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Highlights

Serum starvation enhances TFIIIC binding to Alu Elements (AEs) near cell cycle genes

Binding of TFIIIC increases H3K18 acetylation over the bound AE

TFIlIC-mediated looping to distal genes favors their reactivation upon serum addition

Long-range TFIIIC interactions tune cell cycle genes expression through nuclear repositioning
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Summary

Folding of the mammalian genome is governed by architectural proteins, such as CTCF. TFIIIC,
a RNA polymerase Il transcription factor, has been identified as an insulator but its role in
genome topology is totally unknown. Here, we show that TFIIIC establishes long-range genomic
interactions that affect gene expression. Upon serum starvation (SS), TFIIIC occupancy
increases at Alu elements (AEs) near promoters of cell cycle-related genes. Bound AEs become
H3K18 hyper-acetylated and fold to contact distal pre-loaded CTCF sites near other cell cycle
genes. The promoters of these genes also become hyper-acetylated ensuring their basal
transcription during SS and their increased expression during serum re-exposure. Ablation of
TFIIIC or deletion of the TFIIIC-bound AE that loops to the G2/M cycling F (CCNF) locus affects
its expression and nuclear positioning. These results illustrate a novel function of human TFIIIC

in changing 3D genome topology through the epigenetic state of AEs.

Keywords
TFIIC, Alu elements, transposons, H3K18ac, histone acetylation, breast cancer, CTCF, Hi-C,

3D genome structure, Pol Il, Pol I, cell cycle, CCNF, UHRF1.
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Introduction

Transcriptional regulation is crucial for the organization and coordination of cellular functions
during rapid changes in environmental conditions (Lee and Young, 2013). In the last decade, it
has become clear that 3D folding of the eukaryotic genome at the level of chromosome
compartments, topologically associating domains (TADs) and long-distance contacts between
regulatory elements, is established during cell differentiation by the combined action of lineage
specific transcription factors (TFs) in cooperation with architectural proteins, such as CCCTC-
binding factor (CTCF) and Cohesins (Stadhouders et al., 2018).

In higher eukaryotes, the expansion of several families of transposable elements (TE) has
provided new regulatory sequences enabling coordinated control of gene expression (Chuong
et al., 2017). Short Interspersed Elements (SINEs), in particular Alu elements (AEs), represent
a fraction of TE that have evolved proto-enhancers function in the human genome (Su et al.,
2014). A recent analysis has provided evidence for a strong positive correlation between AEs
density and the overall level of chromatin interactions (Gu et al., 2016). AEs are transcribed by
RNA polymerase lIl (Pol IIl), a nutrient-sensing machinery that also transcribes tRNA and other
small non-coding RNA genes (Dieci et al., 2007). Pol lll recruitment depends on prior binding of
transcription factor TFIIIC to intragenic sequence-specific promoters encompassing so-called A
and B boxes, followed by recruitment of TFIIIB (Dieci et al., 2007). Besides its known function in
Pol 1l transcription, TFIIIC has also been shown to possess several other activities (Donze,
2012). Like CTCF, TFIIC can act as an insulator and participates in 3D genome organization

from yeast to mammals (Pascali and Teichmann, 2013; Van Bortle and Corces, 2012). TFIIIC is
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also capable of binding so-called Extra TFIIIC sites (ETC) (Mogtaderi et al., 2010), which carry

a non-canonical B-box and are devoid of the remaining Pol Il machinery. TFIIIC binding to these

sites is central to the ETC’s peripheral localization mechanism in budding yeast (Hiraga et al.,

2012). In mouse, TFIIIC binding to SINE controls the relocation of the activity-dependent

neuronal genes Fos and Gadd45a to transcription factories (Crepaldi et al., 2013). In Drosophila,

TFIIIC and other insulator proteins redistribute within the genome upon heat shock to rewire DNA

looping within TADs favoring proper gene expression in response to environmental cues (Li et

al., 2015).

Serum deprivation (or serum starvation, from here on abbreviated as SS) is widely used to

synchronize cultured cells (Pirkmajer and Chibalin, 2011), although it has been shown to trigger

a plethora of distinct responses (Pirkmajer and Chibalin, 2011). The response to SS in vivo

allows tumorigenic cells to activate survival pathways in the face of reduced nutrient availability

(Anastasiou, 2017). In primary human fibroblasts, genome organization is considerably altered

upon SS, with chromosome territories quickly re-localizing within interphase nuclei as cells enter

a reversible SS-induced quiescence (Mehta et al., 2010). However, very little is known about the

molecular mechanisms involved in SS induced changes of the 3D genome structure. To explore

this question, we decided to investigate the role of TFIIIC and CTCF in human cells under SS

using ChlIP-seq, along with RNA-seq, epigenetic profiling, microscopy and in situ Hi-C analysis.

We uncovered a reversible mechanism by which upon SS TFIIIC (but not CTCF) augmented its

binding at AE close to annotated transcription start sites (TSS) of Pol ll-transcribed genes

enriched in cell cycle functions. Docking of TFIIIC enhances histone 3 lysine 18 (H3K18)
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acetylation (H3K18ac) of AEs, which correlates with a slight decrease in both Pol Il loading and
expression of the AE and its nearby gene. Simultaneously, the TFIIIC-bound AEs establish long-
range intra-TADs interactions with pre-bound CTCF sites within promoters of cell cycle relevant
genes, which become H3K18 acetylated, maintains their basal levels of transcription, and

relocate them to a nuclear environment that may facilitate activation upon serum re-exposure.
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Results

TFIIC occupancy at AEs increases during SS

To explore how human insulators behave following SS, we employed ChlP-seq to map the
genome occupancy of CTCF and TFIIIC in growing T47D breast cancer cells (full media with
fetal bovine serum [FBS] added) and after 16 h of SS (Figure S1A). We chose these conditions
because they have been used to synchronize the cells for hormone regulation studies and are
well tolerated with no indication of apoptosis or other forms of cell death (Le Dily et al., 2014)
(Figures S1A and S1B). Small changes in the number, the distribution, or the intensity of the
CTCF peaks were observed upon SS (Figure 1A, top panel and Figure 1C left panel). In marked
contrast, SS induced a large number of TFIIIC binding sites, passing from 388 to 3362 (Figure
1A, bottom panel). Around 36% of the total TFIIIC peaks (134) were located over tRNA genes in
normal growth conditions, whereas this percentage decreased to only 1% (33) upon SS (Figure
1B). In contrast, whilst only 30% (140) of the total TFIIIC peaks were located over AEs in normal
growth conditions, this value increased to 89% (3096) after SS, mostly representing the gain of
TFIIC peaks in this condition (Figure 1B). Finally, 28% of the TFIIIC sites (107) were located
over other sequences (5S RNA, 7SLRNA and other sub-pericentromeric repeats such as
ALR/Alpha) in the presence of serum, and their number did not change upon SS. Word cloud
analysis of major repetitive elements (RE) bound by TFIIIC clearly confirmed the switch, showing
AEs as highly enriched after SS, in particular the AluSx family (Figure S1C), a relatively young
Alu lineage (~30 million years old), which still exhibits a small mobilization activity (Bennett et al.,

2008). We found that the majority of the AEs bound by TFIIIC are bona fide functional AEs as
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defined by having intact A- and B-boxes. When we looked for B-box consensus of ETC sites
(Mogtaderi et al., 2010), we found only 459 occupied sites, corresponding to 14% of the SINEs
bound by TFIIIC under SS (Figure S1D).

The comparison of the genome occupancy for CTCF and TFIIIC in the two experimental
conditions, indicated that the degree of overlap between the peaks was low for TFIIIC and very
high for CTCF (Pearson's correlation coefficients: r=0.61 for TFIIIC and r=0.89 for CTCF) (Figure
1C, Tables S1 and S2). A browser image of several examples is shown in Figure 1D. The shift
of TFIIIC genome occupancy was also evident when its total significant counts at tRNA genes or
AEs were plotted before and after SS (Figures S1E and S1F). Loss of TFIIIC binding to tRNA
genes upon SS was also evident at the chromosomal level with chromosomes 1 and 6, which
contain the largest tRNA clusters, losing their TFIIIC enrichment upon SS (Figures S1G and
S1H). Moreover, increased occupancy of AEs in -S was reflected in TFIIIC enrichment in gene-
rich chromosomes such as chromosomes 16, 17 and 19 (Figure S1H), which were previously

reported to display high AEs density (Bolzer et al., 2005).

AEs bound by TFIIIC are near Pol Il promoters and devoid of any other Pol lll factor

We then asked whether the AEs occupied by TFIIIC following SS exhibited any peculiar genomic
distribution. We plotted the distance of each TFIIIC peak to the closest Pol Il TSS using Genomic
Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010), and found that the
fraction of peaks mapping in close proximity (within 5 kb) of annotated TSSs increased upon SS,

and the fraction of distantly located (>50 kb) sites was greatly diminished (Figure 1E). We also
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explored whether other components of the Pol Ill machinery were enriched at the TFIIIC bound

AE, using antibodies to B-Double Prime (BDP1), a component of the essential TFIIIB complex,

and to the Pol Ill holoenzyme subunit F or RPC39. We found that BDP1 and RPC39 were

enriched at tRNA genes independently of the growth conditions, but we did not detect significant

occupancy of these factors at AEs sites bound by TFIIIC upon SS (Figures 1D, S1l and S1J). As

a control, we show that TFIIIC was bound to the RNA7SL2 gene on chromosome 14 in a serum-

independent manner, while Pol Il and TFIlIIB binding decreased upon SS (Figure S1K), in

agreement with the finding that in vitro transcription of Pol Il units longer than a tRNA gene (275

bp) is TFIIIC-dependent (Ferrari et al., 2004).

SS-dependent increased TFIIIC occupancy at AEs is rapidly reversible and occurs in

tumor and non-tumor cells

Increased number of TFIIIC peaks were also observed in other normal and cancer cell lines

subjected to SS, such as MCF10A cells, an immortalized normal breast epithelial cell line, the

glioblastoma cell line T98G and the normal lung fibroblasts IMR90 (Figure 2A and S2A).

Genome-wide Pearson's correlation for the significant TFIIIC counts in the four cell lines

analyzed indicated a larger degree of similarity between the breast samples compared to lung

and glioblastoma, and between non-tumor cells compared to cancer cells (Figure 2B).

Similarly to T47D, a large fraction of TFIIIC peaks was associated with AEs following SS in

MCF10A cells (Figure S2B), while other components of the Pol IIl machinery did not appear to

be recruited at TFIIIC-bound AEs upon SS (Figure S2C), further supporting the uniqueness of
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TFIIIC binding to AEs nearby Pol lI-transcribed genes. As for the breast cell lines, also T98G and
IMR90 showed increased genome-wide occupancy of TFIIIC after SS at AEs (Figures S2D and
S2E). All together these data point to a conserved mechanism of SS-induced TFIIIC enrichment
at a subset of AEs in the proximity of Pol Il promoters independently of the tissue origin of the
cell line.

Finally, we asked whether TFIIIC increased binding at AEs in T47D cells could be reverted
by serum re-addition to the media. TFIIIC occupancy at regions bound in the absence of serum
and enriched in AEs was almost vanished within 30 min of serum addition (Figure 2C). This
behavior was also observed in T98G cells (Figure 2D). These results show that TFIIIC
recruitment in response to growth conditions is a reversible process; furthermore, they also rule
out a cell-cycle direct role in dictating TFIIIC binding to AEs, as 30 min after serum re-addition

are not sufficient for the cells analyzed to re-enter cell cycle.

TFIllIC-associated Pol Il promoters (TAPs) display increased AEs H3K18ac but minor
changes in transcription and Pol Il occupancy

We next investigate the properties of these TFIlIC-associated Pol Il promoters (TAPs). Using a
10 kb window around the TSS we identified 1,490 TAPs (Figure 3A and Table S3), which were
all bound by TFIIIC upon SS and enriched for GO terms related to cell cycle, in particular, to
G1/S phase transition and mitosis (Figure S3A). TAPs were significantly enriched in binding
motifs related to T-box transcription factor (TBX3), SP2 and the cell cycle-related transcription

factor E2F3 (Figure S3B). Notably, the TFIIIC enrichment at AEs close at TAPs was not simply

10
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reflecting a higher AE density, since after sorting all Pol || promoters by the presence/absence
of TFIIC we found that non-TAPs exhibited higher AEs density than TAPs (Figure S3C and
Table S4). We therefore conclude that the enrichment is due to increased recruitment of TFIIIC
at TAPs.

Given that TFIIIC possesses histone acetyl-transferase (HAT) activity (Kundu et al., 1999)
and interacts with p300/CREB-binding protein (CBP) (Mertens and Roeder, 2008), we explored
whether TAPs exhibit increased H3K18ac, a marker of p300/CBP function in vivo (Ferrari et al.,
2008; Jin et al., 2011). A comparison of H3K18ac levels at TAPs before and after SS revealed
that binding of TFIIIC after SS markedly correlates with increased H3K18ac (Figure 3B; see also
Figure 3C for MCM2 as an example).

MCM2 has an AE located close to its TSS, which is transcribed from the opposite DNA
strand with respect to the MCM2 transcriptional direction (Figure 3C). Upon SS, TF3C
recruitment to the AE is observed in all cell lines analyzed, which is accompanied by increased
H3K18ac restricted to the AE bound by TF3C (Figure 3C). Globally, the H3K18ac signal at all
TAPs upon SS clearly overlapped with the center of the associated AE (Figure 3D). In contrast,
neither TFIIIC binding nor H3K18ac showed enrichment upon SS on tRNA genes (Figure 3E).
Around 78% of all AEs bound by TFIIIC (2,417 out of 3,096) were found to be significantly
acetylated at H3K18 (Figure 3F), and a similar percentage was found when the analysis was
restricted to TAPs upon SS (1027 out of 1490) (Figure 3G). Thus, H3K18 acetylation of TAPs is

increased only at their associated AEs.

11
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To determine the expression level of the TAP genes, we performed poly-A mRNA-seq before
and after SS, and found that TAPs exhibited higher levels of RNA expression than a random
group of equivalent size in both +S and —S conditions, but showed a not drastic, but significant
reduction in transcription upon SS (Figure 3H). This reduction could be due to a not drastic, albeit
significant, reduction of Pol Il occupancy at TAPs upon SS (Figure S3D and S3E). The
expression level of the AEs was also slightly reduced upon SS (Figure S3F), but we could not

detect changes of Pol Ill or BDP1 at the same loci (Figures 1D and Figure S1l).

SS leads to extensive changes in mRNA expression, many of them dependent on TFIIIC

To determine the global role of TFIIIC on gene expression, we assessed gene expression
changes in cells depleted of TFIIIC. We used siRNAs targeting GTF3C5 (the gene encoding the
fifth largest subunit of TFIIIC), since it has been shown that its yeast homolog stabilizes the
interaction of TFIIIC with the B box (Jourdain et al., 2003). Around 3,000 genes were differentially
expressed (> 1.5-fold; p-value < 0.05) when the +S and —S (non-transfected) conditions were
compared in T47D, with a similar number of up-regulated (1571) and down-regulated (1438)
genes (Figures 4A and S4A and Table S5). The up-regulated genes in the +S condition showed
enrichment for GO terms linked to protein trafficking, translation and cell cycle (Figure S4B), in
agreement with cells actively proliferating; the up-regulated genes in the -S condition, were
enriched for terms related to developmental process, cell adhesion and responses to growth

factor stimulus (Figure S4C).

12
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Depletion of the GTF3C5 subunit of TFIIIC by almost 80%, both at the protein and the mRNA
levels (Figure 4D, and STAR Methods), led to dysregulation of 1756 transcripts upon SS (Figure
4B). More than half of the differentially expressed transcripts were down-regulated both in
comparison to —S (non-transfected) cells or to siCTRL cells (Figures 4B and S4E). Much fewer
changes were observed comparing siCTRL and —S conditions (Figure S4F). Using “binding and
expression target analysis” (BETA) (Wang et al., 2013), we detected statistical significant TFIIIC
binding only with genes whose levels were down-regulated upon TFIIIC depletion compared to
siCTRL (Figures S4G and S4H). For further analysis, we focused on the genes up-regulated
(252 genes) or down-regulated (613 genes) by TFIIIC depletion during SS that did not exhibit
significant changes in the siCTRL cells upon SS (Figure 4C and Table S6). These two sets of
genes represent those genes that are, directly or indirectly, repressed or activated by TFIIIC in
response to SS, and we named them TRGs and TAGs, respectively.

TRGs showed GO enrichment for terms such as cell projection, cilium organization,
microtubule-based movement and axoneme-assembly (Figure S41). GO analysis of TAGs
showed enrichment for cell-cycle regulated activity (Figure S4J), in agreement with a recent
report in glioblastoma cells (Buchel et al., 2017). Examples of cell cycle-regulated genes
belonging to TAGs are the MCM?7 and the helicase lymphoid specific (HELLS) genes (Figure
S4K). The nature of TAGs is reflected in the significant drop in the number of cells in the S- and
G2/M-phases in siGTF3C5 cells, compared to siCTRL cells or SS cells (Figure S4L); in contrast,

tRNA expression did not respond to GTF3C5 silencing neither in normal growth conditions nor

13



Ferrari et al. 2018

upon SS (Figure S4M). All together the results suggest a TFIIIC function in Pol Il transcription
independent of tRNA gene expression.

Finally, to explore whether TFIIIC depletion impairs histone acetylation of AEs, we measured
H3K18ac enrichment at two AEs that are bound by TFIIIC upon SS. One of the AEs lies in close
proximity (~1 kb) of the down-regulated gene HELLS; the other AE is located at a larger distance
(~120 kb) from the TSS of the down-regulated ubiquitin-like protein containing PHD and RING
finger domains-1 (UHRF1) gene. Both AEs acquired H3K18ac upon SS, and the acetylation
levels were strongly reduced upon TFIIIC depletion compared to cells expressing siCTRL (Figure
4D). Taken together these results suggest that TFIIIC-dependent H3K18 acetylation of AEs could

be implicated in regulating cell cycle-regulated genes upon serum deprivation.

TFIIC binding to AEs promotes a rapid recovery of cell cycle genes expression from SS
The results so far led us to hypothesize that TFIIIC could work in maintaining the mRNA

steady state levels of its target genes upon SS in order to enable a quick response to serum. To
test this hypothesis, we performed mRNA-seq in SS cells expressing either siRNA against
GTF3C5 or siCTRL RNA at different time intervals after serum exposure. GTF3C5 depleted
levels were maintained during the time course (Figure S4N). The analysis of TAGs showed that
control cells rapidly responded to serum addition by increasing their expression as soon as 3 h
post-addition, while TFIIIC depleted cells did not (Figure 4E). These data further support a
positive role of TFIIIC in the serum-induced expression recovery of a group of cell cycle-related

genes.

14
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We explored whether TFIIIC binding to the promoter regions of the of the genes responding
to GTF3C5 knockdown is directly responsible of their regulation. We therefore computed the
overlap between TAPs (TF3C-associated genes) and TAGs (TF3C-activated genes) and found
that the overlap between the two sets of genes (TAPs and TAGs) was only 13% (Figure 4F).
However, although the overlap was small, it showed enrichment for cell cycle-related GO terms
(Figure S4P). Based on these results, and given the known role of TFIIIC as genome organizer
(Van Bortle and Corces, 2012), we speculate that the regulation of genes affected by TFIIIC
depletion might not only involve direct action on TAPs but could also be mediated by long-range

chromatin interactions with other distant genes also involved in cell cycle control.

TFIlIC-mediated long-range interactions participate in maintaining gene expression levels
during SS
To test this hypothesis, we performed in nucleo Hi-C (Le Dily and Beato, 2018) in T47D cells
grown in the presence of absence of serum both in normal cells as well as in cells depleted of
TFIIC. When we plotted the log2 of the ratio between the “observed and expected” (O/E)
interactions of TFIIIC binding sites with all the genes affected upon SS versus the ones
unaffected, we found that TFIIIC sites interact more frequently with genes whose expression was
affected by SS (Figure 5A).

As CTCF is enriched at promoter regions (Ruiz-Velasco et al., 2017), and it has been shown
to interact with TFIIIC (Galli et al., 2013), it could facilitate the TFIIIC long-range interactions. To

explore this possibility, we first plotted CTCF and Pol Il occupancy at all human TSSs in T47D

15
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and found that the CTCF binding pattern very much resembles that of Pol Il. Moreover, both

factors were enriched on promoter regions of TAPs (Figure 5B and Table S7). To explore how

CTCF and TFIIIC interact in our experimental conditions, we performed co-immunoprecipitation

experiments with a CTCF antibody in extracts from T47D cells before and after SS and probed

the immunoprecipitates in western blots with a TFIIIC antibody against the GTF3C2 component

(the same used in ChlIP). We found that SS is accompanied by an increase of TFIIIIC interaction

with CTCF-containing complexes (Figure 5C), which was not due to changes in total TFIIIC

protein levels (Figure S5). Remarkably, the increased interaction between the two insulators

upon SS was also reflected in the Hi-C data in form of a significant higher level of intra-TAD

contacts involving the two factors (Figure 5D).

For a high-resolution analysis of these interactions we focused on two cell cycle genes,

UHRF1 and the G2/mitotic-specific cyclin-F (CCNF), which showed long-range interactions

involving a distal TFIlIIC-bound AE (Figures 6A and 6B). The Hi-C data showed that SS induced

the interaction of an AE bound by TFIIIC near the promoter of the cell cycle regulated gene

FEM1A, with the UHRF1 gene located almost 150 kb downstream (Figure 6A, Hi-C data top and

medium), while it disrupted the interaction of the same AE with a group of genes (PLIN4/PLINS)

located ~200 kb upstream (Figure 6A, Hi-C data top and medium). The expression of the PLIN4/5

genes was down-regulated in the absence of serum, but unaffected by siGTF3C5, while UHRF1

expression further responded to siGTF3C5 (Figure 6A, genome browser tracks bottom). In the

case of CCNF, its TSS was also engaged in an interaction with an AE bound by TFIIIC located

~300 kb upstream and near the promoter of EC/1 whose expression is cell cycle regulated

16
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(Santos et al., 2015) (Figure 6B, Hi-C data top and medium). Using the Hi-C data, we generated

a virtual 4C plot of the CCNF locus using the AE bound by TFIIIC as the viewpoint, which shows

that the TFIlIIC-bound AE increases its interaction with the downstream CCNF gene (Figure 6C),

which is surrounded by multiple CTCF binding sites (Figure S6A). CCNF expression was slightly

affected in the absence of serum, but it did respond to the absence of GTF3C5 (Figure 6B,

genome browser tracks bottom).

Given these clear examples of chromatin looping involving AE-containing regions bound

by TFIIIC, we asked how many gene promoters behave similarly. We calculated a normalized

interaction score for all the AEs bound by TFIIIC during SS and all human gene promoters (see

Methods) and found that more than 100 AEs were capable of significant interactions with genes

whose expression was affected by the depletion of TFIIIC. Ultimately, together with the 82 genes

directly bound by TFIIIC within 10 kb of their TSS (Figure 4F), we found a total of 193 genes

whose expression could be affected by either local or long-range (>250 kb) interactions with a

TFIIC-bound AE (Figure 6D and Table S8). Thus, we predict that if these genes were co-

regulated by TFIIIC during SS, they should be also commonly regulated between normal and

serum-deprived condition. To address this question, we represented the expression level of the

193 genes from Figure 6D as a heatmap, comparing +S, siCTRL and siGTF3C5 versus SS cells.

As expected, the vast majority (almost 70%) of these genes corresponded to genes down-

regulated by the absence of serum, which further lowered their expression in the absence of

GTF3C5 (Figure 6E). These results suggest that TFIIIC would be require to sustain basal

transcription levels of a subset of cell cycle-related genes. Notably, the CTCF occupancy in the

17
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promoters of these genes calculated as the number of binding events in a window of 10 kb

around their TSS was significantly higher compared to a random set of promoters of the same

size (Figure 6F).

Our results thus suggest that by analyzing SS, we uncovered that AE-bonded TFIIIC

reshapes the genomic topology by promoting DNA looping between the AEs and the regulated

promoters to ensure a steady state level of expression levels of a subset of cell cycle-regulated

genes. It is possible that TFIIC fulfills this role by increasing H3K18ac at AEs, and thereby the

interaction with the target genes would position them in an acetylated “transcription-favorable”

environment. It is also possible that the interaction might promote the spreading of the acetylated

mark at distal regions. If this is the case, H3K18ac should also increase at the promoters of

distant interacting genes upon SS. Indeed, depletion of serum caused a drastic change in the

overall profile of H3K18ac at promoter regions (Figure S6B). Whereas in normal growth

conditions H3K18ac is narrowly restricted to a region very close to the TSS, H3K18ac seemed

more evenly distributed along a broader region of the promoter both up- and down-stream of the

TSS in SS (Figure S6B and S6C). Remarkably, when the fraction of TFIlIIC-bound promoters

(both directly or via long-range interactions) was evaluated, we found that almost 70% of them

had a strong increase in the histone mark upon SS (Figure S6D). All together these data causally

link TFIIIC action to changes in genome topology and epigenetic marks to co-opt the regulation

of a large set of relevant cell cycle-associated genes.
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TFIIC as activator and insulator

As observed for the UHFR1 locus (Figure 6A), we also found that TFIIIC has the ability to bind
AEs and to trigger a decrease of cis-contacts with surrounding genes, as it is apparent at the
phosphoserine transferase 1 (PSAT1) and the heparan sulfate proteoglycan 2 (HSPG2) / zinc
finger and BTB domain containing 40 (ZBTB40) loci, which exhibited a dramatic decrease of the
corrected contact score up- and downstream of the AEs bound by TFIIIC upon SS (Figure S6E-
S6G). This behavior could be explained by the already known TFIIIC's insulator properties (Van
Bortle and Corces, 2012).

To explore the role of TFIIIC on the formation of the intra-TADs loops during SS, we analyzed
the Hi-C interactions of TFIIIC-occupied sites with genes affected by TFIIIC depletion. We found
that, in agreement with the BETA analysis (Figure S4G), TFIIIC binding is significantly enriched
in TADs containing TAGs than in those containing TRGs (Figure 7A). We reasoned that if TFIIIC
is necessary to maintain the interactions induced by SS, its depletion should decrease the total
frequency of interactions. Indeed, TFIIIC depletion significantly decreased the overall intra-TAD
contacts compared to the siCTRL treatment (Figure 7B). In agreement with this finding, we
observed increased Hi-C normalized contact counts upon TFIIIC depletion at the PLIN4/5 locus,
resembling the situation observed in the presence of serum (Figure 7C). This was also evident
in the virtual 4C of the Hi-C data (Figure S7A). Thus, the interaction that connected the AE with
the PLIN4/5 locus in the presence of serum and that disappeared in response to SS, reappeared

in the TFIIIC depleted cells in SS (Figures 7C and S7A, black arrow). In contrast, the overall area
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of interactions between the TFIIIC-bound AE and the UHRF1 gene was decreased upon TFIIIC
depletion (Figures 7C and S7A, red arrow).

Next, we asked whether TFIIIC binding to AEs is required for co-regulating the 193 genes
identified in Figure 6D (affected by TFIIIC depletion and showing short- or long-range contacts).
Based on our model, depletion of TFIIIC would lead to a reduction in the total number of
interactions of the promoters of these genes with the corresponding TFIIIC-bound AE. Indeed,
the interaction score for the siGTF3C5 Hi-C data was significantly decreased compared to the
siCTRL (Figure 7D). Altogether, these results confirm that TFIIIC is necessary to increase the
frequency of the interactions of the AE with the associated promoters in order to co-regulate a
set of genes involved in cell cycle control.

As mentioned above, our data supports a role for TFIIIC in orchestrating the chromatin re-
organization events that lead to the basal transcription of a subset of genes in SS. To show that
the AEs are needed for this role of TFIIIC, we used CRISPR-Cas9 technology (Wang et al.,
2016) to delete the AE-bound by TFIIIC between the PLIN4/5 and UHRF1 loci (Figure 6A; see
also Figure S7B for the schematic description of the procedure and Star Methods for details).
This AE contacts the UHRF1 locus upon SS (Figure 6A), and depletion of TFIIIC causes a
dramatic decrease in its expression during SS (Figures 6A, genome browser bottom).
Unfortunately, from the CRISPR/Cas9-based genetic modification of T47D cells we did not obtain
clones with the two alleles modified and therefore, we choose one heterozygous clone for further
analysis (Figure S7C). Remarkably, deletion of the AE in just one allele caused almost 50%

decrease in the expression of UHRF1 upon SS, compared to the parental cell line (Figure 7E).
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This result agrees with that from TFIIIC depletion in SS (Figure 4C) and with the Hi-C data
(Figures 6A and Figure 7C), and support the requirement of the AE to maintain steady-state
levels of UHRF1 transcripts during conditions of stress. It is worth noting that the effect of the AE

deletion could be even more dramatic if a homozygous clone could have been obtained.

TFIIC and the nuclear location of cell cycle genes

Given the ability of TFIIIC to relocate genomic regions to the nuclear periphery (NP) (Hiraga et
al., 2012) and that recruitment to the NP can alter gene expression by itself (Finlan et al., 2008),
we wondered whether TFIIIC-regulated cell cycle genes could possibly be affected in their spatial
positioning within the nucleus by this factor. We used fluorescent in situ hybridization (FISH) to
examine the nuclear location of the CCNF locus and found that that SS triggers the relocation of
the CCNF gene from the nuclear center to a more sub-peripheral shell (Figure 7F; quantification
of the radial position of the CCNF probe from the NP is reported in Figure S7D). Notably, the
CCNF locus was positioned even more peripherally in siGTF3C5 expressing cells than in cells
expressing siCTRL (Figure 7F). Indeed, a significant decrease in the distance between the CCNF
probe and the NP was observed upon ablation of TFIIIC (Figure 7G), in agreement with the
degree of transcriptional repression observed upon GTF3C5 depletion (Figure 4C), and with the

observation that peripherally-located genes tend to be less expressed (Finlan et al., 2008).
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Discussion

The cellular stress response allows the organism to cope with a variety of molecular changes in
the environment, including change of temperature, exposure to toxins, mechanical damage and
lack of nutrients (Poljsak and Milisav, 2012). To maintain homeostasis, cells need to rapidly
mount a transcriptional program that ensures survival during the stress situation and recovery
once the stress finishes. However, thus far very little is known about the contribution of DNA
topology and genome architectural proteins (such as CTCF, Cohesins and TFIIIC) to cellular
stress response in mammalians. We report here that the cellular response to SS involves
genome reorganization mediated by the Pol Il transcription factor TFIIIC (Figure 7H), with TFIIIC
chromatin recruitment decreasing at tRNA genes and increased binding to a set of AEs in the
vicinity of Pol Il promoters of genes involved in cell cycle regulation. The AE-bound TFIIIC
participates in forming long-distance intra-TAD loops with the promoters of a broad range of cell
cycle-regulated genes via interaction with bound CTCF, and expression of these genes depends
on TFIIC (Figure 7H). We therefore propose that the long-distance interactions mediated by
TFIIC contribute to the transcriptional regulation of the target genes maintaining basal

transcription of cell cycle-regulated genes and enabling their reactivation upon serum exposure.

These findings uncover a role of TFIIIC in altering genome topology that differ from previous
studies reporting the hard-wiring of promoter-enhancers chromatin loops in transcriptional
response to stress (Vihervaara et al., 2017). Our model favors a more dynamic and reversible

network that responds to the absence of growth factors by establishing transient new
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connections between promoter-regulatory regions that maintain steady state expression levels
of crucial cell cycle regulators during the SS phase (Figure 7H). The proposed model relies on
TFIIIC collaborating with CTCF to establish signal regulated enhancer-promoter interactions, as
described in other contexts (Weintraub et al., 2017). The model is also supported by other
findings. For instance, TFIIIC subunits were identified among several factors that associate with
regulatory regions (enhancers and promoters) by means of histone modification ChlIP followed
by mass spectrometry (MS) (Engelen et al., 2015). In addition, the TFIIIC largest subunits are
known to interact with the E1A binding protein p300/CBP, an established marker of enhancers
(Mertens and Roeder, 2008); this which could be linked to our observation that AEs bound by
TFIIIC become hyper-acetylated in H3K18, a marker of p300/CBP activity in vivo (Ferrari et al.,
2008; Jin et al., 2011). Curiously, we find that the TFIlIC-dependent hyper-acetylation TAPs is
limited to the AEs bound by TFIIIC, and it does associate with neither increased transcription nor
with higher Pol Il loading of the nearby gene promoter. Although we have not identified the HAT
responsible, several candidates can be envisaged, including TFIIC, p300/CBP or the
retinoblastoma protein pRB, which by interacting with the transcription factor E2F bound to the
TAPs that could restrict the acetylation of H3K18 to the AEs only (Ferrari et al., 2014). Given that
the long-distance CTCF bound promoters of cell cycle genes become also hyper-acetylated upon
looping to the TFIIIC-bound AE, it is therefore possible that this hyper-acetylated environment
may participate in genomic relocation within the nucleus to maintain basal levels of transcription
in SS, and favoring the reactivation of the genes upon serum exposure. The model is in

agreement with the previously reported coupling of p300-mediated acetylation and redirection of
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Fos and Gadd45a genes to transcription factories during neuronal depolarization (Crepaldi et al.,
2013), and with the results of a recent study supporting a role of chromatin state and RE
enrichment in guiding chromosomal positioning within mammalian nuclei (van de Werken et al.,

2017).

Characteristics of the AE bound by TFIIIC

TFIIC recognizes A- and B-boxes as typical internal promoter elements for Pol Il transcriptional
units (Dieci et al., 2007), as well as with single B-boxes scattered along the genome (ETC sites)
(Moqtaderi et al., 2010). AEs also contain A- and B-boxes, so they could serve as the landing
platform for TFIIIC. However, as only a subset of AEs is bound by TFIIC, additional
characteristics of the bound AEs are required to explain TFIIIC selective binding. One possibility
is that the AEs recognized by TFIIIC are particularly accessible in chromatin, which may be the
case since the adjacent promoters are of cell cycle-regulated genes that are highly transcribed
in the presence of serum. Alternatively, it is possible that the particular subset of TFIlIC-bound
AEs exhibits binding sites for others TFs that may interact with TFIIIC. On this regard, our RIME
(Rapid Immunoprecipitation Mass spectrometry of Endogenous proteins) data show that two of
the major TFIIIC interactors are the chromodomain helicase DNA binding protein 4 (CHD4) and
activity dependent neuroprotector homeobox (ADNP) (Table S9 and STAR Methods). These two
proteins together with heterochromatin protein 1 (HP1) form a complex called ChAHP involved
in chromatin-mediated gene regulation (Ostapcuk et al., 2018); in addition, and like TFIIIC, ADNP

is enriched in active enhancers and promoters (Ji et al., 2015). Indeed, we found that ADNP is
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highly enriched over AEs (Figure S7E); in particular, we detected enrichment of ADNP over the

3,096 AEs-bound by TFIIIC upon SS, the 1,490 AEs of TAPs and the 193 promoters involved in

long-distance looping (Figure S7F). Thus, ADNP may participate, with TFIIIC, in DNA looping

mediated via AEs. Very interestingly, we also found that mouse ADNP chromatin occupancy is

mostly (95%) associated with RE (Figure S7G); almost 50% of the bound RE are B2 elements

(Figure S7H), which are Alu-like elements is rodents (Kramerov et al., 1979). As all the ADNP

occupancy public data have been generated in cell cultured in the presence of serum, it is

possible that the ChAHP complex is constitutively bound to AEs and might facilitate the landing

of TFIIIC upon SS.

TFIIC and long-distance loops

One of our most intriguing observation is that of the set of 613 TAG genes with reduced

expression in cells depleted of TFIIIC, only 82 overlapped with TAPs (Figure 4F). This indicated

the existence of mechanisms other than proximity to explain TFIIIC dependency. Of course, the

effect could be indirect or mediated by other TFIIIC associated factors. However, we provide

evidence that part of the TAG subset (32%) is regulated by virtue of long-distance interactions

of TFIIC-bound AEs with distantly located TFIlIIC-dependent genes enriched with preloaded

CTCF. Our data support the requirement of both TFIIIC (siGTF3C5) and the AE (genetic ablation

of the AE distal to UHRF1) for this effect. However, to what extent CTCF is needed for this effect

remains to be proven.
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In addition, there could be other mechanisms of DNA looping, that could not be caught by

regular Hi-C experiments, might explain the altered expression of the remaining group of genes

and that could not be caught by regular Hi-C experiments. It is also possible that the hyper-

acetylated regions created by TFIIIC constitute a special environment that could allow phase

separation, where DNA proximity could maintain basal levels of transcription (van de Werken et

al., 2017). Of note, TFIIIC contains several subunits with large unstructured domains (Male et

al., 2015), and disorder protein regions have been shown to promote phase separation

(Boeynaems et al., 2018).

TFIIC and nuclear location of cell cycle genes

The finding that SS induces an alteration of the TFIIIC occupancy in human cells begs the

question of what is the functional role of TFIIIC binding to AEs. TFIlIIC-dependent reactivation is

likely due to a proper positioning of the target genes within the nucleus, as TFIIIC ablation triggers

a strong peripheral recruitment of the cell cycle gene CCNF, which coincides with its full

repression. In our view, the presence of TFIIIC, bound to the hyper-acetylated AEs, represents

a barrier for the otherwise strong peripheral recruitment (and repression) of the cell cycle gene

during SS. The gene is thereby maintained in a chromatin environment more suitable for low

level expression and rapid reactivation in contrast with the chromatin environment closely

associated to the NP (Shaklai et al., 2007).
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Signaling mechanism initiating TFIIIC changes

What molecular trigger could be responsible for the observed behavior of TFIIIC upon SS? SS
is a complicated stress situation for the cell and several signaling pathways are both activated
and repressed (Pirkmajer and Chibalin, 2011). A recent study has reported the ability of Aurora-
A to compete with TFIIIC for binding to N-MYC-regulated genes in S-phase (Buchel et al., 2017).
These results invoke that post-translational modifications of TFIIIC, such as phosphorylation,
might play a crucial role. Very intriguingly, the fourth-largest TFIIIC subunit (GTF3C4) contains
a conserved serine residue (S611) which phosphorylation has been linked to a metastatic
phenotype (Wang et al., 2010). Therefore, post-translational modifications of TFIIIC could be an
appealing mechanism to discriminate among the numerous extra-TFIIIC Pol Ill functions and it
deserves future investigation.

In conclusion, our study unveils a rapid and reversible TFIIIC- and AEs-dependent rewiring
of genome topology acting on promoter-anchored chromatin loops and coupled with changes in
H3K18ac of the associated AEs during SS. The 3D-genome reorganization enables the use of
acetylated AEs and TFIIIC complexes as rescue-modules for correct nuclear positioning during
SS to ultimately ensure steady state levels of expression of crucial cell cycle-regulated genes.
Finally, as expression of these genes is found to predict clinical outcome of breast cancer
patients (Figures S71-S7K) and tumors have regions with poor blood supply and growth factor
starvation (Anastasiou, 2017), our study could potentially illuminate new avenues to target post-

translationally modified TFIIIC for clinical intervention.
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Figure Legends

Figure 1. TFIIIC occupancy at AEs increased during SS in breast cancer cells.

(A) Venn diagram of overlapping peaks of CTCF (fop panel) and TFIIIC (bottom panel) in +S and
—S conditions.

(B) Staked plot for CTCF peaks (left panel) and TFIIIC peaks (right panel) over AEs, tRNA or
other loci in the presence (+S) or absence of serum (-S).

(C) Heatmap showing a 10 kb window (%5 kb) around the TFIIIC or CTCF peaks in the presence
(+S) or absence (-S) of serum (plotted is the -log10 of the Poisson p-value; color bar scale, with
increasing shades of color, stands for higher enrichment). For TFIIIC, enrichments in the +S and
—S samples are on the right. Pearson’s correlation coefficients are shown for the indicated
comparisons.

(D) Genome browser view of representative loci of the two ChIP-seq replicates for the Pol Il
machinery - BDP1, TFIIIC and Pol Il (RPC39) - and for CTCF. Reported are also the UCSC
genome browser tracks of tRNA genes and AEs. TFIIIC bound to AEs is highlighted by grey
rectangles. The corresponding genes and the direction of transcription (arrow) are shown at the
bottom.

(E) Fraction of TFIIIC peaks relative to the distance to all human TSSs as calculated by GREAT,

in +S and -S.
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Figure 2. TFIIIC occupancy at AEs near TSS of Pol Il transcribed genes during SS in
various cell lines.

(A) Genome browser view of representative HELLS locus with ChIP-seq data for TFIIIC in T47D
with the additional representation of the genomic profile of TFIIIC occupancy in other cell lines
subjected to SS. Highlighted in grey is the AE bound by TFIIC in the 4 cell lines. The
corresponding gene and the direction of transcription (arrow) are shown at the bottom.

(B) Matrix of Pearson’s correlation coefficients of TFIIIC ChIP-seq data across the cell lines
indicated. Color scale is shown.

(C and D) CEAS plots of TFIIIC average binding in conditions of +S, —S and —S followed by
serum addition for 30 min for T47D (C) and T98G (D) cells; the graphs are plotted over those

peaks detected in the -S condition (plotted is the —log10 of the Poisson p-value).

Figure 3. H3K18ac and transcription of Pol Il promoters with AEs bound by TFIIIC.

(A and B) Heatmaps of TFIIIC (A) and H3K18ac (B) enrichment across TAPs ranked for
significant occupancy by TFIIIC in condition of —S (both conditions +S and —S are shown)
spanning a 10 kb region (15 kb). Color bar scales with increasing shades of color stand for higher
enrichment (plotted is the —log10 of the Poisson p-value).

(C) Genome browser view of representative MCM2 locus with ChlP-seq data for the Pol Il
machinery (TFIIIC, BDP1 and Pol lll), CTCF and Pol Il. The graph also shows the tracks for total
RNA-seq in the two conditions (+S and —S) and the UCSC genome browser track of AEs. The

TFIIC-bound AE is highlighted by a grey rectangle. MCM2 gene and its direction of transcription
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(arrow) are shown at the bottom. Note that upon SS, TFIIIC recruitment to the AEs is observed
in all cell lines analyzed, which is accompanied by increased H3K18ac restricted to the AE bound
by TFIIIC.

(D and E) CEAS profile of H3K18ac enrichment in +S and —S conditions across all AEs (D) or
tRNA (E) bound by TFIIIC in —S (plotted is the —log10 of the Poisson p-value).

(F and G) Venn diagrams showing the total number of AEs bound by TFIIIC and acetylated in
H3K18 (F) and the TAPs acetylated in H3K18 (G).

(H) Boxplot of RNA expression in +S or -S conditions for TAPs or a random dataset of the same

size. Two-tailed paired Student's f-test in pairwise comparisons, **p-value < 0.001.

Figure 4. Gene expression changes upon SS and effect of TFIIIC depletion.

(A-B) Scatter plot of gene expression comparing conditions of +S vs —S and siGTF3C5 vs the —
S condition in T47D. The number of genes up- or down-regulated (FC> 1.5; p-value < 0.05) is
indicated in red or blue, respectively. The reproducibility of replicated samples in A and B is
shown in Figure S4A. GTF3C5 silencing levels are shown in Figure S4D. Analysis of differential
gene expression of siGTF3C5 vs siCTRL in the —S condition is shown in Figure S4E. The
changes induced by the expression of the siCTRL when compared to —S (non-transfected cells)
are shown in Figure S4F.

(C) Heatmaps of gene expression for siGTF3C5 and siCTRL cells (both in —S) vs —S. Only the

genes that changed their expression significantly in the siGTF3C5-cells, and not in the siCTRL
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cells are shown. Two classes of genes were designated as TFIlIC-activated genes (TAGs) or
TFIIIC-repressed genes (TRGs).

(D) ChlIP-gPCR for H3K18ac enrichment at two AEs bound by TFIIIC in SS (UHRF1 and HELLS
loci) for the different conditions indicated.

(E) mRNA-seq expression analysis after serum exposure for the indicated times for TAGs in
conditions of siCTRL and siGTF3C5 in T47D cells. Significant p-values from a two-tailed paired
Student's t-test are reported. *** p < 1.0E10%°, ** p < 1.0E10™"%. The statistical comparison
between 0 to 3 h in siCTRL cells is shown to highlight the rapidity of gene activation after serum
addition. GTF3C5 depleted levels were maintained during the time course (Figure S4N). PPIA,
used as a control gene, did respond neither to siGTF3C5 nor to serum (Figure S40).

(H) Venn Diagram of the overlap between TAGs (according to Figure 4C) and TAPs (according

to Figure 3A).

Figure 5. TFIIIC increases its interaction with CTCF bound to promoters of genes affected
by TFIIIC knock down upon SS.

(A) Hi-C analysis of TFIIIC contacts represented as log2 FC (and 95 % CI) of the TFIlIIC-promoter
contact enrichment between +S and -S conditions for genes changing (orange) and not changing
(green) upon SS. PPr = 0.93 indicates a high probability of an increase TFIIIC contacts with
promoters of genes whose expression changed upon SS (compared to promoters of genes

whose expression did not change).
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(B) Heatmaps of CTCF and Pol Il enrichment in T47D across all human TSSs spanning a 10 kb

region (5 kb) in +S and —S condition. Boxes represent different clusters of enrichment as

calculated by hierarchical clustering. Color bar scales with increasing shades indicate higher

enrichment (plotted is the —log10 of the Poisson p-value).

(C) Co-immunoprecipitation of CTCF and TFIIIC in T47D comparing +S and —-S conditions

(“beads only” are used as a control). Membranes were probed with anti-CTCF and GTF3C2

antibodies. Loading inputs for both proteins are also showed.

(D) Hi-C analysis of TFIIIC and CTCF contacts represented as log2 FC (and 95 % CI) of the

specific CTCF-TFIIIC contact enrichment compared to CTCF and TFIIIC additive effect for both

+S and -S conditions. (E=expected by CTCF and TFIIIC additive effect). PPr = 0.83 indicates a

high probability of an increase in TFIIIC Hi-C contact with CTCF the -S sample compared to +S.

Figure 6. Long-range interactions of TFIllIC-mediated DNA looping participate in

maintaining gene expression patterns during SS.

(A and B) Hi-C interaction matrixes of two representative loci (UHRF1 and CCNF, respectively)

of genes down-regulated by siGTF3C5. Genomic loops between the AE bound by TFIIIC and its

respective targets are indicated by arrows (middle panels) in the subtraction matrix (+S matrix is

subtracted by the —S matrix) represented above (top panel). The regions with changes in their

interaction upon SS have been zoomed out to better visualize those regions of preferred

interaction (top panel). ChlP-seq and RNA-seq data (A and B indicate two biological replicates)
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are also reported as genome browser views of the two loci (bottom panel). Grey rectangles
highlight the position of the AEs and the genes interacting.

(C) Virtual 4C of the CCNF locus for the +S and —S conditions (red and grey respectively). The
peak with increased Hi—C contacts between the AE and the CCNF promoter is indicated by an
arrow. Grey rectangles highlight the position of the AE and the genes interacting.

(D) Venn diagram of overlap between TAGs (613 genes) and 193 genes bound by TFIIIC directly
(within a 10 kb region) or via DNA looping (see main text).

(E) Heatmaps of the expression of the genes resulting from the analysis in Figure 6D for
conditions of +S, siGTF3C5 and siCTRL all compared to cells in the absence of serum (-S).

(F) Boxplot of CTCF significant binding events within a 10 kb region around the TSS of the 193
genes shown in Figure 6D, or a random dataset of TSS of the same size. P-value of a Friedman

X? test is indicated.

Figure 7. DNA looping at cell cycle genes is impaired by TFIIIC knock down.

(A) TFIIC enrichment within Hi-C data in the —S condition of the TAGs and TRGs. Higher
significant TFIIIC enrichment for TAGs (those genes down-regulated by siGTF3C5). P-value for
logistic regression comparing TAGs and TAPs is reported.

(B) Log2 FC (and 95 % ClI) of the specific intra-TADs contacts made by TFIIIC in +S/-S or
siGTF3C5/siCTRL cells. siGTF3C5/siCTRL Hi-C data show significant (PPr =0.99) decrease of

total intra-TADs contacts compared to —S/siCTRL.
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(C) Hi-C subtraction matrix of the UHRF1 locus for siCTRL and siGTF3C5 cells. The siGTF3C5
matrix is subtracted of the siCTRL matrix. Arrows indicate the looping between the AE bound by
TFIIC and its respective targets (PLIN4/5 or UHRF1). Each of the regions that change their
interaction upon SS has been zoomed out to better visualize the regions of preferred interactions.
(D) Boxplot of the normalized interaction score of Hi-C data for siCTRL and siGTF3C5 between
promoters and TFIIIC-bound AEs for the 193 genes regulated by TFIIIC shown in Figure 6D.
Two Hi-C biological replicates were used (p-value from Friedman X? test is indicated).

(E) UHRF1 expression by qRT-PCR in T47D parental cells (WT) and Alu-CRISPR/Cas9-Clon11
in the absence of serum (mean £ SEM of 2 biological replicates; data in WT cells have been
normalized to 1). One Tail T-test p-value is indicated.

(F) FISH staining of the CCNF locus (red) in T47D cells in +S and —S conditions, and siCTRL
and siGTF3C5 cells in the absence of serum. DNA is counterstained with DAPI (blue). White
arrows indicate the position of the CCNF locus. Scale bar is indicated.

(G) Boxplot quantification of the radial distance of CCNF probes from the NP. ***p-value from
two-tail unpaired Student's f-test.

(H) Schematic model of TFIIIC action in DNA looping in response to SS. See text for description.
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Supplementary Figure Legends
Supplementary Figure S1. TFIIIC, but not CTCF, occupancy to AEs and tRNA genes is
altered upon SS.
(A) Schematic view of experimental design.
(B) FACS analysis showing the percentage of T47D cells at the indicated phases of the cell
cycle.
(C) Word cloud analysis of repetitive elements bound by TFIIIC in the presence (+S) or absence
(-S) serum.
(D) Proportional Venn diagram of total AEs bound by TFIIIC detected in SS vs ETC sites (with
only B-box).
(E) Boxplot of normalized significant counts for TFIIIC (upper) and CTCF (bottom) mapping at
tRNA genes in condition of +S and -S.
(F) Boxplot of normalized significant counts for TFIIIC and CTCF mapping at AEs in condition of
+S and -S.
(G) Chromosomal enrichment for TFIIIC ChlP-seq occupancy in +S as calculated by CEAS.
(H) Chromosomal enrichment for TFIIIC ChIP-seq occupancy in —S as calculated by CEAS. (see
CEAS package in STAR Methods). Reported for each condition are the chromosome ChIP
enrichment vs the genome control and the corresponding p-value.
(I) CEAS plots of BDP1 or Pol Il average binding to tRNA genes in condition of +S and -S (plotted

is the —log10 of the Poisson p-value).
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(J) CEAS plots of BDP1 or Pol Ill (right) average binding to AEs in condition of +S and -S (plotted
is the —log10 of the Poisson p-value).

(K) Genome browser view of representative 7SLRNA locus (red box) with ChlP-seq data for Pol
lll, BDP1 and TFIIC in T47D in +S and —S conditions. Note how TFIIIC occupies a more

downstream region compared to the 5’-end of the 7SLRNA gene occupied by Pol Il and BDP1.

Supplementary Figure S2. TFIIIC binding in different cell lines shows increased AEs
occupancy upon SS.

(A) Bar plot for all TFIIIC peaks detected in +S and —S condition of all the 4 different cell lines
tested.

(B) CEAS plot of TFIIIC average binding in condition of +S and —S over peaks detected in the -
S condition in MCF10A cells (plotted is the —log10 of the Poisson p-value). The enrichment in
peaks corresponds to AEs.

(C) Genome browser view of representative CCNE1, MDM4 and UBE2V?2 loci with ChIP-seq
data for Pol Ill, BDP1 and TFIIIC in MCF10A and T47D breast cell lines. The graph includes the
tracks for AEs and tRNA genes in +S and —S conditions. Highlighted in grey is the AE bound by
TFIIC in the two cell lines close to the TSS of the genes indicated.

(D and E) CEAS plots of TFIIIC average binding in condition of +S and —S over peaks detected
in -S condition for T98G and IMR90, respectively. The peaks in -S are enriched in AEs in the two

cell lines (not shown).
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Supplementary Figure 3. GO enrichment, motif analysis and Pol Il occupancy of TAPs.
(A) Bar plots of GO terms enrichment of TAPs. GO terms are ranked from the lowest to the
highest p-value of the first nine terms found by DAVID.

(B) Motif analysis (Seqgpos tool) for TAPs.

(C) Heatmap of AE density across all human TSS spanning a 6 kb region (3 kb), and sorted by
high to low AE density. TAPs correspond to those Pol Il promoters with TFIIIC-bound. Color bar
scale with increasing shades of color stands for higher AE density.

(D) Heatmaps spanning a 10 kb region (£5 kb) of Pol Il enrichment across TAPs (+S and —-S
conditions are shown). Color bar scales with increasing shades of color stand for higher
enrichment (plotted is the —log10 of the Poisson p-value).

(E) Boxplot of normalized counts for Pol Il enrichment over TAPs in Figure S3D. P-value for a
two-tailed heteroscedastic t-test is reported.

(F) Boxplot of expression of all intergenic AEs (see text) in +S or -S conditions. P-value for a two-

tailed paired Student's t-test is reported.

Supplementary Figure 4. Global Gene expression analysis of T47D before and after SS
and in condition of TFIIIC depletion.

(A) Principal component analysis for mRNA-seq of T47D cells in the presence or absence of
serum (+/-S) and T47D cells transfected with siGTF3C5 or siCTRL, in +/-S conditions. The two
replicates used for each condition are shown. The replicate samples show reproducibility and

clear differences between the samples.
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(B and C) Bar plots of GO enrichment for list of genes up-regulated and down-regulated in Figure
4A (according to GOC).

(D) Immunoblot probing the levels of GTF3C5 for cells transfected with siGTF3C5 or control
siCTRL.

(E) Volcano plot for comparing mRNA-seq of siGTF3C5 vs siCTRL in -S conditions (plotted the
—log10 of the p-value vs the -log2 ratio of siGTF3C5 vs siCTRL). The genes that scored
significant (FC>1.5; p-value < 0.05) are indicated in red. GTF3C5 is found among the most
downregulated genes.

(F) Scatter plot of gene expression comparing siCTRL treated cells (-S) vs —S condition. The
number of genes up- or down-regulated (FC > 1.5; p-value < 0.05) are indicated in red or blue,
respectively.

(G and H) BETA analysis for TFIIIC binding in SS and the gene expression profile of siGTF3C5
(G) and siCTRL (H) cells in -S conditions (p-values are indicated). TFIIIC binding in SS only
significantly correlated with downregulated genes upon its silencing.

(I and J) Bar plots of GO enrichment, as calculated by DAVID, for TAGs and TRGs in siGTF3C5
cells, respectively (according to Figure 4C).

(K) Genome browser view of representative HELLS and MCM?7 loci. ChlP-seq data of CTCF,
TFIIC and Pol Il in T47D for +S and -S conditions is represented. Additionally, the TFIIIC
occupancy in T98G, MCF10A and IMR90 is also shown. Tracks for RNA expression of T47D in

the +S and —S conditions for non-transfected, and for siCTRL and siGTF3C5 in -S are included.
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In all cases, A and B indicate two biological replicates. Highlighted in grey is the AE bound by
TFIIC in all 4 cell lines close to the TSS of the HELLS and MCM?7 loci.

(L) Cell cycle profile of +S, siCTRL or siGT3C5 cells in —S condition (dotted lines represent
reference values of the siCTRL).

(M) Sitepro profile of T47D tRNA-seq enrichment in +S or —S conditions across all tRNA genes
spanning a 400 bp region (200 bp; plotted is the average expression in RPM). A reduction in
tRNA expression is observed upon SS, which is not significantly different from that obtained in
siGTF3C5 cells.

(N and O) gRT-PCR expression analysis of GTF3C5 (N) and PPIA (O) in T47D cells (siCTRL
and siGT3C5) released from SS by serum addition for the indicated times. Graph represents the
mean = SEM from two biological experiments, in which the value in siCTRL cells was arbitrarily
set as 1 at each time point. Note that the knockdown of the Pol Il factor always reaches values
of more than 70% at each time point analyzed. Moreover, serum exposure had no effect on the
kinetic of a control gene PPIA that is neither affected by the SS or by the siGTF3C5 (Table S5).

(P) DAVID GO enrichment of the overlapping genes shown in Figure 4J.

Supplementary Figure 5. Interaction of TFIIIC and CTCF is not dependent on the
expression levels of TFIIIC
Western blot of different TFIIIC subunits (GTF3C1, GTF3C2, GTF3C4 and GTF3C5) in +S and

—S conditions. For each panel, a loading control with Tubulin is also shown.
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Supplementary Figure 6. Interaction of TFIIIC and CTCF might generate a hyper-acetylated
environment by acetylating H3K18 at TAPs upon SS and at looped genes.

(A) Genome browser view of representative cell cycle-related genes, CCND1, CCNF, CENPE
and POLQ), for ChlP-seq data of CTCF and TFIIIC in T47D in +S and —S conditions. Highlighted
with grey boxes are the multiple CTCF peaks. Note that multiple CTCF binding sites are present
at the 5’ end of the CCNF gene (see text). Transcription directionality is indicated.

(B) Sitepro plot of H3K18ac average at the TSS (3 kb) of all human genes in +S or —S conditions
in T47D cells (plotted is the —log10 of the Poisson p-value).

(C) Heatmap representation of H3K18ac spanning a 20 kb region of all human promoters in +S
and —S conditions in T47D cells. Biased clustering show promoters that increased H3K18ac
upon SS; this cluster contains several looped genes identified in the analysis from Figure 6D.
The presence of MYC, whose expression is decreased upon SS, is shown in the cluster with
H3K18ac on TSSs but not enhanced upon SS.

(D) Stacked plot of percentage of promoters bound by TFIIIC (both directly or through looping)
which show changes in H3K18ac upon SS. Note that around 70% of them display increased
acetylation.

(E) Genome browser view of representative HSPG2, ZBTB40, CEP78 and PSAT1 loci with ChIP-
seq data for H3K18ac, TFIIIC and Pol Il in T47D. Additionally, the genomic profile of TFIIIC
occupancy in T98G, MCF10A and IMR90 is represented. The graph also includes the tracks for

RNA expression of T47D in +S and —S conditions. Grey rectangles highlight the position of the

46



Ferrari et al. 2018

AEs close to the TSS of the TFIIIC-bound genes, and the black arrows indicate the
corresponding interacting genes. Green rectangles represent genes affected by SS.

(F and G) Virtual 4C representation of the genes in panel E for the +S and —S conditions (red
and blue, respectively). The viewpoint of the virtual 4C is the AE bound by TFIIIC. Arrows point

to the location of the genes and the changes in normalized interaction frequency.

Supplementary Figure 7. TFIIIC ablation and AE deletion affects DNA looping and
expression of distal UHRF1 locus.

(A) Virtual 4C of the UHRF1 locus for the +S, —S conditions, siCTRL and siGTF3C5 cells (black
and red arrows indicate the up- and downstream loops, respectively).

(B) Schematic representation of the CRISPR-Cas9 approach to delete the TFIIIC-bound AE
located between the PLIN4/5 and UHRF1 loci in chromosome 17. The targeted AE is shown as
a purple box. The position of the guide RNAs (gRNA1 and gRNA2, see STAR Methods for
details) is shown. The wild-type (WT) and the deleted allele are shown. Arrows indicate the
chromatin interactions in +S and -S conditions (red and black, respectively).

(C) PCR result for the screen of CRISPR-Cas9 T47D clones with primers Up3 and Down (see
STAR Methods for details): the upper band corresponds to the WT allele, whereas the lower
band correspond to the deleted allele. Aimost all clones analyzed were heterozygous for the
deletion. For further analysis, we selected CIn11. The size of DNA marker size is shown. *

indicates a non-specific band. NC corresponds to no the no DNA sample.
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(D) Boxplot quantification of the radial distance of CCNF probes from the NP for cells in the

indicated conditions. P-values are for a two-tailed unpaired Student's t-test in pair-wise

comparisons.

(E) Pie chart showing the classes of RE enriched in the published dataset of ADPN ChlIP-seq

(Consortium, 2012). AEs are indicated as black-boxed yellow slice.

(F) Sitepro profile of ADNP (Consortium, 2012) enrichment over TAPs-AEs, all TFIlIIC-bound

AEs and the 193 AEs that showed looping properties (Figure 6D). Worth of notice the increased

enrichment of ADNP at looped AEs.

(G) Pie chart showing the percentage of mouse Adnp peaks belonging to RE and non-RE

(GSE97945). Notice that almost all the binding of this factor lays on RE.

(H) Pie chart showing the percentage of RE peaks of mouse Adnp belonging to B-elements

(mouse Alu-like SINE) (B1, B2, B3 and B4) compared to other elements. 50% of the bound REs

are bona fide B elements.

(J and K) Kaplan—Meier plots of breast tumor samples. TAPs expression as shown in Figure 3A

(J) or TAGs expression as shown in Figure 4C (K), respectively, was divided in three main groups

according to their expression (with blue being the highest, red the intermediate and grey the

lowest). P-values from a Mantel-Cox test are indicated. Higher expression of genes bound by

TFIIC or down-regulated by siGTF3C5 in T47D are associated with poor prognosis for overall

survival and distance metastasis free survival (DMFS), respectively. Plots are generated using

“Gene expression-based Outcome for Breast Cancer Online”.
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(1) Boxplots of expression from tumors samples across the three breast cancer grades (GOBO)

(Ringner et al., 2011) for TAGs. Boxplots are generated by using GOBO. TAGs have higher

expression in most aggressive tumors (grade 3). P-value for the analysis is also indicated.
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