CrossMark
& click for updates

Genome-wide targeting of the epigenetic regulatory
protein CTCF to gene promoters by the transcription

factor TFII-I

Rodrigo Pefia-Hernandez®', Maud Marques®*, Khalid Hilmi®, Teijun Zhao® Amine Saad?®, Moulay A. Alaoui-Jamali®,
Sonia V. del Rincon?, Todd Ashworth®, Ananda L. Roy*, Beverly M. Emerson®, and Michael Witcher®?

?Departments of Oncology and Experimental Medicine, Lady Davis Institute, Jewish General Hospital, McGill University, Montreal, QC H3T 1E2, Canada;
Plmmunoscience Research Unit, Pfizer Inc., Cambridge, MA 02139; “Department of Developmental, Molecular and Chemical Biology, Tufts University School of
Medicine, Boston, MA 02111; and “Department of Regulatory Biology, Salk Institute, La Jolla, CA 92037

Edited by Mark Groudine, Fred Hutchinson Cancer Research Center, Seattle, WA, and approved January 9, 2015 (received for review August 29, 2014)

CCCTC-binding factor (CTCF) is a key regulator of nuclear chroma-
tin structure and gene regulation. The impact of CTCF on tran-
scriptional output is highly varied, ranging from repression to
transcriptional pausing and transactivation. The multifunctional
nature of CTCF may be directed solely through remodeling
chromatin architecture. However, another hypothesis is that the
multifunctional nature of CTCF is mediated, in part, through
differential association with protein partners having unique
functions. Consistent with this hypothesis, our mass spectrometry
analyses of CTCF interacting partners reveal a previously un-
defined association with the transcription factor general transcrip-
tion factor II-1 (TFII-1). Biochemical fractionation of CTCF indicates
that a distinct CTCF complex incorporating TFlI-I is assembled on
DNA. Unexpectedly, we found that the interaction between CTCF
and TFIlI-l is essential for directing CTCF to the promoter proximal
regulatory regions of target genes across the genome, particularly
at genes involved in metabolism. At genes coregulated by CTCF
and TFII-I, we find knockdown of TFlI-I results in diminished CTCF
binding, lack of cyclin-dependent kinase 8 (CDK8) recruitment, and
an attenuation of RNA polymerase Il phosphorylation at serine 5.
Phenotypically, knockdown of TFlI-l alters the cellular response to
metabolic stress. Our data indicate that TFll-l directs CTCF binding
to target genes, and in turn the two proteins cooperate to recruit
CDK8 and enhance transcription initiation.
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roper epigenetic programming is essential for cell and system

homeostasis. Disruption of this code through aberrant his-
tone modification and DNA methylation can result in a transi-
tion toward numerous disease states. The epigenetic regulatory
protein CCCTC-binding factor (CTCF) has been shown to co-
ordinate epigenetic processes on multiple levels, including nu-
cleosome arrangement, histone modification, and DNA methylation,
as well as mediating chromosomal interactions in cis and in trans
(1-3). Additionally, CTCF has a more direct influence on tran-
scription; 7-14% of CTCF sites are found within promoter proximal
regions (4). Functionally, there is evidence that CTCF acts primarily
as a transcriptional activator in these cases, and it is unclear that its
transactivating capabilities are dependent on epigenetic pro-
cesses (5-8); when bound within exonic regions, it promotes
polymerase II (Pol II) pausing (9), adding another level of tran-
scriptional regulation to its repertoire.

How can one protein participate in such disparate cellular
activities? One theory is that through modulating epigenetic
marks and mediating chromosomal loops, CTCF may act upon
all of these processes (10, 11). Another idea is that CTCF forms
multiple, distinct protein interactions within the nucleus, and
these protein interactions mediate the disparate biological out-
puts (12, 13). Further, it is possible that proteins associated with
CTCF mediate many of the epigenetic and chromosomal orga-
nization responsibilities of CTCF (14-16). For example, trans-
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activating factors, including the transcriptional repressor protein
YY1 (Yyl) and Y box-binding protein 1 (Ybx1), have been dem-
onstrated to act cooperatively with CTCF to regulate transcription
(17, 18). CTCF also cooperates with cohesins and core transcrip-
tion factors, such as TAF3, to mediate long-range chromatin
interactions (19), and with nucleophosmin to spatially organize
CTCF within the nucleus (20). In Drosophila, the intriguing ob-
servation was made that depletion of the CTCF partner centro-
some-associated zinc finger protein (CP190) resulted in a reduced
pool of CTCF associated with chromatin (21). An elegant study
mapping the sequence specificity of the 11 zinc finger proteins of
CTCF found that flanking sequences could influence CTCF
binding through an unknown mechanism (22). These flanking
sequences do not target CP190 because there is no human ho-
molog. Together, these studies strongly suggest partner proteins
may not only modulate CTCF function, but also cooperate with
CTCF to define its binding sites. However, to date, proteins
modulating the site-specific interaction of CTCF with chromatin in
mammalian cells has been lacking.

Significance

CCCTC-binding factor (CTCF) is an epigenetic regulatory pro-
tein that is not only functionally diverse, but is also targeted
to highly diverse DNA binding sites. CTCF cooperates with
accessory proteins to achieve various functional outputs. Fur-
ther evidence in Drosophila shows that CTCF may also be tar-
geted to chromatin via accessory proteins. The identity of such
mammalian proteins remains elusive. Herein, we describe evi-
dence that the transcription factor general transcription factor
II-I (TFII-I) targets CTCF binding to metabolism-related genes
across the genome. We find that TFll-I regulates the transcrip-
tion of genes within this network on the level of initiation via
RNA polymerase Il phosphorylation. These results provide
a starting point for understanding a biological network com-
municating information between chromatin architecture, tran-
scription, and metabolism.
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Here, CTCF immunopurification and biochemical fraction-
ation were used to identify CTCF interacting partners. Among
these, we focused the current study on defining the relevance of
the interaction between CTCF and general transcription factor
II-I (TFII-I). TFII-I is a basal transcriptional factor that has the
ability to bind to core promoter elements such as pyrimidine-rich
initiator (Inr) element sequences, as well as upstream regulatory
elements (E-box) (23). It has been proposed that TFII-I can
function both as a basal transcriptional factor and an activator that
can interact with complexes assembled at upstream regulatory
sites (24). In some contexts, the trans-activating activity of TFII-I is
regulated by tyrosine phosphorylation in response to mitogenic
signals (25, 26). Thus, TFII-I activity may provide a link between
the extracellular environment and genes necessary to respond to
the cellular milieu.

Using TFII-I knockdown (TFII-I KD) cells we show that TFII-I
is responsible for targeting CTCF to promoter regions genome
wide. This targeting is enriched at genes involved in metabolism.
We conclude that coordinated gene regulation by TFII-I and
CTCEF is important for mediating transcription initiation at tar-
get genes, and phenotypically for mediating the antiproliferative
response imposed by nutrient deprivation.

Results and Discussion

We previously observed strong binding between CTCF and
known protein partners in MDA-MB-435 cells (27). Therefore,
we decided to look for previously unidentified CTCF interacting
proteins from these cell lysates, spiked with recombinant CTCF,
using an affinity purification approach followed by mass spec-
trometry. For these experiments, conditions were sufficiently
stringent that low background binding was observed in IgG
controls by Coomassie blue staining (Fig. S1). However, the
detection limit of Coomassie is 100 ng (28), so the data does not
exclude the capture of contaminants by IgG controls below this
threshold. Liquid chromatography/MS (LC/MS) of the purified
proteins revealed several previously identified proteins (in-
cluding YY1, Ybxl, Topoll, Npm, and Ubtf) and uncovered
TFII-I as a novel CTCF binding partner (Fig. 14). Binding to
TFII-I was validated by coimmunoprecipitation (co-IP) and re-
verse co-IPs (Fig. 1 B-D) using lysates from cells of three tissue
types (MDA-MB-435, HCT116, and WEHI-231). We observed
a robust interaction between CTCF and TFII-I in all cell types
tested, even in the presence of nucleases. Exposure of lysates to
RNase did mitigate the interaction between CTCF and DEAD box
protein 5 (DDXS) as previously reported (Fig. 1C) (16). CTCF
bound the two most abundant TFII-I isoforms of TFII-I (f and A)
with comparable affinity (Fig. S2). Deletion mutations of CTCF
revealed multiple domains were capable of mediating the in-
teraction between CTCF and TFII-I (Fig. S2). The zinc finger
domain of CTCF does not interact with TFII-I, indicating this in-
teraction is not solely dependent on binding to DNA, consistent
with our Co-IP data incorporating nucleases. Similarly, a multido-
main interaction profile was observed between CTCF and the
transcription factor YY1 (17).

The interaction of CTCF with TFII-I was also supported using
confocal microscopy to show colocalization of TFII-I and CTCF
within MDA-MB-435 cells (Fig. 1E). Volocity software was used
to quantify pixel colocalization within the two channels used to
detect CTCF (green; Alexa Fluor 488) and TFII-I (red; Alexa
Fluor 594) for Z-series confocal data (29). The Volocity-calcu-
lated Pearson correlation coefficient of 0.85 indicates a signifi-
cant degree of 3D colocalization (1.0 = 100% overlap of signal).

We previously showed the CTCF binding partner TopolIf
localized to only a subset of CTCF targets, suggesting the exis-
tence of distinct CTCF complexes (27). Consistent with a pre-
vious report (30), we find size-exclusion chromatography cannot
separate CTCF into distinct complexes because CTCF-contain-
ing elutions are constrained to sizes above 1 MDa (Fig. S3); this
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suggests CTCEF is integrated into at least one large multiprotein
complex. To probe for biochemically distinct CTCF complexes,
we fractionated CTCF from cell extracts using column chroma-
tography, with the final step in our purification scheme using
DNA cellulose as a binding matrix (Fig. 1F). This approach
showed CTCF is indeed integrated into biochemically distinct
complexes that have unique affinities for DNA. This biochemical
separation also served to validate our mass spectrometry data, as
TFII-I copurified with CTCF, primarily contained within a single
CTCF complex.

Knockdown studies show CTCF primarily acts as a positive
regulator of target genes (6), and we surmised that CTCF may
cooperate with TFII-I to regulate the production of target
transcripts. TFII-I was originally found as a component of the
basal transcription machinery (24), but its binding at target genes
may also be mediated by growth signals (26, 31), as is commonly
seen with other trans activators. Thus, the interaction between
TFII-I and CTCEF represents a novel link between the extracel-
lular environment and epigenetic organization.

To test the possibility that CTCF and TFII-I may cooperatively
regulate expression of common target genes, we first identified
genes whose expression are modulated by TFII-I through micro-
array analysis of mRNA from TFII-I KD cells (32) (Fig. 24). A
panel of the top hits from our microarray data was validated by
conventional RT-quantitative PCR (RT-qPCR; Fig. 2B). We
identified 500 genes differentially regulated between the control
and the TFII-I KD cells (TOP500: fold change KD vs. CT > 1.6
and P < 0.05). Attesting to the specificity of this data, the TFII-I
coding gene (Gtf2i) was the top gene down-regulated. To func-
tionally categorize these genes, we performed functional anno-
tation, Gene Ontology (GO) and pathway (KEGG) analysis.
Of the genes regulated by TFII-I, over 75% are predicted to
be involved in metabolism (Fig. 2C). KEGG pathway analysis
also showed a significant enrichment for transcripts involved
in metabolic processes, with 46 metabolic genes regulated by
TFII-I being predicted to function in the same pathway (Fig.
2D; P = 0.0002).

One of the genes identified by microarray and down-regulated
in TFII-I-depleted cells was the cyclin-dependent kinase in-
hibitor 2A (Cdkn2a™”) (Fig. 2B). This tumor suppressor gene was
previously shown to be transcriptionally regulated by CTCF (27)
and therefore might prove a suitable model to study cooperativity
between TFII-I and CTCF. ChIP shows both proteins colocalize
to the Cdkn2a™ promoter region (Fig. 34). As expected, TFII-I
binding was lost in knockdown cells (Fig. 34), but surprisingly,
CTCF binding was significantly diminished as well (P < 0.05; Fig.
3A4). This loss was not generalized to all CTCF binding sites in
tumor suppressor genes, because binding at the zinc finger
MYND domain-containing protein (Zmynd10) was undisturbed
(Fig. 3B).

To ensure that depletion of TFII-I was directly responsible for
the loss CTCF binding at Cdkn2a™, we reconstituted our TFII-I
knockdown cells with exogenous TFII-I (B and A isoforms) (26)
and probed for CTCF binding by ChIP. CTCF binding was indeed
restored at the Cdkn2a™ promoter in the TFII-I knockdown
complemented with exogenous TFII-I (Fig. 3C).

In Fig. 3D, we show that depletion of CTCF also regulates
Cdkn2a™ and other TFII-I target genes, including ketohexo-
kinase (Khk), pyruvate dehydrogenase (Pdhb), and glutamate
dehydrogenase 1 (Gludl), in a similar manner to what is ob-
served post-TFII-I knockdown (Fig. 2B). Our data indicate
CTCF binding is targeted by TFII-I and further support a co-
operative role between CTCF and TFII-I to transcriptionally
regulate a subset of genes.

It was not technically feasible to quantify TFII-I binding to
DNA upon CTCF knockdown because the loss of CTCF com-
promised the cellular pools of TFII-I (Fig. S4). This result indi-
cates there is a feedback loop whereby CTCF and TFII-I regulate
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Fig. 1. CTCF interacts with transcription factor TFIl-l. (A) Mass spectrometry analysis of CTCF interacting proteins from MDA-MB-435 cells reveals association
with known cofactors and a novel partner, TFlI-l. Peptide number, Mascot, and emPAl scores were calculated using Matrix Science software. (B) Forward and reverse
co-IP of MDA-MB-435 extracts using anti-CTCF and TFlI-| antibodies. Inputs represent 2% of immunoprecipitated material. Treatment of extracts with nucleases (DNase
and RNase) showed the interaction between the two proteins is independent of nucleic acids. (C) Interaction between CTCF and TFlI-l was assessed by co-IP (forward
and reverse) using HCT116 lysates. DDXS5 interacts with CTCF in an RNase-dependent manner. (D) Interaction between CTCF and TFIl-l was assessed by co-IP (forward and
reverse) using WEHI-231 lysates. (E) (a-d) MDA-435 cells were grown on coverslips, fixed, and stained for confocal microscopy. Antibodies against TFII-I (secondary, Alexa
594, red) and CTCF (secondary, Alexa 488, green) were used to bind endogenous proteins, followed by visualization using secondary antibodies. (Scale bar: 10 um.) (e—g)
Top-down and rotated view of stained cells. Large panel (y-x) is top-down, small panels (y—z, Left) and (z—x, Top) show view rotated along designated axis. The
intersecting lines point to an example of colocalizing clusters. (Scale bar: axis, 3 pm.) (h) Volocity-generated scatter plot of CTCF and TFI-Il intensities with calculated
Pearson correlation coefficient of 0.855. (i-) Same experiment as in a—d except with the omission of the primary antibodies. (Scale bar: 10 pm.) (F) Biochemical sep-
aration of CTCF-containing complexes by column chromatography. Immunoblotting for CTCF eluents demonstrate integration of CTCF into multiple protein complexes
on DNA. (Left) Purification scheme and a representative silver-stained gel of the DNA cellulose purified fraction 9. (Right) Western blotting for proteins copurifying with
CTCF after separation on a DNA cellulose matrix, as well as noneluted proteins (Parp-2 and SP1). Proteins copurifying with CTCF were eluted in fractions 9 and 17.
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Fig. 2. Microarray profiling of genes regulated by TFII-I. (A, Left) Heat map of three independent WEHI-231 RNA samples from scrambled control (shctl) and
TFII-1 KD cells. Only those genes showing minimally a 1.6-fold change between the control and the TFIl-I KD samples and P < 0.05 are represented. (Right)
Western blot of TFIl-I levels from ctl and TFII-I KD. (B) RT-qPCR validation of a subset of the genes identified differentially expressed between ctl and TFIl-I-
depleted cells. Relative mRNA levels were calculated by 272" method and normalized to p-actin. Error bars represent SEM from at least three independent
experiments (two-tailed Student t test, ***P < 0.05, ****P < 0.01). (C) Pie chart of GO analysis performed for the TOP500 genes (fold change >1.6 and P < 0.05). (D)
Pathway analysis using KEGG was performed on the TOP500 genes differentially expressed. List of 46 genes found in a single metabolic pathway (P = 0.00017).

each other through complementary mechanisms. Loss of TFII-I
results in altered targeting of CTCF to chromatin. Comparably,
when CTCF expression is lost, TFII-I protein levels diminish.
Thus, each protein is dependent on the other for full activity.

CTCF has epigenetic insulator activity, being capable of pre-
venting the spread of repressive histone modifications such as
H3K27me® (4, 33) and enabling the local accumulation of acti-
vating marks such as histone acetylation and the histone variant
H2A.Z (27, 33, 34). Therefore, we investigated whether the
diminished Cdkn2a™ expression and decreased CTCF binding
we observed after TFII-I KD was concomitant with changes to
the epigenetic landscape. No significant changes of the re-
pressive mark H3K27me® or the activating marks H2A.Z and
H3K27Ac were observed (Fig. 3E).

Eukaryotic transcription initiation is a dynamic and complex
process requiring the association of general transcription factors
to form a preinitiation complex (PIC) at promoter regions as an
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initial step (35). Once this complex has been established, and
RNA Pol II is recruited, RNA Pol II is able to clear the proximal
promoter and initiate mRNA synthesis after it is phosphorylated
at serine 5 residue of the C-terminal domain (CTD) on the
largest RNA Pol II subunit (36, 37). This phosphorylation event
is actively removed and replaced by serine 2 phosphorylation
during the elongation phase of transcription. CTCF has been
implicated in the recruitment of RNA Pol II to target genes (5),
and TFII-I is known as a transcription initiation factor (24), so
we next looked at RNA Pol II recruitment to the Cdkn2a™”
promoter. Total RNA Pol II association with the Cdkn2a™”
promoter was consistent between the control and knockdown
cells (Fig. 3E), suggesting the transcriptional regulation lies
downstream of PIC formation and RNA Pol II recruitment.
Analysis of serine 5 phosphorylation of RNA Pol II revealed
a substantial decrease of this modification upon TFII-I KD
(Fig. 3E). RNA Pol II phosphorylation on serine 5 is required for

Pefa-Hernandez et al.
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Fig. 3. TFIl-l knockdown impairs CTCF binding at Cdkn2a/Arf promoter. ChIP analysis of TFll-l and CTCF at Cdkn2a/Arf-p16 locus (n = 3, two-tailed Student t

test, ***P < 0.05; A) or Zmynd10 gene (n = 3; B) in control (shctl) and (TFIl-I KD)

cells. (C) ChIP of CTCF at the Cdkn2a/ARF locus in control, TFIl-I KD, and TFII-I

KD + exogenous TFIl-I. Western blot of TFIl-I in the control, TFIl-l KD, and TFll-l-complemented cells (n = 3). (D) RT-qPCR of TFIl-l identified target genes in
control and CTCF knockdown cells from at least three independent experiments. Relative mRNA levels were calculated by 272" method and normalized to
Ftl1 (two-tailed Student t test, ****P < 0.01). Western blot of CTCF in control and knockdown cells with and without exogenous TFII-I. (E) ChIP-qPCR of H2A.Z,
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ARF locus in control and TFIl-1 KD cells. Relative enrichment was calculated fold Ab over no Ab. For all graphs, error bars represent SEM.

transcription initiation, and its loss can explain the reduction in
transcriptional output of the Cdkn2a™” transcript.

Next, we wanted to identify the kinase responsible for RNA
Pol II modification when Cdkn2a™” is bound by TFII-I and
CTCEF. Serine 5 of the RNA Pol II CTD heptad repeat is pri-
marily targeted by the cyclin-dependent kinase 7 (CDK7) and
cyclin-dependent kinase 8 (CDKS8) (38-42). Though we did not
observe any change in association of CDK7 at the Cdkn2a™"
proximal promoter after TFII-I KD, CDKS8 binding was clearly
disrupted (Fig. 3E). We propose that CTCF and TFII-I cooperate
to form a scaffolding complex required for the efficient re-
cruitment of the CDKS8 complex to the Cdkn2a™ promoter.
Because CTCF binds other core transcription factors, such as
Taf3 (43), it is possible that CTCF and TFII-I integrate into a larger
scaffolding complex at core promoter regions enabling the re-
cruitment of CDKS8. This may be similar, or identical, to the scaf-
folding complex previously shown to promote reinitiation (44).

Pefia-Hernandez et al.

To explore whether TFII-I might be involved in directing
CTCEF to binding sites genome wide, we carried out ChIP se-
quencing (ChIP-seq) experiments to evaluate CTCF binding to
genomic DNA in control (ctl) and TFII-I KD cells. Of the 24,169
CTCEF peaks identified in these experiments, 6,978 were lost in
the absence of TFII-I (P = 0.03), consistent with the data we
collected using the Cdkn2a™" promoter as a model (Fig. 4 4 and
B). Distribution analysis revealed that CTCF was primarily dis-
placed from promoter and proximal upstream regulatory regions
(Fig. 4 C and D). Of the 3,986 CTCEF sites located within +3 kb
of a transcription start site, 777 were lost, using a stringent cutoff
of 3.7-fold loss of sequence tags at a given site (Fig. 4E). Visu-
alization of our ChIP-seq data at the Znf219 locus using the
University of California Santa Cruz (UCSC) genome browser
highlighted the specificity of CTCF at promoter regions. Here,
CTCEF sites were found at the 5’ regulatory region, the proximal
promoter and within multiple exons. Of these, only CTCF binding
at the proximal promoter was dependent on TFII-I (Fig. 4F).
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Recently, a genome-wide screen of TFII-I binding sites was
carried out using the K562 cell line as a model (23). We aligned
these sites with CTCF binding sites from the same cell line using
publicly available Encode data. We find 20% of TFII-I sites lo-
calized near transcription start sites are cooccupied by CTCF
(Fig. S5), whereas CTCF can be found at less than 10% of TFII-I
sites bound outside promoter proximal regions. Again, this
overlap underscores the potential importance of cooperativity
between CTCF and TFII-I.

Next, we compared overlap between genes regulated by TFII-I
from our microarray data with gene promoters where CTCF
binding was occluded after TFII-I KD. This analysis revealed
that of the 519 genes significantly changed upon TFII-I KD (fold
change >1.6, P < 0.05), ~219 genes have a CTCF binding site,
and of these, 58 genes have a loss of CT'CF binding in TFII-I KD
cells (Fig. 4G). Overall, our data predict that TFII-I directs CTCF
binding primarily to promoter regions, concordant with its own
role as a general transcription factor. CTCF has previously been
shown to facilitate the binding of UBTF to ribosomal DNA (30),
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but to our knowledge TFII-I is the first mammalian factor shown
to enhance the association of CTCF to chromatin. In Drosophila,
the introduction of deletion mutations to the insulator protein
Cp190 virtually abolished CTCF binding to polytene chromo-
somes (21). Thus, there is a precedent for zinc finger proteins
directing CTCEF to target sites. Recently it was demonstrated that
sequences flanking core CTCF binding elements influence CTCF
binding in vivo (22). Cooperative loading of CTCF and protein
binding partners onto chromatin may explain this phenomenon.
Our GO analysis of the 777 genes where CTCF binding was
displaced after TFII-I KD showed enrichment for genes involved
in metabolic processes (Fig. 4H); this is highly consistent with our
GO and KEGG pathway analysis of genes regulated by TFII-I
(Fig. 2 C and D). As a model, we showed that CTCF binding to the
Cdkn2a™ Tocus is lost after TFII-I KD (Fig. 3), and our ChIP-seq
data reveals that this model is extended to other CTCF targets,
including the metabolic genes Khk and PdhB (Fig. 54). Mechanis-
tically, TFII-I controlled metabolic genes in a similar fashion, as we
saw at the Cdkn2a™ locus. At the Khk gene, where TFII-I targets
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CTCEF to the proximal promoter (Fig. 5), we see that TFII-I KD has
little impact on total RNA Pol II recruitment or epigenetic modi-
fication. However, similar to our data at the Cdkn2a™” gene, both
CDKS recruitment and serine 5 phosphorylation of RNA Pol II are
compromised in TFII-I knockdown cells (Fig. 5B). This data also
suggests that the position of CTCF binding relative to the tran-
scription start site may greatly influence its role in the transcrip-
tional process. Our data indicates proximal promoter bound CTCF
acts as an activator of initiation, whereas other reports have dem-
onstrated CTCF bound within exonic regions acts as a negative
regulator of transcription through enhanced pausing (9, 45).
Because of the link between TFII-I and genes involved in
metabolism, we wanted to test TFII-I KD cells for an altered
response to nutrient deprivation. Glucose represents one of the
principle sources of cellular energy, and we see the altered ex-
pression of several genes that might alter the utilization of glu-
cose as a fuel source after TFII-I KD, including PdhB, a key
mediator of glycolytic flux, and other genes that may impact flux
within the tricarboxylic acid cycle (TCA) cycle, such as Me2. This
finding prompted us to compare the growth of control and TFII-I
KD cells under conditions of low glucose. TFII-I KD cells display
a survival advantage over control cells, when grown in low glucose
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(Fig. 64). TFII-1 KD cells underwent less cell death in this nutrient-
depleted environment as evidenced by a strikingly lower sub-G1
population (Fig. 6 B and C). Cell death was further confirmed
through the use of Annexin V staining. Here, we observed that 2 d
in low glucose led to more control cells positive for Annexin V
staining than TFII-I knockdown cells (Fig. 6 D and E), again in-
dicating TFII-I knockdowns are more adaptive to metabolic stress.

Another key energy source is the amino acid glutamine. There
are multiple pathways through which glutamine can be metab-
olized for energy production. One key pathway is the conver-
sion of glutamine to a-ketoglutarate by Gludl, which provides
a-ketoglutarate for subsequent utilization by the TCA cycle.
Because we see lower levels of the Glud! transcript in TFII-I KD
cells we examined the response to glutamine deprivation. Again,
we see TFII-I KD cells are adaptive to these conditions and show
much less sub-G1 content (Fig. S64). Even under conditions of
low glucose and glutamine deprivation, TFII-I KD cells are re-
sistant to cell death (Fig. S6B). Recently, it has been shown that
cancer-specific mutations of TFII-I increase cell proliferation
(46). Though it remains to be proven, it is also possible that loss
of function GTF2i mutations may disrupt metabolic homeostasis
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to provide a survival advantage that is distinct from its previously
described role in proliferation (47, 48).

Cancer cells undergo substantial metabolic reprogramming to
enable high rates of proliferation and survival in a less-than-ideal
environment. Among the many changes already characterized is
decreased expression of KAk in renal carcinomas (49), a gene which
we show here is dependent on TFII-I for proper expression. In the
future, we will explore whether TFII-I or CTCF binding to such
genes is compromised leading to diminished expression in cancers.

Herein, we show that TFII-I is a key regulator of metabolic
gene expression, and we propose that this effect is mediated, at
least in part, by promoting CTCF binding at the promoter region
of a subset of these genes. Our data indicate TFII-I and CTCF
cooperate to promote CDKS recruitment and Pol II phosphoryla-
tion on serine 5. Intriguingly, CDKS8 recruitment to early response
genes has been documented in response to various extracellular
signals, including hypoxia, serum, and hormones (50-52). It will be
important for future studies to probe the possibility that extracel-
lular signals known to modify TFII-I activity impact the transcrip-
tion of metabolic regulatory genes through the TFII-I/CTCF/CDK8
axis described herein.

Materials and Methods

Cell Culture and Growth Curves. WEHI-231 control and WEHI-231 TFIl-I
knockdown cell lines were a generous gift of A.L.R., and were cultured as
previously described (32). MDA-MB-435 and HCT-116 cells were cultured in
RPMI and DMEM, respectively, supplemented with 10% (vol/vol) FBS. For
proliferation assays, 2 x 10° WEHI-231 control and KD cells were cultured in
2.5 mL of DMEM with 25 mM (high) or 5 mM (low) glucose + glutamine and
5% (vol/vol) FBS. Cells were counted at 24 and 48 h, and cell viability was
evaluated by trypan blue exclusion assay.

Generation of CTCF Knockdowns. shRNA against mouse CTCF was purchased
from Sigma (SHCLNG-NM_181322). Briefly, virus was packaged in Hek293T
cells. The 5.5 x 10° cultured cells were transfected with 5 pg of packaging
vector Pax2, 2 pg of envelope vector MD2G, and 7 pug of shRNA against CTCF
using 42 pg of polyethylenimine (PEl; 1 mg/mL). The mix of PEl and plasmid
DNA was prepared in DMEM without FBS and incubated at room temper-
ature (RT) for 15 min. After this time, the transfection mix was added to the
cells and viruses were collected 72 h after transfection. For infection of CTCF
shRNA viral supernatants into WEHI-231 cells, 0.3 x 106 cells/mL were seeded
in six-well dishes and 500 pL of virus were added along with 8 pg of hexa-
dimethrine bromide (Polybrene; 4 mg/mL). At 24 h post initial infection,
a second round of infection was carried out. After 72 h of initial infection,
cells were selected with 0.5 pg of puromycin for 48 h and then collected.

Antibodies. Primary antibodies used for co-IP and ChIP were as follows: rabbit
polyclonal anti-CTCF catalog no. 07-729 (Millipore); mouse anti-TFll-l catalog
no. 610942 (BD Biosciences); rabbit polyclonal anti-H2A.Z catalog no. 07-594
(Millipore); rabbit polyclonal anti-RNA Pol Il catalog no. sc-9001 (Santa Cruz);
mouse monoclonal anti-RNA Pol Il phosphor-Ser5 H14 catalog no. MMS-143R
(Covance); rabbit polyclonal anti-H3K27ac catalog no. 07-360 and H3K9ac
catalog no. 07-352, and rabbit polyclonal anti-H3K27me3 catalog no. 07-449
(Millipore); goat polyclonal anti-CDK8 catalog no. sc-1521 (Santa Cruz Bio-
technology); anti-Flag M2 Affinity gel catalog no. A2220 (Sigma). For Western
blot, mouse monoclonal anti-Flag catalog no.1804 (Sigma); rabbit polyclonal
anti-DDX5 catalog no. ab21696 (Abcam); mouse anti-TFll-I catalog no. 610942
(BD Biosciences); mouse monoclonal anti-CTCF catalog no. 612149 (BD Bio-
sciences); mouse monoclonal anti-Actin (H-6) catalog no. sc-376421; rabbit
polyclonal anti-Sp1 (H-225) catalog no. sc-14027, mouse monoclonal nucleolin
(c23) catalog no. sc-8031, and mouse monoclonal anti-B23 Nucleophosmin
catalog no. sc-47725 (Santa Cruz Biotechnology). Rabbit polyclonal anti-parp1
catalog no. 9542S was from Cell Signaling Technology and rabbit polyclonal
anti-Parp 2 catalog no. ab93841 was from Abcam.

Cell Cycle and Flow Cytometry Analysis. Briefly, cells cultured under high- and
low-glucose conditions were washed in 1x PBS with 3% FBS and spun down
for 5 min at 635 x g. Cells were fixed in ethanol at 75% in PBS and stored at
4 °C. Before propidium iodide staining, cells were centrifuged to remove
fixation media and washed in 1x PBS with 3% FBS followed by overnight
staining. Before FACS analysis, cells were resuspended in 300 pL of fresh
propidium iodide and analyzed in BD FACSCalibur. For apoptosis analysis,
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Annexin V-CF633 (Biotium) staining protocol was followed per the manu-
facturer’s instructions, and analysis was carried out using FlowJo software.

Mass Spectrometry and Protein Sequencing. MDA-MB-435 whole-cell extracts
spiked with 1 pg recombinant CTCF were subject to immunoprecipitation (IP)
with rabbit polyclonal anti-CTCF. Immunoprecipitated proteins were re-
solved by SDS/PAGE and visualized with Coomassie blue staining. Coomassie
blue-stained protein bands were excised and subjected to disulfide re-
duction and alkylation. Trypsin-digested samples were injected onto nano-
HPLC system with a C18 capillary column. Peptides were eluted with a linear
gradient from 5% to 45% acetonitrile and effluent was electrosprayed into
the LTQ mass spectrometer. The mass spectrometer was operated in data-
dependent mode to automatically switch between survey MS and MS/MS
acquisitions. The conventional MS spectra (survey scan) were acquired in the
Orbitrap at a resolution of 60,000 followed by three MS/MS scanning, pep-
tide charged over 10,000 were kept for sequencing. MS/MS spectra were
searched against an IPI human database (IPl version 3.24) using Mascot
(version 2.3.2; Matrix Science); the threshold of parental and ionic fragment
were set at +£0.4 and 0.1 Da, respectively. Manual inspection of all MS/MS
spectra for modified peptides was performed to validate assignments.
emPAl scores are dependent on the number of observed peptides divided by
the number of observable peptides (53) and calculated using Matrix Science
software (emPAl = 10P' — 1, where PAI is the number of observed peptides
divided by the number of observable peptides). Mascot scores were calcu-
lated using Matrix Science software.

Column Chromatography. All procedures were performed at 4 °C, and all
chromatography matrices were purchased from GE Healthcare Bio-Sciences.
Flow rate was 0.5 mL/min except for DNA Cellulose, which was set at 0.1 mL/min.
Hela whole-cell extracts were sonicated and diluted 10-fold in binding
buffer [25 mM Hepes (pH 7.6), 50 mM KCl, 10% glycerol, 12.5 mM MgCl2,
and 1 mM DTT]. Phosphocellulose p11 column (cation exchange) was pre-
pared according to the manufacturer’s instructions and equilibrated with 2x
column volume with binding buffer. The diluted cell extract was applied to
column, and washes were performed with 2x column volumes of binding
buffer. The retained proteins were eluted with increasing concentrations of
KCL. The eluted fractions were combined and salt concentration and pH were
adjusted before loading to Q-Sepharose (anion exchange). After washes,
a gradient of linearly increasing salt concentration was applied to elute the
sample components from the column. The eluted protein fractions were
pooled and loaded on DNA cellulose column (native double-stranded calf
thymus DNA cellulose). DNA cellulose column was prewashed before use in
20 mM Tris-HCl (pH 8.0), 50 mM KCl, 10% glycerol, 1 mM MgCl2, 1 pM ZnCl2,
and 1 mM DTT. After washing the column extensively, the bound proteins were
eluted with the above buffer containing increasing concentrations of KCL.

Confocal Microscopy. MDA-MB-435 cell monolayers grown on glass coverslips
in six-well plates were washed twice with 1x PBS and fixed at RT in 1% PFA
containing 0.25% Triton X-100 for 15 min. The cells were then washed twice
with PBS and blocked in blocking buffer (1x PBS, 1% BSA, 2% normal goat
serum) for 60 min. Antibodies targeting CTCF (BD Biosciences catalog no.
612149; 1:50), TFII-I (Cell Signaling Technologies; catalog no. 4562; 1:200)
were then added directly to the blocking buffer and incubated overnight.
The cells were then washed three times in 1x PBS and incubated in blocking
buffer containing respective Alexa-conjugated secondary antibodies (Invi-
trogen; 1:1,000) and incubated for 1 h at RT. The cells were then washed
three times in 1x PBS and mounted on slides with VectaShield containing
DAPI. Images were captured using a 60x oil-immersion objective on the
Wave FX spinning disk confocal microscopy system (Quorum Technologies)
and analyzed using Volocity. Intensity scatter plot and corresponding Pear-
son correlation coefficient for CTCF and TFIl-I double-stained cells were
generated using Volocity.

Western Blot. Cell were lysed with whole-cell lysis buffer [20 mM Tris (pH 7.5),
420 mM Nacl, 2 mM MgCl,, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40,
0.5% Triton] supplemented with fresh 1 mM DTT and PMSF and protease
and phosphatase inhibitor mixture, BGP, P8340, and NAF. Whole-cell lysis
buffer was added 2x the volume of the cell pellet and left on ice for 25 min.
Lysates were centrifuge at top speed at 4 °C and supernatant was collected
and transferred to a new tube. Protein concentration was measured by
Bradford assay. A total of 35 pg of protein were loaded into 8% acrylamide
gels and transfer was done overnight at 30 V at 4 °C. Membranes were
washed three times with Tris-buffered saline with Tween (TBST; Tris base
20 mM, NaCl 137 mM, and 0.1% Tween 20) for 5, 10, and 15 min. Membrane
was blocked with 5% milk in TBST and incubated with primary antibody
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overnight at 4 °C. After primary antibody incubation, membrane was
washed as previously described and incubated with secondary antibody for
1 h at room temperature. Western blot was revealed using a Clarity Western
Enhanced Chemiluminescence Kit (BioRad).

Gene Expression Analysis. Gene Elute Mammalian Total RNA kit (Sigma) was
used for RNA extraction following manufacturer instructions. The 1 pg at 50 ng/uL
of total WEHI-231 cell RNA were sent to Innovation Génome Québec for
microarray analysis. lllumina Beads technology was used (MouseWG-6_V2).
Microarray analysis was performed using Bioconductor package limma (54).
Validation of target genes identified was realized as followed: total RNA were
extracted with Gene Elute Mammalian Total RNA kit following manufacturer
instructions. cDNA was generated by reverse transcription using 1 pg of RNA.
Easy Script kit from ABM was used following manufacturer’s protocol. gPCR
reactions were carried out using SYBR Green dye from Promega with specific
primers at 50 pM concentration. Nascent mRNA was examined for COKN2B/Arf
after on-column DNase digestion and using primers spanning the first exon
and intron. gPCR primer sequences are listed in Table S1. Microarray data sets
are available from the Gene Expression Omnibus (GEO) database under ac-
cession no. GSE60915 (www.ncbi.nim.nih.gov/geo).

Co-IP. Cells were collected, washed with 1x PBS, and lysed as described above.
Protein concentration was quantified by Bradford assay, and 1 mg of protein
was used for IP. Protein lysates were diluted five times in IP buffer [20 mM
Tris (pH 7.5), 50 mM Nacl, 10 mM MgCl,, 2 mM EDTA, 0.5% Triton X-100],
and phenylmethylsulfonyl fluoride (PMSF) was added to avoid protein
degradation. Protocol for samples treated with nucleases (DNase and RNase)
was carried out as previously described (55). Lysates were precleared for 2 h
with Protein G agarose beads. After the preclearing stage, beads were
pelleted and supernatant was collected and transferred to a new tube
where antibodies were added and nutated overnight at 4 °C. Antibodies
were collected by adding fresh Protein G agarose beads and nutated at 4°
for 2 h. Beads were pelleted and the supernatant was discarded. The col-
lected beads were washed three times by adding 1 mL with IP buffer (100
mM Nacl) and centrifuged at 1,700 x g to pellet the beads. The final wash
was done with IP buffer containing 0.1% Triton X-100 and spun down at
2,700 x g. Proteins were eluted from the beads by adding 25 pL of 2x SDS
loading buffer [3M Tris (pH 6.8), 20% SDS, 100% glycerol, H,O, and bro-
mophenol blue] and heated at 100 °C for 10 min. Beads were again pelleted
and the resulting supernatant was loaded to acrylamide gel and blotted as
described above.

ChIP. WEHI-231 ctl and TFII-I KD cells were collected and cross-linked with 1%
formaldehyde in PBS for 10 min at room temperature. The cross-linking
reaction was stopped with 125 mM glycine, and the cells washed with 1x PBS
and stored at —80 °C until the assay was carried out. Cells were lysed and
DNA sheered by sonication in cell lysis/ChIP buffer [0.25% Nonidet P-40,
0.25% Triton X-100, 0.25% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH
8.0), 50 mM NaCl, 5 mM EDTA] 15 times for 15 s each. Lysates were centri-
fuged for 15 min at 20,000 x g at 4 °C, and supernatant was collected. A
total of 1 mg of protein was precleared for 2 h with Protein G agarose beads
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