gene was detected at particularly high levels in H. skin epithelium (sk), I. small
intestine (si), J. testicular spermatocytes (te) and K. lung (lu), and bone marrow granulocytes (bm). Scale bar corresponds to 100 um.
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Table 1: Gene Ontology (GO) clusters identified as significantly enriched in gene sets up- or down-regulated after
ZSCANS gene siRNA knockdown. (Note: this is new, data from 48h KD)

ZSCANS5A (DAVID |ZSCAN5SB (DAVID
enrichment factor) ! | enrichment factor)
DAVID Functional cluster Up? Down® |[Up Down
Ribonucleotide complex/ribosome biogenesis 9.6
M-phase/cell cycle 5.0
Chromosome segregation/mitotic spindle 3.1
Ubiqutin ligase complex/unfolded protein binding 2.4
Regulation of metaphase/anaphase transition 2.2
Condensed chromosome/kinetochore 1.9 1.9
M-phase of meiotic cell cycle 1.9
RNA splicing 1.8
Noncoding RNA metabolic process / tRNA processing 4.7
tRNA modification/ Wobble uridine modification 2.1
Mitochondrion 3.4
Macromolecular complex assembly 2.5
Transcription ~ regulator  activity/regulation  of 89 36
transcription
Embryonic morphogenesis 3.2
Pattern specification process 2.4
Cell matrix adhesion 2.7 1.9
Extracellular matrix organization 2.2 1.6
Positive regulation of cell migration 2.3
Morphogenesis of a branching structure 2.4
Tube development/lung development 2.0
Kidney development 1.8
Ectodermal gut morphogenesis 2.5
Neuron cell fate commitment 2.5
Axon guidance 1.4
Olfactory bulb development 1.7
Blood vessel development 2.2
Cartilage development 1.7
Hair cycle process/epidermis development 1.7
Whnt signaling pathway 1.4
hematopoietic or lymphoid organ development 1.3

! David enrichment scores are calculated as the geometric mean of —log transformed P-values of GO terms within a cluster
based on content of similar genes, see [35] 2, * Clusters associated with Up- or Down-regulated genes, respectively.

the DAVID functional analysis program [35] revealed very
high enrichment for specific functional categories in the
up- and down-regulated genes (Table 1). Notably, genes
up-regulated after ZSCANS5A knockdown (e.g. negatively
regulated by ZSCAN5A) included cell cycle regulators
especially proteins controlling spindle attachment,
chromosome condensation and segregation and the
metaphase/anaphase transition. Down-regulated DEGs
(positively regulated by ZSCAN5A4) were significantly
enriched for functions including transcriptional regulation
and cell-fate commitment in a variety of tissues.

Genes differentially expressed after human
ZSCANSB knockdown displayed significant levels of
overlap with ZSCAN5A DEGs, with 100 of the 363

ZSCAN5A DEGs being detected as similarly up- or
down-regulated in the ZSCAN5B siRNA experiment
(Supplementary Table 2). Since the ZSCAN5A
knockdown experiments we analyzed did not reduce
levels of ZSCANS5B and vice versa (Figure 4A), these data
suggested some level of functional cooperation between
the paralogous proteins. Nevertheless, the ZSCANSB DEG
set also emphasized some novel functions including those
related to tRNA and rRNA processing and modification
(up-regulated DEGs) (Table 1); as for ZSCAN5A4, genes
down-regulated after ZSCANS5B knockdown were enriched
for functions related to differentiation and development.
Interestingly, the tissues predicted to be affected by
ZSCANSA and ZSCANSB functions -including kidney, gut,

www.impactjournals.com/oncotarget

72576

Oncotarget



cartilage, hematopoietic/lymphoid tissues, and olfactory
bulb - overlapped well with expression sites determined
by qRT-PCR and ISH for the human and/or mouse genes
(Table 1; Figure 2, Figure 3).

ZSCANS proteins bind to tRNA genes and ETC
sites in human and mouse

ChIP with paralog-specific antibodies

To identify reagents for detection of ZSCANS
proteins, we identified commercial antibodies targeting
ZSCANS5B and ZSCANSD, and designed peptide epitopes
from a sequence-divergent region of human ZSCANSA
and from the mouse Zscan5b protein to generate custom
polyclonal antibodies (see Methods). These antibodies
identified nuclear proteins of the correct sizes in BeWo
and HEK-293 nuclear extracts which reduced in overall
levels after siRNA knockdown of each gene; densitometry
revealed a reduction of ZSCANSA, 5B, and 5D proteins
by 84%, 67%, and 80%, respectively (Figure 4B;
Supplementary Table 1C). These results confirmed
antibody specificities and provided additional support for

A 120 ——*——

*ER

the functional efficiency of siRNA knockdowns.

We performed ChIP-sequencing using the antibodies
to human ZSCANSA, ZSCANS5B, and ZSCANS5D in
HEK-293 and BeWo cells with ChIP-seq from BeWo
cells yielding by far the best results. ZSCANSB peaks in
BeWo chromatin were particularly clear, with very little
background and strong enrichment in a limited number
of genomic positions (a total of 672 peaks; 225 of which
were detected with MACS software at a false discovery
rate (fdr) = 0; Supplementary Table 2). ZSCANSA and
ZSCANSD ChIP-seq experiments displayed a higher
rate of background but also included larger numbers of
clearly enriched peaks. ZSCANSA and ZSCANSD ChIP-
seq experiments from the HEK-293 cell line were not
successful, but ZSCANSB ChIP yielded a small number
of clear peaks (101 peaks) in this cell line. Because
antibodies for all three proteins gave excellent results in
BeWo chromatin, we focused on results from BeWo ChIP-
seq datasets for most types of peak analysis and used the
ZSCANSB HEK-293 ChIP-seq experiments primarily
for cell-to-cell comparisons and for functional studies
including association of peaks with siRNA knockdown
DEGs.

x%

—
o
o

o]
o

iy
o

Relative expression (%)
N [e))
o o

0 ‘ sid  si5  Ctrl

sil Ctrl‘ si2  Ctrl

ZSCANS5A ZSCAN5B | ZSCAN5SD
B & & &
I > & s &
aZSCANSA - - aZSCANSB = w= aZSCAN5D G
TBP @ TBP - TBP - b

Figure 4: siRNA knockdown of ZSCANS and antibody specificity. HEK-293 cells were transfected with 10 nM of siRNA
targeting ZSCANSA (si4, si5), ZSCANSB (sil), or ZSCANSD (si2) for 48h, after which RNA and nuclear protein extracts were collected.
A. qRT-PCR of each sample showed 71.6% (si4) and 72.6% (s15) knockdown of ZSCANS5A transcripts, 76.9% (sil) knockdown of ZSCANS5B
transcripts, and 67.6% (si2) knockdown of ZSCANS5D transcripts. P-values to evaluate the significance of each knockdown were generated
from triplicate experiments using one-way ANOVA (**: P < 0.01, ***: P < 0.001) B. To assess the knockdown of each protein and to
test antibody specificities, Western blots were generated with nuclear protein extracts of the same siRNA knockdowns and stained with
antibodies targeting ZSCANSA, ZSCANSB, and ZSCANSD, along with TATA-binding protein (TBP) as an internal control. Western band
sizes were detected at 56 kDa (ZSCANSA, ZSCANS5B, ZSCANSD), consistent with predicted sizes of those proteins, and 38 kDa (TBP).
Relative levels of ZSCANS protein to the TBP control in each lane were determined by densitometry, as described in Methods.
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Table 2: Relative enrichment (+) or under-representation (-) of specific repeat families in collections of
ZSCANS, RPC155, TFIIIC, and ETC ChIP peaks
Repeat Family' ZSCAN5B? ZSCANSA ZSCANSD RPC155° TFIIC? ETC?
+/-| p-value |+/-| p-value |+/-| p-value |[+/-| p-value |+/-| p-value |+/-| p-value
tRNA + 0 + 0 + 0 + 0 + 0
RNA + 1.4e-12 + | 1.5e-02
scRNA + | 1.9e-08 + ] 2.9e-19 | + | 4.3e-02
snRNA + | 4.8e-04 + | 5.3e-14
Alu - | 22e-08 | - | 43e-25 [ - | 7.9e-70 | + 0 + 0 + 0
L2 - | 2.3e-04 + | 7.7e-10 | - 1.2e-02 | + | 4.2e-47 | + | 6.4e-70
MIR - | 3.5e-03 + | 1.2e-171 | + | 4.1e-21 | + | 3.1e-03 | + | 5.7e-04
ERV1 - | 5.0e-03 | - | 5.0e-04 | - | 2.5¢-14 | + | 3.3¢-07 | - | 1.8e-10 | - | 3.7e-06
telo + | 7.5e-08
Simple Repeat - | 4.1e-04 - 1.9e-04 | + | 1.9e-03
srpRNA + | 2.3e-02 + | 1.1e-03
Gypsy + | 2.7e-02 - | 4.7e-02 | + | 3.4e-22
Low_Complexity + | 4.4e-23 | - 1.4e-06 | + | 1.5e-50
LTR? + | 4.8e-10
Deu + | 3.1e-02
LTR + | 9.7e-03
rRNA + 0 + 0 + [ 1.8e-07
RTE-BovB + | 2.2e-03
SINE + | 2.3e-02

! Repeat family names and locations taken from repeat masker, http://www.repeatmasker.org/ ; a full accounting with
enrichments and depletions for specific elements in each family is provided in Supplementary Table 3.
2 ChIP peaks from the BeWo cell line, focused on all fdr=0 peaks (ZSCANS5B) or all peaks with enrichment > 15 for ZCANS5SA

and ZSCANSD, as reported in Supplementary Table 2.

3 Peak coordinates for these feature types are taken from [19], and were lifted over to human genome sequence build hg19

for comparisons.

ZSCANSB preferentially binds tDNA in human and
mouse cells

We noticed immediately that the summits of the
most high-scoring ZSCANSB peaks in both BeWo and
HEK-293 cell lines were positioned centrally inside
tRNA genes. In particular, ZSCANSB peak summits
were highly enriched in tDNA sequences (p = 0; Table
2). Of the 672 ZSCANS5B BeWo peaks, 240 peaks
overlapped with tDNA sequences; 64 of the 74 tDNA
peaks identified by ZSCANSB ChIP-seq in HEK-293
(86.5%) were also identified in this BeWo tDNA peak set
(Supplementary Table 2). The ZSCANS5B-bound tDNAs
in both cell types correspond to a variety of different
amino acids and codons without obvious enrichment of
a particular type (Supplementary Tables 2, 3). In all but
one case, the bound tDNAs comprised a subset of the
522 loci annotated as active human tRNA genes [36]; a
single annotated tDNA pseudogene from chromosome 2
was bound by ZSCANSB at relatively low efficiency in
the BeWo cell line. However, this pseudogene was also
identified as bound by both TFIIIC and Pol III in other
human cell types, suggesting that it may be expressed (
[19]; Supplementary Table 2) Although tRNA expression

or Pol III occupancy has not been measured in the BeWo
or HEK-293 cell lines, all but 10 of the tDNAs bound by
ZSCANSB in BeWo and all tDNAs bound in HEK-293
cells were found previously to be commonly expressed in
a variety of mammalian cell types ( [37]; these peaks are
marked in Supplementary Table 2). Therefore, we surmise
that ZSCANSB preferentially binds to a subset of the
active human tRNA genes.

As a comparison to the human ZSCANS5B ChIP-seq
dataset, we used the mouse Zscan5b antibody for ChIP-seq
in cells isolated from dissected mouse fetal placenta. We
identified 118 peaks, dominated by peaks mapping directly
onto a nested subset of the same tDNA sequences, located
in syntenically homologous positions, as those detected
by the human ZSCANSB antibody (Supplementary Table
4). These similarities are remarkable, given that the ChIP
experiments were used chromatin sources from different
species and cellular sources - that is, from transformed
human cell lines and mouse fetal placental tissue.
Together these data provide strong support for the notion
that ZSCANSB favors binding to a specific subset of
conserved tDNAs.

Almost all of the highest-scoring ZSCANS5B and
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(Mogqtaderi et al. 2010)

Figure 5: ZSCANS binding displays a protein- and cell type-specific preference for tDNAs and other Pol III-related
loci enriched in G/C rich metifs. A. Distribution of ChIP-seq reads in the HES7 region is displayed in a snapshot from the UCSC
browser. ChIP-seq read pileups are shown in red, with the distribution of background reads from genomic input displayed in brown.
Peaks from ZSCANSB in chromatin from two cell lines, HEK-293 and BeWo, shown together with peak profiles from ZSCANS5A and
ZSCANS5D ChIP-seq in BeWo chromatin, reveal strong enrichment over tRNA genes that are clustered in the region. Arrows in peak tracks
highlight some of the peaks that are differentially enriched by ZSCANSB ChIP in the two cell types, or in ChIP with ZSCANS5B compared
to ZSCANSA or ZSCANSD. The tRNA-Leucine (tRNA-L) gene shown in close-up in panel B is highlighted in grey. B. A close-up view
of the tDNA highlighted in grey in panel A, illustrating that the ChIP-seq peak summits are centered over the tDNAs. C. Motifs detected
as most highly enriched and central in ChIP-seq peaks for mouse Zscan5b and human ZSCANSB in HEK-293 or BeWo cells include the
TFIIIC-binding B-box, which is present and highly conserved in all expressed tDNAs, and strikingly similar tracts of G/C-rich surrounding
DNA. D. A motif search conducted after removing tDNA sequences from the ZSCANSB BeWo peak set also revealed G/C-rich sequences,
including an extended motif comprising two shorter motifs (SB_M1, 5B_M2) as predicted ZSCANS5B binding motifs. E. A G/C rich central
motif was also detected in analysis of ZSCANSA ChIP peaks; a portion of this motif bears striking resemblance to the known motif for
transcription factor and insulator protein, CTCEF. F. A distinct set of motifs were detected in high-scoring ZSCANSD peaks, including a G/C
rich motif, 5D_M2, which bears striking similarity to a novel ETC motif detected by Moqtaderi and colleagues [19].
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mouse Zscan5b peaks overlapped tDNAs, but ChIP-seq
also detected common enrichment in other types of Pol
III transcripts including Vault RNA, 7SLRNA, RMRP,
and U6 snRNA. Accordingly, ZSCANS5B peaks were
enriched for many of the same classes of RNA genes that
are occupied by Pol III (measured by ChIP-seq with an
antibody to the RPC155 subunit) and Pol III TF required
for tRNA transcription, TFIIIC, as reported previously
by Mogqtaderi and colleagues [19] (Table 2). The small
number of peaks that did not overlap with RNA Pol III
genes was also interesting. For example, several individual
peaks with high intensity were found to overlie MIR and
Alu SINE repeats, which are evolutionarily derived from
tRNA and 7SL RNA, respectively [38]. One particular
example, identified in human ZSCANSB ChIP-seq in
BeWo and HEK-293 cells as well as mouse Zscan5b
ChIP-seq in fetal placenta corresponds to a MIR repeat
located approximately 1 kb downstream of the promoter
of POLR3E, encoding the RPCS5 subunit of Pol III
(Supplementary Tables 2, 4); this MIR element has been
shown to function as an enhancer for the POLR3E gene
[17].

A >chr19:4,328,573-3,328,631
5B_M2

ZSCANSA and ZSCANSD binding sites are also
enriched in Pol III transcripts

ZSCANSA and ZSCANSD binding sites were
also highly enriched in tDNA sequences (Table 2). In
fact, the three proteins appear to co-occupy many tDNA
sites or to occupy neighboring tDNAs within the same
genomic clusters (Supplementary Table 2) although with
different relative efficiencies. One particularly interesting
set of examples is illustrated in Figure 5A; the clustered
tDNAs in this region are differentially marked by the
human ZSCANS proteins. A close-up of a tRNA-Leucine
(tRNA-L) gene located just downstream of HES7 and
occupied in all of the ChIP experiments (Figure 5B; this
tDNA is shaded in Figure 5A) illustrates the general
position of the peak summits (or centers of the peaks)
relative to the tRNA genes. As shown in Figure 5B,
although ChIP peaks were generally broader than the
tRNA genes per se (due to the standard chromatin shearing
size for ChIP, see Methods), the summits are positioned
directly over the middle of the genes.

The tDNAs in this chromosome 17 region, which
surround the ALOXE3, HES7 and PERI genes, have been
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Figure 6: ZSCANS5B proteins bind G/C rich motifs. To test the prediction that the ZSCANS5B protein binds to the G-rich motifs,
we tested the summit region of a non-tDNA peak uniquely detected with high efficiency by ZSCANSB in ChIP located within an intron
of the STAP2 gene (human assembly GRCh37, chr19:4,328,490-4,328,689) which contains two predicted motifs. A. Biotin-labeled
oligonucleotides were designed to cover fragments of the peak region including the “5B_M2” motif (boxed) and “5B_M1” (boxed) motif,
respectively, and also a longer oligonucleotide spanning both motifs. Labeled probes containing 5B M2 were named “STAP2_M2” (27 bp),
5B M1 as “STAP2 _M1” (28 bp), and the longer prone as “STAP2 _M2+M1” (51 bp). B. Nuclear extracts (NE) containing a biotinylated
probe (Labeled probe) with or without anti-ZSCANSB antibody (aZSCANSB) were resolved on 6% non-denaturing polyacrylamide gels.
Addition of aZSCANS5B caused the effective supershift of the lowest band of three “shift” complexes for STAP2 M1 and STAP2 M2+M1
(arrowheads), suggesting that the M1 motif is the preferred binding sequence Asterisks indicate unbound biotinylated DNA probes.
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demonstrated previously to serve as anchors of local
chromatin loops that function as insulators in human
cells [10]. tDNAs throughout the genome also displayed
ZSCANS protein-specific peaks and for ZSCANSB, cell
type-specific enrichment patterns (Supplementary Table
2). These data suggest that the ZSCANSA, B, and D
proteins all bind to tDNA sequences but can have different
locus preferences within the same cell type; ZSCANSB
also clearly binds to certain tDNA loci more or less
efficiently depending on the cellular context.

Motif analysis reveals binding preferences for
ZSCANS proteins

ZSCANSA and ZSCANSB proteins bind G/C rich
motifs

We used the MEME suite [39] to search for enriched
sequence motifs enriched at the summits of the highest-
scoring ZSCANSA, ZSCANS5B and ZSCANSD peak
regions (see Methods). The analysis of ZSCANSB peak
summit regions revealed clear enrichment for a sequence
including the TFIIC-binding B box as the top-scoring,
centrally located motif; Zscan5b peaks in mouse fetal
placenta chromatin also yielded a very similar extended
and central B Box motif (Figure 5C). The B Box motif
is positioned internally to tRNA genes as an integral
component of the Type 2 Pol III promoter [1]; that the
B Box is positioned centrally within summits of the
collected ChIP peaks indicates that ZSCANSB binds very
near the B Box site. The A box motif typical to Pol III
Type 2 promoters was also identified as highly enriched
in ZSCANSB ChIP experiments although the motif was
not central to the peaks (not shown). It was not at all
surprising to identify these motifs, given that the A and
B box elements in tDNAs are very distinct and very well
conserved between sites.

However, there are several reasons to doubt that
ZSCANSB protein actually binds to the B Box site. In
particular, although tRNA binding sites are by far the
most numerous, ZSCANS5B also bound with high affinity
to other types of genomic, including regions not associated
with Pol III binding and Pol III transcripts - such as U6
and RMRP - that are expressed from Type 3 promoters
without a B Box motif [1, 40]. However, the enriched
motifs also included less distinct G/C-rich DNA sequences
extending beyond the B box (Figure 5C), and we therefore
hypothesized that ZSCANS5B might in fact bind to this
G/C-rich DNA sequence.

To gain more detailed information about the
binding motif, we examined 134 highly enriched (MACS
enrichment factor or ef > 10) ZSCANS5B BeWo peaks not
associated with tDNAs. MEME analysis identified a long
(29 bp) G-rich motif located centrally within the peaks
(detected at E value of 2.6e-26, in 56 of the 134 peak
sites). Adjusting MEME parameters to search for shorter

motifs (since with 5 zinc fingers, ZSCANS5B is expected
to bind at most to a 15 nt target region) identified two
similarly G/C-rich motifs, which we call SB_M1 (detected
at £ value of 6.5e-12) and 5B M2 (£ = 1.7 e-02) (Figure
5D). ZSCANSA peaks were also enriched in B-Box motif
(E = 6.1e-46) and A-Box motifs (£ = 5.0e-15), although
neither motif was located centrally to the peak regions
(not shown). However, MEME analysis identified a G/C-
rich motif that was centrally located in ZSCANSA peak
summits. This 5A-enriched motif (detected at £ = 2.3e-
29) bears a striking resemblance to the known binding
motif for transcription factor and chromatin organizer,
CTCEF (Figure SE). Interestingly, CTCF has been shown
to be enriched at mammalian ETC sites [19] and tDNAs
[37], and the enrichment of CTCF motifs centrally within
ZSCANSA binding regions suggests that the two proteins
may possibly interact or compete at those sites. Whatever
this interaction, both ZSCANS5A and ZSCANS5B ChIP-
seq experiments identified G/C-rich motifs as potential
binding sites.

To ask whether the ZSCANS5B protein binds to
the G-rich motifs, we selected one highly enriched
ZSCANSB peak region for the “supershift” version of
electrophoretic mobility shift assays (EMSA). The tDNAs
are repetitive and mostly occupied by the very large Pol 111
protein complex, and these properties complicate EMSA
experiments. Therefore, we focused on a non-tDNA and
high intensity peak uniquely detected by ZSCANSB,
located within an intron of the S7AP2 gene (human
assembly GRCh37, chr19:4,328,490-4,328,689). The peak
summit region contains side-by-side high-scoring matches
to 5SB_M1 and SB_M2 motifs. We designed biotin-labeled
oligonucleotides that span the two motifs for EMSA
testing (Figure 6).

Both double-stranded oligonucleotides from the
STAP2 intronic region were shifted after addition of
the HEK-293 nuclear extract, although the 5B MI
oligonucleotide and a longer oligonucleotide containing
both 5B M1 and 5B _M2 were shifted much more
intensely. Addition of the ZSCANS5B antibody caused the
smallest of three “shift” complexes for SB_ M1 and the
longer oligonucleotide with both motifs (arrowheads in
Figure 6) to be supershifted efficiently. Although, given
the nature of these experiments, we cannot rule out the
possibility that ZSCANS5B might bind these sequences
indirectly, e.g. through an intermediate protein also present
in the extract, these data indicated that ZSCANS5B binds to
the G/C-rich sequence commonly identified in the tRNA
and non-tRNA binding peaks.

ZSCANSD binding is enriched at MIR SINEs and
LINE2-associated ETC motifs

ZSCANSD peaks did overlap with ZSCANSA
and ZSCANS5B at tDNAs, but the highest-scoring peaks
for the ZSCANSD antibody were distinctly bound. In
fact, a majority (56%) of the ZSCANSD fdr = 0 peaks

www.impactjournals.com/oncotarget

72581

Oncotarget



were proximal (within 5 kb) to the transcription start
site (TSS), while 80% of ZSCANSA and ZSCANS5B
peaks were distal to TSS. Enriched repetitive element
classes also distinguished ZSCANS5D peaks from those
associated with ZSCANSA or ZSCANSB. In particular,
unlike ZSCANSA or ZSCANS5B peaks, ZSCANSD peaks
were enriched for MIR and L2 repeats; in this respect
the ZSCANSD binding regions more closely resembled
ETCs (Table 2). Furthermore, analysis of ZSCANSD
binding peaks revealed a distinct set of centrally enriched
motifs. The first and most highly enriched motif identified
in this peak dataset (5D _M1) corresponded to a novel
sequence containing similarity to the known motif for
GATA-1 (detected at £ = 1.2e-524; Figure SF). The
second significantly enriched motif found at the center of
predicted ZSCANSD summits, or 5SD_M2 (£ = 1.4e-293)
is notable because it is virtually identical to a novel ETC-
associated motif identified previously in human cells [19]
(Figure 5F). The two ZSCANSD peak-enriched motifs
were mostly distributed in distinct peak summits, although
several ChIP summits contained both predicted motifs in
close proximity.

Closer inspection revealed that SD_M1 mapped
frequently within annotated MIR SINE repeats, while 5D
M2 was contained within LINE2 (L2) elements; both of
these repeat types were highly enriched in the ZSCANSD
ChIP peak dataset as well as ETC sites (Table 2). Analysis
of peak sequences after masking repetitive elements within
them returned centrally located motifs almost identical to
5D M2 (E =2.2 e-91, not shown) and 5D M1 (£ = 1.0e-
87). It is therefore likely that ZSCANSD binds to these
motifs whether or not they are embedded in recognizable
repeats. These data suggest that ZSCANSD favors binding
to the previously identified ETC motif and that each of
the primate-specific ZSCANS proteins likely recognize
G/C-rich sites that are nevertheless distinct from the sites
preferentially bound by parental ZSCANS5B.

ZSCANS protein binding influences expression of
bound Pol III and nearby Pol II genes

To ask whether ZSCANS protein binding might
affect transcription of either the Pol III genes bound by
the proteins or the Pol II genes located nearest those
sites, we examined ZSCANS ChIP-seq peaks that either
mapped within or flanked DEGs detected after siRNA
knockdown. Since knockdown data could only be
reliably supplied by experiments in HEK-293 cells and
ChIP-seq was only successful in HEK-293 cells with the
ZSCANS5B antibody, we focused primarily on peaks and
nearby genes associated with ZSCANSB in that cell line
(Supplementary Table 5).

First, we examined Pol III genes to which the
ZSCANSB protein was actually bound. In the case of
tDNAs, the protein sits very centrally over the bodies of

the genes, as described above (and illustrated in Figure
5B). The ZSCANSB peak in RMRP is also situated
centrally within the body of the gene rather than at its
upstream promoter (Supplementary Table 2). ChIP-seq
data revealed that RMRP was bound by ZSCANSB in
both HEK-293 and BeWo cells and also at lower level
by ZSCANSA in BeWo chromatin (Supplementary Table
2). This gene, encoding the RNA component of RNase
MRP, represents one of the very few Pol III genes with
a unique sequence composition, permitting accurate
measurement of RMRP transcript levels in RNA-seq.
RMRP was significantly up-regulated (by a factor of 3
or 4 fold, respectively) in both ZSCAN5A and ZSCAN5B
siRNA experiments suggesting that ZSCANS protein
binding suppresses expression of the gene (Supplementary
Table 2). Most other Pol III genes are highly repetitive
and all, including RMRP, display very strong and stable
secondary structures, making PCR-based measurement
of their expression challenging. However, primer sets
that can uniquely detect a small number of tRNAs have
been reported [17]. Of the genes expressing these tRNAs
(encoding tRNA for tyrosine, or tRNA-Y), one was
occupied by ZSCANSA and ZSCANSB in BeWo cells
and ZSCANS5B in HEK-293; a second gene, encoding to a
tRNA for Arginine (tRNA-R), was occupied by ZSCANSA
and ZSCANSB in BeWo but not bound by ZSCANSB in
HEK-293 cells (Supplementary Table 2). The other tRNA
genes for which unique primer sets have been reported
were not occupied by ZSCANSA or ZSCANSB proteins
in either cell type; these primer sets therefore provided
excellent negative controls.

We used these validated tRNA primer sets to test
expression after ZSCANS5 gene knockdown in HEK-
293 cells, along with primers for RMRP. Consistent with
RNA-seq experiments, RMRP was up-regulated after
siRNA knockdown as was the tRNA-Y expressed from
the locus bound by both ZSCANSA and ZSCANSB in
HEK-293 cells (Supplementary Figure 1). The tRNA-R
expressed by the locus occupied by ZSCANSA in BeWo
but not ZSCANSB in HEK-293 cells was up-regulated
only slightly after ZSCAN5A4 knockdown in HEK-293
cells, although not at significant levels (p = 0.09) and was
not affected by knockdown of ZSCANS5B. Furthermore, the
expression of tDNAs not bound by either protein in HEK-
293 cells remained unchanged. Although further studies
will be required to test the broader generality of this trend,
these data support the hypothesis that ZSCANS proteins
negatively regulate transcription of Pol III genes to which
they are bound.

Next we examined expression status of Pol II genes
with transcription start sites (TSS) located in the vicinity
of ZSCANS5B HEK-293 peaks. ZSCANS5SB HEK-293
peaks are almost all located directly on top of Pol III
genes, and Pol III genes are not frequently located near
Pol II gene promoters. Therefore of the 17 ZSCAN5B
DEGs identified as nearest to HEK-293 ZSCANSB ChIP
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peaks, only eight genes -HES7, TRIM7, NDUFS7, TIAI,
C170RF59, CI60RF13, GEMIN7, MIR3648 - were
found within 5 kb of the peaks. The first six of the above-
mentioned genes are adjacent to peaks overlying tDNAs,
and in some cases, clusters of ZSCAN5B-bound tDNAs
-for example, HES7 which is flanked by clustered tDNA
peaks (Figure 5A; Supplementary Table 5) - whereas other
DEGs are positioned near other types of ZSCANSB peaks.
Of the eight genes with TSS within 5 kb of peaks, only

tRNA-linked 7741 was down-regulated while all others
were up-regulated after ZSCANS5B knockdown.
Considering all HEK-293 peak-linked ZSCANSB
DEGs including those with promoters located further
from peaks, the picture is more mixed, with 11 genes
up-regulated and 6 genes down-regulated after siRNA
knockdown (Supplementary Table 5). These gene numbers
are too small for concrete conclusions. However, they
suggest a trend toward repression of promoters especially
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Figure 7: Knockdown of ZSCANS5A increases number of cells entering mitosis and aneuploidy. HEK-293 cells engineered
to stably carry an inducible short hairpin RNA construct targeting ZSCAN54 (ZSCANS5A-Tet-shRNA), or empty-vector control were
incubated with 1 pg/mL doxycycline (Dox) for 48h on gelatin-coated glass cover slips. A. Fixed coverslips were stained with mitotic
marker anti-Phospho-Histone H3 (Ser10) antibody (EMD Millipore), and DAPI to visualize mitotic cells using microscopy, examining
totals of more than > 2000 cells per cell line. The number of mitotic nuclei was significantly increased in the sShRNA-carrying cells (p =
5.04¢e-12, two-sample test for equality or proportion without continuity correction; see Methods), with standard errors from the counting of
multiple samples for each cell type shown as error bars. B. Flow cytometry of control and C. ZSCANSA-Tet-shRNA cells taken 48 h after
Dox treatment consistently revealed the appearance of a small population of cells (average of 2.01%) with lower DNA content compared
to normal G1 cells after ZSCANSA knockdown (arrows in C). This population was never detected in the Dox-treated (B) or untreated (not
shown) control cells we tested. In both experiments, ZSCAN5A knockdown rate was determined by qRT-PCR to be 60 % (A) or 43% (B)
respectively.
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those located nearest to ZSCANS5B-occupied peaks.
Further, they also hint that the effects of ZSCANS protein
binding on nearby Pol II genes may not represent direct
transcriptional repression or activation, but could involve
more complicated mechanisms.

ZSCANSA knockdown increases numbers of
mitotic cells and aneuploidy

As described above and consistent with previous
reports [32], ZSCANS paralogs are commonly up-
regulated around the time of mitosis (Figure 2). Adding
to the intrigue, ZSCAN5A knockdown experiments
strongly suggested a role for this gene in regulation of
the metaphase/anaphase transition (Table 1). To test
this hypothesis, we engineered HEK-293 cells to stably
carry copies of a plasmid transgene designed to express
a tetracycline-regulated (Tet-on) short hairpin RNA
(shRNA) based on si4, with the goal of knocking down
ZSCANS5A controllably and stably in HEK-293 cells.

Knockdown of ZSCAN5A was confirmed in
doxycycline (Dox) treated cells carrying the transgene with
qRT-PCR (ranging from 43-53% knockdown in different
experiments, not shown). Although this knockdown
rate was consistently lower than achieved by siRNA
treatment, these cells expressed phenotypes consistent
with the functions predicted by the siRNA knockdown
experiments. In contrast to cells transfected with an empty
plasmid vector, and as evidenced by expression of mitotic
marker, phosphorylated Histone H3 (ser10), a significantly
larger fraction of ZSCANS5A shRNA-expressing cells were
detected at the mitotic phase 48 h after addition of Dox,
consistent with a less efficient transition to anaphase
(Figure 7A; Supplementary Table 1D). Furthermore, flow
cytometric analysis revealed the appearance of aneuploid
cells after ZSCANS5A knockdown, with DNA content
lower than that of HEK-293 cells (Figure 7B, 7C). The
fraction of aneuploid cells was small in these short-term
experiments (around 2%; Figure 7), but highly consistent
between experimental replicates and repeat experiments
in comparison to Dox-treated vector-only cells, which
never yielded this aneuploid population (see Methods).
Taken together with the siRNA gene expression results,
these data suggest that ZSCAN5A depletion leads to
abnormalities in spindle assembly or attachment during
mitosis, a situation well known to cause metaphase arrest
and aneuploidy in mammalian cells [41].

DISCUSSION

Our study defines the regulatory functions of
the ZSCANS family of TF proteins for the first time.
ZSCANS genes are actively expressed in rapidly dividing
cell populations and are cell-cycle regulated, with peak

expression around the time of the mitosis, and the encoded
proteins bind preferentially to Pol III transcription
units. ZSCANSB and primate-specific ZSCANSA bind
preferentially to tDNA, occupying many of the same
Pol III genes and similarly affecting the expression of
neighboring genes. Based on these data we speculate that
the two proteins interact and co-bind DNA as heterodimers
through interactions between their nearly identical SCAN
dimerization domains.

Our data indicate that when ZSCANS5B binds to
Pol III promoters it also acts to negatively modulate the
expression of those genes, and suggest that ZSCANSA
has a similar and we conjecture, a cooperative regulatory
effect. The mechanisms underlying these functions will
require further study but based on data presented here
and published reports, we speculate that the differential
expression of flanking Pol II transcripts might arise
secondarily to dysregulation of the bound Pol III genes.

Indeed, a number of previous studies have pointed
to a relationship between Pol III transcriptional activity
and the expression of nearby Pol II genes. For example, in
budding yeast, actively expressed tDNAs exert repressive
effects on nearby Pol II promoters, a phenomenon referred
to as “tRNA gene-mediated silencing” [22, 42]. However,
similar effects have not been documented in metazoans.
Rather, several lines of evidence suggest a more complex
relationship in mammals, with tDNAs, MIR repeats,
and other active Pol Ill-transcribed sequences serving
enhancer-blocking or barrier-insulating functions [10, 17].
Our data do not argue definitely for a particular model, but
do indicate that ZSCANSB typically represses the activity
of Pol III loci to which it is bound, and that the protein
may also dysregulate the nearest Pol II genes indirectly
through this Pol III binding.

A number of different proteins have been described
to regulate Pol III gene transcription in yeasts, in
metazoans, or both [3, 43-45]. One deeply conserved
Pol III regulator, MAF1, shares many properties with
ZSCANSB and serves as a potential model for its function.
From yeast to mammals, MAF1 inhibits transcription from
Pol III promoters via interactions with TFIIIB [46, 47].
The involvement of TFIIIB is a particularly interesting
in this regard, since Type 2 promoters typical of tDNAs
and Type 3 Pol III promoters, such as that associated
with RMRP, share binding of TFIIIB but not TFIIIC or
other factors [1]. Of further potential relevance, MAF1
also independently represses Pol Il promoters [48], and
indirectly represses Pol II promoters located near MAF1
binding sites in Pol III genes. Intriguingly, the indirect
repression of neighboring Pol II loci relies on MAF'1-
dependent regulation of Pol IlI-stimulated chromatin
looping. In particular, Lee and colleagues have recently
demonstrated that activity of two Pol I genes, CDKNIA
and GDF15, is regulated MAF1 by binding at nearby MIR
SINE elements, which inhibits the formation of activating
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chromatin loops [23].

By analogy, we speculate that ZSCANS5B might
also influence chromatin loop formation by negatively
modulating activity at bound tDNAs, MIR repeats, and
interacting sites; future research will be focused on
testing this hypothesis. However, here we should add that
chromatin loop formation need not always lead to Pol
II gene activation: the remodeling of chromatin contact
points can also lead to gene repression through enhancer
blocking and other mechanisms (e.g. [8, 24, 49-51]). If our
hypothesis regarding ZSCANS protein function is correct,
the positive or negative effects on Pol II genes could be
subtle and far-reaching, extending beyond the nearest
promoters and depending on the particulars of interactions
within the modulated chromatin loops.

Whether directly or indirectly, ZSCAN5A and
ZSCANS5B knockdown robustly affected the expression of
large sets of functionally coherent genes, which together
provide important clues to their ultimate biological
functions. Consistent with its mitotic expression, DEGs
identified after ZSCAN5A knockdown strongly predicted
functions related to mitotic spindle formation, chromosome
segregation and metaphase-anaphase transition; cells
engineered to stably knock down ZSCANSA expression
displayed phenotypes that are highly consistent with this
prediction. ZSCANS5B knockdown further suggested a role
in tRNA maturation and modification, and the coordination
of these processes with tRNA synthesis makes excellent
sense. Here we should note beyond the essential functions
tRNAs serve in protein synthesis, tRNA processing also
generates fragments that function as microRNAs and serve
other independent signaling functions; the regulation of
tRNA processing, per se, can thus exert wide and profound
influences on gene expression and cellular state [13].

Interestingly, many of the biological functions
suggested for ZSCANS proteins can be encapsulated by
a brief summary of known functions for RMRP, which
is, as we have mentioned, a directly repressed target of
ZSCANSA and ZSCANS5B. RMRP has been reported
to be essential to the processing of ribosomal RNAs,
mitochondrial tRNAs, and microRNA precursors [52] and
also processes cellular mRNAs, most notably degrading
Cyclin B2 mRNA to permit cell cycle progression at
the end of mitosis [53]. RMRP mutations are associated
with cartilage hair hypoplasia-Anauxetic dysplasia
(CHH-AD) spectrum disorders, associated with a range
of symptoms including short-limbed dwarfism, skeletal
dysplasia, hair abnormalities, immunodeficiency and
bone marrow failure, gastrointestinal disorders, cognitive
defects, and cancer susceptibility [52, 54]. Rather than
being caused simply by loss of RNase MRP function
per se, many CHH-AD symptoms are thought to reflect
malfunction of RMRP-derived microRNAs that serve to
target essential developmental genes [12]. Disruptions in
the tight regulation of this single target locus could thus
set off a cascade of events with significant downstream

consequences, most of which are consistent with the
predicted functions of ZSCAN5A and ZSCANSB.

Because we could not knock down ZSCAN5D
specifically, the biological functions of this primate-
specific paralog remain something of a mystery. However,
our data show that ZSCANSD protein displays highest
preference for tDNA-derived MIR SINE sites and a subset
of LINE2 elements that harbor a previously identified ETC
motif [19]. L2 elements have carried the transposition-
deficient MIR SINEs as “hitchhikers”, and remnants of
the two repeats can often be found closely juxtaposed [55].
The high enrichment of both ZSCANS5D and the human
ETCs in MIR SINE and L2 repetitive elements (Table
2), suggests that a subset of ETC sites were distributed
as MIR-associated L2 repeats during early mammalian
evolution, and that ZSCANS5D has evolved as a preferred
regulator of those ETCs distributed sites. Further studies
will be required to address these hypotheses definitively.

In closing, we note that despite the fact this TF
gene family was elaborated relatively recently the genes
have evolved to regulate one of the most ancient sets of
essential functions, including tRNA transcription and
the fundamental control of three-dimensional chromatin
architecture. We surmise that ZSCANS5B evolved in early
eutherian history to add a novel layer of regulation on
a subset of Pol Ill-transcribed genes, modulating their
transcription and their chromatin-organizing functions.
The new primate paralogs diverged in fingerprint structure
but retained a preference for a similar G-rich binding
motif to co-bind with ZSCANS5B at many tDNA sites,
likely dimerizing through their nearly identical SCAN
domains. Through modulation of Pol III transcription and
position effects on neighboring genes, our data suggest
that human ZSCANSA and ZSCANSB collaborate
to control of noncoding RNA processing, cell cycle
progression and differentiation in many tissues. Although
functional understanding of ZSCANSD is complicated
and still incomplete, the observation that this primate-
specific protein binds to MIR-repeat derived ETCs offers
a potentially valuable clue to the evolution of mammalian
chromatin structure and deserves further investigation.

MATERIALS AND METHODS

Ethics statement

This investigation has been conducted in accordance
with the ethical standards and according to the Declaration
of Helsinki and according to national and international
guidelines. All animal work was reviewed and approved
by the University of Illinois IACUC committee under
protocol number 15425.
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RNA preparation and quantitative RT-PCR

Total RNA was isolated from cell lines and tissues
using TRIzol (Invitrogen) followed by 30 min of RNase-
free DNasel treatment (NEB) at 37°C and RNA Clean
& Concentrator™-5 (Zymo Research). 2 pg of total
RNA was used to generate cDNA using Superscript 111
Reverse Transcriptase (Invitrogen) with random hexamers
(Invitrogen) according to manufacturer’s instructions.

Resulting ¢cDNAs were analyzed of transcript-
specific expression through quantitative reverse-transcript
PCR (qRT-PCR) using Power SYBR Green PCR master
mix (Applied Biosystems) with custom-designed primer
sets (Supplementary Table 6) purchased from Integrated
DNA Technology. Relative expression was determined by
normalizing the expression of all genes of interest to either
human or mouse Tyrosine 3-monooxygenase/tryptophan
S5-monooxygenase activation protein, zeta polypeptide
(YWHAZ) expression (ACt) as described [56].

In situ hybridization

Mouse embryos were collected, paraffin embedded,
sectioned and hybridized with an antisense RNA probe,
essentially as previously described [57]. We generated In
Situ hybridization (ISH) probes correspond to nucleotides
of the mouse Zscan5b ¢cDNA sequence (NM_133204),
and to human ZSCANSB (NM_001080456) (See
Supplementary Table 6 for probe sequences). Probes were
cloned into the pGEM-T vector (Promega) and sequence-
validated before being used for ISH. The reverse primer
included a T7 promoter sequence to permit antisense RNA
generation using the Roche DIG RNA Labeling kit (SP6/
T7) (Roche Applied Science) according to manufacturer’s
instructions. To prepare human tissue arrays, paraffin
blocks containing formalin-fixed tissues from normal
anonymous adult donors were purchased from NoblePath
Inc. Tissue microarray (TMA) blocks were generated
using a Tissue Arrayer (Beecher Instruments). The pre-
cut paraffin tissue sections were checked by H&E staining
for tissue index selection. Forty-one 1.5mm diameter
cores were included in the arrays, with 2 cores included
to represent different regions of some tissues (x2). High
quality 4-micron sections were generated using a Leica
ST 2155 microtome. Slides were baked at 41°C overnight
and stored at -20°C until use. Slides were pretreated and
hybridizations were performed as described previously
[58]. Sections were mounted using Vectashield Mounting
Medium with DAPI. Fluorescent images were reviewed
using an Olympus BX60 microscope and captured by an
Olympus CC-12 digital camera.

Cell culture and cell cycle synchronization

HEK-293 (ATCC, CRL-1573), Neuro-2a (ATCC,
CCL-131), and BeWo (ATCC, CCL-98) cell lines were
obtained from the American Type Culture Collection.
HEK-293 and Neuro-2a cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 2 mM L-glutamine, 10% fetal bovine serum
(FBS), 1X Pen Strep, and BeWo cells in DMEM/F12K
containing 2 mM L-glutamine, 10% FBS, 1X NEAA, 1X
Pen Strep, incubated at 37°C in 5% CO2. For HEK-293
cell cycle synchronization, 2 mM thymidine was added
to HEK-293 cells grown to about 30% confluency and
the cells were subsequently incubated for 18h. Thymidine
was removed by washing with 1X PBS three times, and
adding fresh media, followed by a further 9h-incubation.
The second round of 2 mM thymidine was then added
and cells were incubated for an additional 15h. Cells were
released from G1/S to S by washing with 1X PBS and
adding fresh media, and were collected at different time
points thereafter.

Plasmids and transfections

For siRNA knockdown, approximately 4.5x10°
HEK-293 cells were seeded to 6-well plates 24h before
transfection. Cells were treated with 10 nM of siRNA
specific to each ZSCANSA (si4: SI00779436, si5:
S104221826, Qiagen) or ZSCANSB (sil: S100503300,
Qiagen), or ZSCANSD (si2: S102804774, Qiagen) with
a scrambled negative control (Silencer negative control
No.l siRNA, Ambion) for 48h using Lipofectamine
RNAi MAX transfection reagent (Invitrogen) according
to manufacturer’s instructions.

To create a cell line that expresses an inducible
short hairpin RNA (shRNA) targeting ZSCANSA, an
annealed double stranded oligonucleotide including to
the si4 siRNA sequence was cloned into the pSuperior.
Puro plasmid (Oligoengine). The resulting ZSCANSA-
Tet-shRNA plasmid was sequenced before subsequent
transfection. For plasmid DNA transfection, about 4.5x10°
HEK-293 cells were seeded to 6-well plates 24h before,
and 3 pug of ZSCANSA-Tet-shRNA or empty plasmid
was transfected using Lipofectamine 2000 (Invitrogen).
24h later, transfected cells were selected under 1 pg/ml
of puromycin for additional 14 days. Single colonies were
selected and expanded, then tested for the efficiency of
ZSCANSA by qRT-PCR knockdown 48h after addition of
1 pg/mL doxycycline (Dox; Sigma-Aldrich). Each colony
was analyzed of its knockdown efficiency of transcripts
and proteins compared to Dox-treated cells carrying the
empty vector.
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RNA-seq and computational analysis

48h after siRNA treatment, total RNA was prepared
and tested for quality using an Agilent BioAnalyzer and
[llumina libraries generated using the KAPA Stranded
mRNA-Seq kit with mRNA Capture Beads (Kapa
Biosystems, KK8420). Sequencing was performed on
an [llumina Hi-Seq 2000 instrument at the University of
Illinois Roy J. Carver Biotechnology sequencing facility,
to yield 60-65 million reads per sample. All sequencing
data described in this paper have been submitted to the
Gene Expression Omnibus database (accession number
GSE85045).

RNA-seq data were analyzed using the Tophat-
Cufflinks Suite of tools [59]. For ZSCAN5A knockdown,
expression results from si4 and si5 were analyzed as a
group in comparison with the scrambled control. Genes
identified as differentially expressed with p < 0.05 (after
Benjamini-Hochberg correction for multiple testing)
compared to the negative control-treated samples were
considered for further analysis. For ZSCAN5B knockdown,
which was effective only for a single siRNA design, we
considered all genes with expression levels of at least 1
FPKM in at least one sample and considered genes with >
1.5 X fold change relative to scrambled control as DEGs.
siRNA up-regulated and down-regulated genes were
analyzed for function separately using the DAVID [35]
functional clustering algorithm with default settings.

Protein preparation, western blots, and antibodies

Nuclear Extracts were prepared with NucBuster™
Protein Extraction Kit (Novagen) and measured by
Bradford-based assay (BioRad). The extracts were stored
at -80°C and thawed on ice with the addition of protease
inhibitor Cocktail (Roche) directly before use. 15 pg of
nuclear extracts were run on 10% acrylamide gels and
transferred to hydrophobic polyvinylidene difluoride
(PVDF) membrane (GE-Amersham, 0.45 pm) using
BioRad Semi-dry system, then visualized by exposure to
MyECL Imager (Thermo Scientific).

Rabbit polyclonal antibodies were generated by
injection of synthetic peptides corresponding to the tether
regions of ZSCANS5SA (DLVRAKEGKDPPKIAS) and
mouse ZscanSb proteins (CPEPANPQPEKQVDSL);
peptide synthesis, antibody production, and affinity
purification of antibodies against the purified peptide
epitope we carried out by Abgent Inc. ZSCANSB (sc-
249845, Santa Cruz Biotechnology) and ZSCANSD
(ARP47809 P050, Aviva Systems Biology) antibodies
were obtained from commercial sources. Antibody
preparations were tested for protein specificity and
efficiency by Western blot staining along with anti-TATA
binding protein control antibody (1TBP18, Abcam),

Immunocytochemistry and m-phase counting

Stably transfected cell lines were maintained in
a regular medium described above with the addition of
0.5 pg/ml puromycin. For immunocytochemistry (ICC),
each cell was seeded and grown on gelatin-coated cover
slips for 24h using the condition described above with
or without 1 pg/ml of Dox. After washing with 1X PBS,
cells were fixed with -20°C methanol and incubated
at -20°C for 30 mins and wash three time with 1X PBS
again. Blocking was done by incubating the coverslips in
antibody diluent (Dako) at 4°C for 2h. Primary antibodies
targeting ZSCANSA (1:2000 dilution), ZSCANSB (1:2000
dilution), and ZSCANSD (1:2000 dilution), described
above; anti-Gamma-tubulin (Abcam, 1:5000 dilution),
and anti-Phospho-Histone H3 (Ser10) (EMD Millipore,
1:5000 dilution) were also used. Secondary antibodies
targeting primary antibodies were either conjugated with
Alexa Fluor® 568 (1:5000 dilution) or Alexa Fluor® 488
(1:5000 dilution) and purchased from Thermo Scientific.
Mounting was done using ProLong® Gold Antifade
Mountant with DAPI (Thermo Scientific) and confocal
microscopy imaging was done using confocal microscope
Zeiss LSM880 in the Institute for Genomic Biology Core
Facility at the University of Illinois at Urbana-Champaign.
Ten samples, totaling more than 2000 cells, were processed
from each cell type and total and mitotic cells were
counted using Image J software [60]. To determine if the
difference in ratios of mitotic cells between two conditions
was significant we used the R function prop.test from the
R stats library, which uses Pearson’s chi-squared test to
calculate a p-value. For each pair-wise test the count of
mitotic cells and the count of the total cells was passed to
prop.test for the two conditions being tested. The prop.test
parameter “correct” (Yates’ continuity correction) was set
to false. Values are summarized in Supplementary Table
1D. To calculate individual 95% confidence intervals for
the ratio of mitotic cells in each condition we used the R
function binom.test from the R stats library using default
settings. These confidence intervals were used to display
error bars in Supplementary Table 1D.

Flow cytometry

In order to measure the effects of ZSCANS on G1/S/
G2 distribution, flow cytometry was done using above
described transgenic cell lines stained with propidium
iodide. Cells were grown as described above with 1 ug/
mL Dox for 48h. Each sample was trypsinized using
0.25% trypsine/EDTA (Gibco) and washed with 1X PBS
with 0.2% FBS. Cell pellets were fixed with cold ethanol
and stored at -20°C for 24h. Fixed cells were washed
twice with 1X PBS and stained with FxCycle™ PI/RNase
Staining Solution (Thermo Scientific) at room temperature
for 30 min. The BD LSRII Flow cytometry analyzer was
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used at the Flow Cytometry facility at the University of
Illinois at Urbana-Champaign and resulting data were
processed and analyzed using FCS Express 5 software.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was carried out as
essentially as described [61] with modifications for ChIP-
seq. Chromatin was prepared from HEK-293, BeWo, and
Neuro-2a cell lines. About 1.0 x 10¢ Cells were fixed in
PBS with 1% formaldehyde for 10 min. Fixing reaction
was stopped with addition of Glycine to 0.125M. Fixed
cells were washed 3x with PBS+Protease inhibitor cocktail
(PIC, Roche) to remove formaldehyde. Washed cells were
lysed to nuclei with lysis solution - 50 mM Tris-HCI (pH
8.0), 2 mM EDTA, 0.1% v/v NP-40, 10% v/v glycerol,
and PIC - for 30 min on ice. Cell debris was washed away
with PBS with PIC. Nuclei were pelleted and flash-frozen
on dry ice.

To obtain chromatin samples from mouse fetal
placenta, pregnancies were identified in C57BL/6J females
by detection vaginal plugs (day of plug detection is E0.5),
and placentas were dissected at E17.5. After removing
maternal decidua, samples were homogenized in cold PBS
containing PIC using a loose-fitting Dounce homogenizer.
Debris was removed using cell strainer (Fisher Scientific),
and single cell suspension was washed twice with cold
PBS. Viable cells were counted using hemocytometer
and crosslinked with 4% paraformaldehyde (Electron
Microscopy Sciences) for 10 min at room temperature
before nuclear isolation. Cross-linked chromatin was
prepared and sonicated using Bioruptor UCD-200 in ice
water bath to generate DNA fragments 200-300 bp in
size. Twenty micrograms of each antibody preparation, or
20 pg IgG for mock pulldown controls, were incubated
with chromatin prepared from nuclei of approximately 5
million cells.

DNA was released and quantitated using Qubit
2.0 (Life Technologies) with dsDNA HS Assay kit (Life
Technologies, Q32854), and 15 ng of DNA was used
to generate libraries for Illumina sequencing. ChIP-
seq libraries were generated using KAPA LTP Library
Preparation Kits (Kapa Biosystems, KK8232) to yield
two independent ChIP replicates for each antibody. We
also generated libraries from sonicated genomic input
DNA from the same chromatin preparations as controls.
Libraries were bar-coded with Bioo Scientific index
adapters and sequenced to generate 15-23 million reads
per duplicate sample using the Illumina Hi-Seq 2000
instrument at the University of Illinois W.M. Keck Center
for Comparative and Functional Genomics according to
manufacturer’s instructions.

ChIP-Seq data analysis

Human ZSCANS5A, ZSCANSB, and ZSCANS5D
ChIP-enriched sequences as well as reads from the
input genomic DNA were mapped to the HG19 human
genome build, and Mouse Zscan5b ChIP reads and input
mapped to the mouse Mm9 genome assembly, using
Bowtie 2 software [62] allowing 1 mismatch per read but
otherwise using default settings. Bowtie files were used to
identify peaks using MACS software (version 14.2) [63],
with default settings. All samples, including the Mouse
Zscan5b and human ZSCANSB ChIP samples isolated
from HEK-293 cells, both of which had higher levels of
background compared to other samples generated, were
also analyzed using the more sensitive HOMER software
package (http:/homer.salk.edu/homer/ngs/index.html)
using default conditions for the TF setting and false
discovery rate cutoffs of 0.1 (mouse Zscan5b ChIP) or
0.01 (for ChIP in human HEK-293 and BeWo chromatin).
After comparison of the individual files, sequence reads
from the two separate ChIP libraries were pooled and a
final peak set determined in comparison to genomic-
input controls. Peaks were mapped relative to nearest
transcription start sites using the GREAT program [64].
Peak locations reported by Moqtaderi ef al. [19] and Oler
et al. [37] were converted to Hg19 coordinates using the
Liftover utility provided by the UCSC genome browser
(https://genome.ucsc.edu/), and overlaps between these
peaks and ZSCANS ChIP data were determined. DEGs
and ChIP peaks, with overlaps to these other datasets and
repeat-sequence mapping are summarized in Table S2 for
human cell types and Table S3 for mouse fetal placenta
ChIP.

Repetitive element overlap analysis

To identify enrichment or under-representation
of repetitive element types or families in the ChIP-peak
datasets, we used a method modified from that described
by Cuddapah and colleagues [65]. Human repeat data were
retrieved on 11/25/2013 as the RepeatMasker Table (www.
repeatmasker.org) from USCS’s table browser (genome.
ucsc.edu) [66] with the following parameters: assembly
= ‘Feb. 2009 (GRCh37/hgl9)’, group = ‘Variation and
Repeats’, track = ‘RepeatMasker’, table = ‘rmsk’, region
= ‘genome’, output format = ‘BED - Browser extensible
data’. The human chromosome sizes required for the
analysis were retrieved on 2/20/2014 from the hgl9.
chromlInfo table of the UCSC public database [67]. We
examined overlap between genome coordinates of repeat
element features and 100 bp intervals surrounding the
summits of peaks determined by MACS software from
ZSCANSA, ZSCANSB, and ZSCANSD ChIP experiments
(986 peaks with FDR = 0 or effective fold change > 15
for ZSCANSA BeWo efl5; 225 peaks with FDR =

www.impactjournals.com/oncotarget

72588

Oncotarget



0 for ZSCANSB BeWo; 1885 peaks with FDR = 0 for
ZSCANSD_ BeWo, and all 102 peaks reported by MACS
for ZSCANSB HEK-293) using the BEDTools intersect
function [68]. Overlaps were also determined for peak
sets from Mogqtaderi and colleagues [19] after applying
the UCSC liftover ultility to identify coordinates in the
human hg19 genome build (ETC with 1865 200 bp peaks;
RPC155 with 1518 200 bp peaks; and TFIIIC with 5472
200 bp peaks).

For each peak set 500 random sets of the same
number and peak size were generated by the BEDTools
random function, and overlaps between these random
peak sets and repeats were counted for each of the
500 random sets. For each repeat element and family,
the average overlap count of the random sets and the
standard deviation was determined. Then for each repeat
element and family a Z-score was calculated using the
overlap count of the peak set, and the average overlap
count and standard deviation of the random sets. If the
overlap count of the peak set was less than or equal to
the average of the random sets z was calculated as:

— (overlap count of peak set) — (average overlap count of random ssts)

standard devietion of the overlap count of random ssts

If the overlap count of the peak set was greater: z

_ (average overlap count of random sets) — (pverlap count of peak sat)

stenderd deviation of the overlap count of random sets

. The R function pnorm(z) was used to calculate a p-value
to indicate if the overlap count was significantly under-
represented or enriched in a ChIP-peak set when compared
to the overlap counts of the random sets. Repeat families
or specific elements that were significantly enriched in at
least one of the ChIP peak sets are reported in Table 2 and
Supplementary Table 3, respectively, along with p-values
determined for enrichments or under-representation of that
family or element type in each peak set.

Motif analysis

To identify enriched motifs, we used sequence
from a 200 bp region surrounding the predicted summits
of selected peaks for analysis with MEME-ChIP with
default parameters (Machanick and Bailey, 2011). Motifs
displayed in Figure 5 were identified from peaks with the
following cutoffs: (panel C) All HOMER-derived peaks
for mouse Zscan5b ChIP in fetal placenta chromatin; all
HOMER peaks with MACS enrichment factor (ef) > 20
in human ZSCANS5B ChIP with HEK-293 chromatin;
and All MACS ef > 20, fdr = 0 peaks from ZSCANS5B
ChIP in BeWo chromatin; (panel D) all peaks except
those overlying tDNAs, identified with MACS in BeWo
chromatin with ef > 10; (panels E and F) ZSCANSA
and ZSCANSD peaks identified with MACS at ef > 20,
respectively.

Supershift electrophoretic mobility shift assay

Nuclear extracts from subconfluent HEK-
293 cells were prepared with NucBuster™ Protein
Extraction Kit (Novagen) and measured by Bradford-
based assay (BioRad). Probes were synthesized as
double stranded oligonucleotides by annealing 2 ug of
biotin 5’-end labeled single stranded oligonucleotides
and unlabeled complementary single stranded
oligonucleotides (Integrated DNA Technology) in
annealing buffer (10 mM Tris-HCI, pH7.5, 50 mM
NaCl, 1 mM EDTA). Mixed oligonucleotides were
heated in 95°C hot block for 10 min and slowly cooled
down to room temperature. The sequences of the probes
used were as follows: STAP2 M2 forward (5’biotin-
CGGGTCGGACTCCGCCCCTGCTTCTGA-3")
and reverse
(5-TCAGAAGCAGGGGCGGAGTCCGACCCG-3);
STAP2 M1 forward (5’biotin-CTGACCACG
CCCCCGCGCCCACCCTCTT-3?) and reverse
(5’-AAGAGGGTGGGCGCGGGGGCGTGGTCAG-3%);
STAP2 M2+M1 forward (5’biotin-CGGGTCG
GACTCCGCCCCTGCTTCTGACCACGCCC
CCGCGCCCACCCTCTT-3) and reverse(5’-
AAGAGGGTGGGCGCGGGGGCGTGG
TCAGAAGCAGGGGCGGAGTCCGACCCG-3’).
EMSA binding reactions were performed at room
temperature for 30 min and consisted of 3 pg of nuclear
extract in 1X binding buffer, 2.5% glycerol, 5 mM
MgCl,, 50 ng/ul poly(dI-dC), 0.05% NP-40, and 20 ng
of biotinylated DNA probes. For supershift reactions, 5
ug of antibody targeting ZSCANSB was carefully added
and mixed, and incubated for additional 30 min at room
temperature. The mixture was run on 6% non-denaturing
polyacrylamide gels in 1X Tris borate-EDTA buffer.
Protein-DNA complexes were then transferred to PVDF
membrane using the BioRad Semi-dry system and cross-
linked using the Spectrolinker XL-1000 UC cross-linker
(Spectronics Corp.). Detection of biotin-labeled DNA was
performed using the LightShift chemiluminescent EMSA
kit (Thermo Scientific) and visualized by exposure to
MyECL Imager, a charge-coupled device camera (Thermo
Scientific).

ACKNOWLEDGMENTS
We would like to thank Elbert Branscomb and

Eric Bolton for critical comments on the manuscript and
Saurabh Sinha for many helpful discussions and guidance.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

www.impactjournals.com/oncotarget

72589

Oncotarget



GRANT SUPPORT

This work was supported by March of Dimes
Foundation, grant FY2011-393, and by the National
Institutes of General Medical Sciences grants ROI1-
GMO078368 (awarded to L.S.).

REFERENCES

1.  Geiduschek EP and Kassavetis GA. The RNA polymerase
111 transcription apparatus. J Mol Biol. 2001; 310(1):1-26.

2. Barski A, Chepelev I, Liko D, Cuddapah S, Fleming
AB, Birch J, Cui K, White RJ and Zhao K. Pol II and
its associated epigenetic marks are present at Pol III-
transcribed noncoding RNA genes. Nature structural &
molecular biology. 2010; 17(5):629-634.

3. Pascali C and Teichmann M. RNA polymerase III
transcription - regulated by chromatin structure and
regulator of nuclear chromatin organization. Sub-cellular
biochemistry. 2013; 61:261-287.

4. Donze D. Extra-transcriptional functions of RNA
Polymerase III complexes: TFIIIC as a potential global
chromatin bookmark. Gene. 2012; 493(2):169-175.

5. Crepaldi L, Policarpi C, Coatti A, Sherlock WT, Jongbloets
BC, Down TA and Riccio A. Binding of TFIIIC to sine
elements controls the relocation of activity-dependent
neuronal genes to transcription factories. PLoS genetics.
2013; 9(8):¢1003699.

6.  Wang Q, Nowak CM, Korde A, Oh DH, Dassanayake M
and Donze D. Compromised RNA polymerase I1I complex
assembly leads to local alterations of intergenic RNA
polymerase II transcription in Saccharomyces cerevisiae.
BMC biology. 2014; 12:89.

7. Van Bortle K, Nichols MH, Li L, Ong CT, Takenaka N,
Qin ZS and Corces VG. Insulator function and topological
domain border strength scale with architectural protein
occupancy. Genome Biol. 2014; 15(6):R82.

8. Van Bortle K and Corces VG. tDNA insulators and
the emerging role of TFIIIC in genome organization.
Transcription. 2012; 3(6):277-284.

9. Noma K, Cam HP, Maraia RJ and Grewal SI. A role
for TFIIC transcription factor complex in genome
organization. Cell. 2006; 125(5):859-872.

10. Raab JR, Chiu J, Zhu J, Katzman S, Kurukuti S, Wade
PA, Haussler D and Kamakaka RT. Human tRNA genes
function as chromatin insulators. The EMBO journal. 2012;
31(2):330-350.

11. Cordaux R and Batzer MA. The impact of retrotransposons
on human genome evolution. Nature reviews Genetics.
2009; 10(10):691-703.

12. Rogler LE, Kosmyna B, Moskowitz D, Bebawee R,
Rahimzadeh J, Kutchko K, Laederach A, Notarangelo LD,
Giliani S, Bouhassira E, Frenette P, Roy-Chowdhury J and
Rogler CE. Small RNAs derived from IncRNA RNase MRP

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

have gene-silencing activity relevant to human cartilage-
hair hypoplasia. Hum Mol Genet. 2014; 23(2):368-382.

Kirchner S and Ignatova Z. Emerging roles of tRNA in
adaptive translation, signalling dynamics and disease.
Nature reviews Genetics. 2015; 16(2):98-112.

Stutz F, Gouilloud E and Clarkson SG. Oocyte and
somatic tyrosine tRNA genes in Xenopus laevis. Genes &
development. 1989; 3(8):1190-1198.

Dittmar KA, Goodenbour JM and Pan T. Tissue-specific
differences in human transfer RNA expression. PLoS
genetics. 2006; 2(12):e221.

Canella D, Praz V, Reina JH, Cousin P and Hernandez N.
Defining the RNA polymerase III transcriptome: Genome-
wide localization of the RNA polymerase 11l transcription
machinery in human cells. Genome research. 2010;
20(6):710-721.

Canella D, Bernasconi D, Gilardi F, LeMartelot G,
Migliavacca E, Praz V, Cousin P, Delorenzi M, Hernandez
N and Cycli XC. A multiplicity of factors contributes to
selective RNA polymerase III occupancy of a subset
of RNA polymerase III genes in mouse liver. Genome
research. 2012; 22(4):666-680.

Schmitt BM, Rudolph KL, Karagianni P, Fonseca NA,
White RJ, Talianidis I, Odom DT, Marioni JC and Kutter C.
High-resolution mapping of transcriptional dynamics across
tissue development reveals a stable mnRNA-tRNA interface.
Genome research. 2014; 24(11):1797-1807.

Moqtaderi Z, Wang J, Raha D, White RJ, Snyder M, Weng
Z and Struhl K. Genomic binding profiles of functionally
distinct RNA polymerase III transcription complexes in
human cells. Nature structural & molecular biology. 2010;
17(5):635-640.

Raha D, Wang Z, Moqtaderi Z, Wu L, Zhong G, Gerstein
M, Struhl K and Snyder M. Close association of RNA
polymerase II and many transcription factors with Pol III
genes. Proceedings of the National Academy of Sciences of
the United States of America. 2010; 107(8):3639-3644.

Rideout EJ, Marshall L and Grewal SS. Drosophila RNA
polymerase III repressor Mafl controls body size and
developmental timing by modulating tRNAiMet synthesis
and systemic insulin signaling. Proceedings of the National
Academy of Sciences of the United States of America.
2012; 109(4):1139-1144.

Kinsey PT and Sandmeyer SB. Adjacent pol II and pol III
promoters: transcription of the yeast retrotransposon Ty3
and a target tRNA gene. Nucleic acids research. 1991;
19(6):1317-1324.

Lee YL, Li YC, Su CH, Chiao CH, Lin IH and Hsu MT.
MAF1 represses CDKNI1A through a Pol III-dependent
mechanism. eLife. 2015; 4.

Kirkland JG, Raab JR and Kamakaka RT. TFIIIC bound
DNA elements in nuclear organization and insulation.
Biochimica et biophysica acta. 2013; 1829(3-4):418-424.

Harrow J, Denoeud F, Frankish A, Reymond A, Chen CK,

www.impactjournals.com/oncotarget

72590

Oncotarget



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chrast J, Lagarde J, Gilbert JG, Storey R, Swarbreck D,
Rossier C, Ucla C, Hubbard T, Antonarakis SE and Guigo
R. GENCODE: producing a reference annotation for
ENCODE. Genome Biol. 2006; 7 Suppl 1:S4 1-9.

Pavletich NP and Pabo CO. Zinc finger-DNA recognition:
crystal structure of a Zif268-DNA complex at 2.1 A.
Science. 1991; 252(5007):809-817.

Wolfe SA, Grant RA, Elrod-Erickson M and Pabo CO.
Beyond the “recognition code”: structures of two Cys2His2
zinc finger/TATA box complexes. Structure. 2001;
9(8):717-723.

Berg JM. Spl and the subfamily of zinc finger proteins with
guanine-rich binding sites. Proceedings of the National
Academy of Sciences of the United States of America.
1992; 89(23):11109-11110.

Liu H, Chang LH, Sun Y, Lu X and Stubbs L. Deep
vertebrate roots for mammalian zinc finger transcription
factor subfamilies. Genome biology and evolution. 2014;
6(3):510-525.

Collins T, Stone JR and Williams AJ. All in the family:
the BTB/POZ, KRAB, and SCAN domains. Mol Cell Biol.
2001; 21(11):3609-3615.

Schumacher C, Wang H, Honer C, Ding W, Koehn J,
Lawrence Q, Coulis CM, Wang LL, Ballinger D, Bowen
BR and Wagner S. The SCAN domain mediates selective
oligomerization. J Biol Chem. 2000; 275(22):17173-17179.

Whitfield ML, Sherlock G, Saldanha AJ, Murray JI,
Ball CA, Alexander KE, Matese JC, Perou CM, Hurt
MM, Brown PO and Botstein D. Identification of genes
periodically expressed in the human cell cycle and their
expression in tumors. Molecular biology of the cell. 2002;
13(6):1977-2000.

Bostock CJ, Prescott DM and Kirkpatrick JB. An
evaluation of the double thymidine block for synchronizing
mammalian cells at the G1-S border. Experimental cell
research. 1971; 68(1):163-168.

Shaw G, Morse S, Ararat M and Graham FL. Preferential
transformation of human neuronal cells by human
adenoviruses and the origin of HEK 293 cells. FASEB
journal. 2002; 16(8):869-871.

Huang da W, Sherman BT and Lempicki RA. Systematic
and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nature protocols. 2009; 4(1):44-
57.

Chan PP and Lowe TM. GtRNAdb: a database of transfer
RNA genes detected in genomic sequence. Nucleic acids
research. 2009; 37(Database issue):D93-97.

Oler AJ, Alla RK, Roberts DN, Wong A, Hollenhorst
PC, Chandler KJ, Cassiday PA, Nelson CA, Hagedorn
CH, Graves BJ and Cairns BR. Human RNA polymerase
III transcriptomes and relationships to Pol II promoter
chromatin and enhancer-binding factors. Nature structural
& molecular biology. 2010; 17(5):620-628.

Ullu E and Tschudi C. Alu sequences are processed 7SL

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

RNA genes. Nature. 1984; 312(5990):171-172.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE,
Clementi L, Ren J, Li WW and Noble WS. MEME SUITE:
tools for motif discovery and searching. Nucleic acids
research. 2009; 37(Web Server issue):W202-208.

Schramm L and Hernandez N. Recruitment of RNA
polymerase III to its target promoters. Genes &
development. 2002; 16(20):2593-2620.

Musacchio A. The Molecular Biology of Spindle Assembly
Checkpoint Signaling Dynamics. Curr Biol. 2015;

25(20):R1002-1018.

Hull MW, Erickson J, Johnston M and Engelke DR. tRNA
genes as transcriptional repressor elements. Mol Cell Biol.
1994; 14(2):1266-1277.

Kassavetis GA, Braun BR, Nguyen LH and Geiduschek
EP. S. cerevisiae TFIIIB is the transcription initiation factor
proper of RNA polymerase III, while TFIIIA and TFIIIC
are assembly factors. Cell. 1990; 60(2):235-245.

Schuster C, Myslinski E, Krol A and Carbon P. Staf, a novel
zinc finger protein that activates the RNA polymerase 111
promoter of the selenocysteine tRNA gene. The EMBO
journal. 1995; 14(15):3777-3787.

Felton-Edkins ZA, Kenneth NS, Brown TR, Daly NL,
Gomez-Roman N, Grandori C, Eisenman RN and White
RJ. Direct regulation of RNA polymerase III transcription
by RB, p53 and c-Myec. Cell Cycle. 2003; 2(3):181-184.
Pluta K, Lefebvre O, Martin NC, Smagowicz WI,
Stanford DR, Ellis SR, Hopper AK, Sentenac A and
Boguta M. Maflp, a negative effector of RNA polymerase
IIT in Saccharomyces cerevisiae. Mol Cell Biol. 2001;
21(15):5031-5040.

Reina JH, Azzouz TN and Hernandez N. Mafl, a new
player in the regulation of human RNA polymerase I1I
transcription. PloS one. 2006; 1:¢134.

Johnson SS, Zhang C, Fromm J, Willis IM and Johnson DL.
Mammalian Mafl is a negative regulator of transcription by
all three nuclear RNA polymerases. Molecular cell. 2007;
26(3):367-379.

Comet I, Schuettengruber B, Sexton T and Cavalli G. A
chromatin insulator driving three-dimensional Polycomb
response element (PRE) contacts and Polycomb association
with the chromatin fiber. Proceedings of the National
Academy of Sciences of the United States of America.
2011; 108(6):2294-2299.

Jiang H and Peterlin BM. Differential chromatin looping
regulates CD4 expression in immature thymocytes. Mol
Cell Biol. 2008; 28(3):907-912.

Li T, Hu JF, Qiu X, Ling J, Chen H, Wang S, Hou A, Vu
TH and Hoffman AR. CTCF regulates allelic expression
of Igf2 by orchestrating a promoter-polycomb repressive
complex 2 intrachromosomal loop. Mol Cell Biol. 2008;
28(20):6473-6482.

Martin AN and Li Y. RNase MRP RNA and human genetic
diseases. Cell research. 2007; 17(3):219-226.

WWW

.impactjournals.com/oncotarget

72591

Oncotarget



53.

54.

55.

56.

57.

58.

59.

60.

Gill T, Cai T, Aulds J, Wierzbicki S and Schmitt ME.
RNase MRP cleaves the CLB2 mRNA to promote cell cycle
progression: novel method of mRNA degradation. Mol Cell
Biol. 2004; 24(3):945-953.

Thiel CT, Mortier G, Kaitila I, Reis A and Rauch A.
Type and level of RMRP functional impairment predicts
phenotype in the cartilage hair hypoplasia-anauxetic
dysplasia spectrum. Am J Hum Genet. 2007; 81(3):519-
529.

Gilbert N and Labuda D. Evolutionary inventions and
continuity of CORE-SINEs in mammals. ] Mol Biol. 2000;
298(3):365-377.

Eisenberg E and Levanon EY. Human housekeeping genes
are compact. Trends Genet. 2003; 19(7):362-365.

Kim J, Bergmann A, Wehri E, Lu X and Stubbs L.
Imprinting and evolution of two Kruppel-type zinc-finger
genes, ZIM3 and ZNF264, located in the PEG3/USP29
imprinted domain. Genomics. 2001; 77(1-2):91-98.

Elso C, Lu X, Weisner PA, Thompson HL, Skinner A,
Carver E and Stubbs L. A reciprocal translocation dissects
roles of Pax6 alternative promoters and upstream regulatory
elements in the development of pancreas, brain, and eye.
Genesis. 2013; 51(9):630-646.

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley
DR, Pimentel H, Salzberg SL, Rinn JL and Pachter L.
Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks. Nature
protocols. 2012; 7(3):562-578.

Schneider CA, Rasband WS and Eliceiri KW. NIH Image
to Imagel: 25 years of image analysis. Nat Methods. 2012;
9(7):671-675.

62.

63.

64.

65.

66.

67.

68.

. Kim J, Kollhoff A, Bergmann A and Stubbs L. Methylation-

sensitive binding of transcription factor YY1 to an insulator
sequence within the paternally expressed imprinted gene,
Peg3. Hum Mol Genet. 2003; 12(3):233-245.

Langmead B, Trapnell C, Pop M and Salzberg SL. Ultrafast
and memory-efficient alignment of short DNA sequences to
the human genome. Genome Biol. 2009; 10(3):R25.
Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS,
Bernstein BE, Nusbaum C, Myers RM, Brown M, Li W
and Liu XS. Model-based analysis of ChIP-Seq (MACS).
Genome Biol. 2008; 9(9):R137.

McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT,
Lowe CB, Wenger AM and Bejerano G. GREAT improves
functional interpretation of cis-regulatory regions. Nat
Biotechnol. 2010; 28(5):495-501.

Cuddapah S, Jothi R, Schones DE, Roh TY, Cui K and
Zhao K. Global analysis of the insulator binding protein
CTCF in chromatin barrier regions reveals demarcation of
active and repressive domains. Genome research. 2009;
19(1):24-32.

Karolchik D, Hinrichs AS, Furey TS, Roskin KM,
Sugnet CW, Haussler D and Kent WJ. The UCSC Table
Browser data retrieval tool. Nucleic acids research. 2004;
32(Database issue):D493-496.

Kuhn RM, Haussler D and Kent WJ. The UCSC genome
browser and associated tools. Briefings in bioinformatics.
2013; 14(2):144-161.
Quinlan AR and Hall IM. BEDTools: a flexible suite of
utilities for comparing genomic features. Bioinformatics.
2010; 26(6):841-842.

www.impactjournals.com/oncotarget

72592

Oncotarget



