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ABSTRACT
Drosophila genetic studies demonstrate that cell and tissue growth regulation is a primary
developmental function of P-element somatic inhibitor (Psi), the sole ortholog of FUBP family RNA/
DNA-binding proteins. Psi achieves growth control through interaction with Mediator, observations
that should put to rest controversy surrounding Pol II transcriptional functions for these KH domain
proteins.
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Preface

Here I provide an historical perspective on the
FUBP family of KH domain proteins in transcrip-
tion, starting »25 years ago with discovery of
FUBP1s single stranded DNA (ssDNA) binding
function, and implication in activating transcrip-
tion of the MYC oncogene.1-3 Despite the decades
that have passed, the transcriptional function of
the FUBP family remains somewhat controversial;
most literature attributes RNA-binding functions,
both as negative and positive regulators of mRNA
splicing, mRNA stability, mRNA export and
mRNA translation (reviewed in Ref. 4). The dogma
remains: RNA processing constitutes the primary
role of FUBP proteins, while interaction with
ssDNA to elicit transcriptional control is a lesser
function. Moreover, as evidence toward under-
standing FUBP1 function has been gathered pri-
marily using mammalian systems, where function
can be obscured by redundancy between multiple
family members, key physiologic roles have
remained unclear. Recent Drosophila genetic stud-
ies revealed a major developmental function of the
sole FUBP ortholog (Psi); interaction with the
RNA Polymerase II (Pol II) Mediator complex,
regulation of MYC expression and control of cell
and tissue growth.5

FUSE—a nuclease-sensitive site in theMYC
promoter modulates transcription

Even small changes in abundance of the MYC onco-
protein can significantly alter cell growth and prolifera-
tion,6 hallmarks of cancer. The interest in MYC
promoter regulation was fuelled by the observation that
translocated MYC alleles in Burkitt’s Lymphoma that
contain either truncated or mutated exon 1.7,8 Analysis
of the endogenous MYC promoter in human leukemia
cell lines revealed that induction of differentiation, and
transcriptional downregulation of MYC, was associated
with a block to Pol II elongation.9 The exon 1 mutation
prevents the Pol II block and leads to constitutive Pol
II read-through and elevated MYC.8,10-12

The complexity of the MYC promoter and regula-
tion by post-initiation release of paused Pol II reflects
the multitude of signaling inputs converging on MYC
transcription. As early studies found a correlation
between MYC promoter sensitivity to nuclease cleav-
age and expression levels,9,10,13 analysis of nuclease-
sensitive elements was used as a means to understand
integration of signaling inputs. Interestingly, of the
multiple regions containing sequence-specific binding
sites predicted for MYC regulators, only the region
1.5kb upstream of the P1 promoter lost binding activ-
ity, following induced differentiation and downregula-
tion of MYC expression.1 The term Far Upstream
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Sequence Element (FUSE) was coined for this region
of binding activity, which was most abundant before
the decrease in MYC associated with differentiation.
FUSE serves a positive role in MYC transcription as
deletion significantly reduces MYC-reporter activity,
but insertion of multiple copies of FUSE upstream, in
isolation, cannot stimulate the MYC promoter.1 Thus,
FUSE does not behave as a traditional enhancer, but
constitutes a non-canonical mechanism for transcrip-
tional control.

FUBP1—discovery based on function

Oligonucleotide affinity chromatography, from prolif-
erating/undifferentiated cell extracts, using the A–T
rich double stranded FUSE identified the Fuse Binding
Protein (initially FBP and recently renamed FUBP1).
Electrophoretic mobility-shift assay (EMSA) with oli-
gonucleotide probes only detected FUBP1 on the non-
coding strand; no significant complex formation was
observed with annealed double-stranded FUSE, for
the coding strand, nor using non-FUSE sequence sin-
gle-stranded oligonucleotide probes.2 FUBP1 binding
was dramatically decreased following induction of dif-
ferentiation and downregulation of MYC in leukemia
cell lines, consistent with preferential interaction with
the active MYC promoter. These observations were
difficult to navigate as initial analysis of the FUBP1
protein sequence2 revealed no significant homology
with known DNA-binding motifs, but identified the
“FBP repeat” (30-residue sheet-turn-helix repeats).
These repeat domains displayed homology with KH
domains found in heterogeneous nuclear ribonucleo-
protein complex (hnRNP) protein K,14 which was also
found upstream of the MYC P1 promoter on single
stranded CT elements.15 Deletion analysis revealed
that, although there were four KH domains, only two
were required for FUBP1 binding to FUSE. It was,
therefore, hypothesized that FUBP1 might bind two
DNA sites to enable promoter looping between the
FUSE and downstream Pol II regulatory factors, which
was indeed confirmed in future studies (discussed
below).

At the time of these studies, the dogma was
that transcription factors anchored to B-form cis
elements in promoters, via a sequence-specific
double stranded DNA-binding domain, while
their effector domain modified Pol II activity
through protein–protein interactions with the

transcriptional machinery. In contrast, the molec-
ular architecture of FUBP1 was certainly unusual,
being comprised of an array of KH domain
ssDNA binding motifs in quadruplicate and an
N-terminal activation domain. These revelatory
observations suggested that, in addition to con-
ventional dsDNA-binding transcriptional regula-
tors, activity of single-strand nucleic acid binding
proteins could drive Pol II activity. The concep-
tual challenges arising when non-conventional
functions are attributed to a given protein were
highlighted by the skepticism in the transcription
field toward FUBP1-dependent mechanisms for
transcriptional control.

FUBP1—a non-conventional transcriptional
regulator

At all promoters, melting of duplex DNA is obligatory
for Pol II entry and transcriptional initiation. DNase
sensitivity of the MYC promoter correlates with tran-
scription; increased MYC expression will result in
region-specific destabilization of B-DNA in torsionally
strained regions of the active MYC promoter.16 As
FUBP1 binds single stranded FUSE, the formation of
the FUBP1–DNA complex naturally requires prior
unwinding of the DNA helix, provided by the forward
movement of Pol II in the active MYC promoter that
will generate the energy required for FUSE melting
and FUBP1 binding. The studies in the mid-80s
revealed broad regions of specific SI nuclease (single-
strand nucleic acid) sensitivity in chromatin upstream
of the human MYC gene,9,10,13 but these sites had not
been mapped with sufficient accuracy to relate them
directly to the FUSE. Potassium permanganate reacts
preferentially with thymine in ssDNA, thus enabling
conformation to be determined with single-base reso-
lution. Permanganate mapping of the MYC coding
strand revealed hyperreactive thymidine residues in
FUSE, consistent with an open single strand extending
from FUSE toward P1.16 In contrast, the noncoding
strand was predominantly hyporeactive, particularly
protected were nucleotides in the DNA segment pref-
erentially bound by FUBP1 in vitro, i.e. consistent
with FUBP1 binding the single stranded noncoding
strand of FUSE in vivo.2

As the A–T-rich FUSE is contained within a region
of helical instability, strand separation associated with
melting and subsequent FUBP1 binding were
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predicted to drive supercoiling and generate torsional
energy within adjacent dsDNA strands.16 In vitro,
FUBP1 can force double strand separation of the
FUSE contained in supercoiled, not relaxed, double
stranded plasmid DNA, driving further opening at
distances over 2.8kb.3 As conversion of negatively
supercoiled plasmid to the relaxed form using Topo-
isomerase I (topo-I) abolished all strand melting, the
helical stabilization effect on FUSE in supercoiled
DNA is a result of non-B-DNA induced by FUBP1 at
the more distant sites. Bringing these data together,
promoter activity can, therefore, drive FUSE opening
and enable interaction with FUBP1, while the associ-
ated increase in Pol II transcription will permit tor-
sionally stressed, supercoiled DNA surrounding FUSE
to further drive DNA strand separation and facilitate
maximal MYC transcription. Thus, energy generated
from the torsional stress and supercoiling associated
with Pol II movement can be harnessed as a produc-
tive force in transcription. In context of chromatin-
associated FUSE, it had been speculated that because
non-B-DNA is incompatible with nucleosome bind-
ing, FUBP1 binding in vivo might require nucleo-
some-free regions.23 Nuclease sensitivity assays have
shown that when MYC transcription is off, there is a
nucleosome over FUSE that becomes mobilized after
promoter activation.16 It has been speculated that neg-
ative supercoiling propagated upstream might favor
nucleosome binding, while positive supercoiling from
a divergent promoter could also force the nucleosome
off, but fundamentally we do not know how this
occurs.

Twenty years ago, these concepts were rather
radical. To propose that transcriptional regulatory
proteins engaged with specific ssDNA structures in
promoters, rather than with double stranded
sequences, was controversial enough. To posit that
DNA itself was an instructive transcriptional force
raised further eyebrows, particularly at a time when
proteins were considered the engines of transcrip-
tion, with DNA being a mere landing site and tran-
scriptional template. Testament to the validity of
these concepts, not only has the regional DNA
melting and ssDNA binding activity originally
identified and modeled in MYC stood the test of
time,17-24 but genome wide technologies have
revealed non-B-DNA as an essential regulatory fea-
ture of all promoters.25-29

FUBP-interacting Repressor (FIR), the FUBP1
antagonist

The FUBP1 Interacting Repressor (FIR) blocks
FUBP1-dependent MYC transcription by dampening
XPB helicase activity of the general transcription fac-
tor (GTF) complex TFIIH,30 which is last to load pro-
moters and essential for Pol II promoter escape. Thus,
while FUBP1 maximizes release of Pol II, repression
of TFIIH by FIR late in the transcription cycle would
provide a mechanism to safeguard against inappropri-
ate or excessive signal-induced MYC activation. Evi-
dence for the FIR–XPB system ofMYC transcriptional
repression in vivo has been reported using Drosophila
models. The homolog of FIR, Hfp, interacts with the
XPB homolog (Hay) to decrease the rate of Pol II
pause release from the MYC promoter, and thus
inhibitMYC transcription, cell and tissue growth.31-33

The MYC promoter integrates multiple signaling
inputs; serum-stimulation of mammalian tissue culture
cells rapidly activates the endogenous MYC promoter.34

Elegant ex vivo Chromatin Immunoprecipitation (ChIP)
time-course experiments revealed the dynamic events on
the MYC promoter following mitogen-stimulated MYC
transcription.22 MYC enhancers and activators load first,
FUBP1 is subsequently detected before decreased Pol II
loading (i.e. Pol II release) and the peak in MYC
mRNA.22 Following theMYCmRNAmaximum, FUBP1
and FIR initially co-localize, and asMYC returns to basal
levels, FUBP1 exits and only FIR is detected on FUSE.22

Pol II depletion and maximal enrichment for FUBP1
occurring before the peak in MYC concurs with FUBP1
promoting the Pol II release required to hyper-activate
MYC transcription.

Developmental function of FUBP1

The function of FUBP1 during development is still rel-
atively obscure. Early studies demonstrated that
reduced FUBP1 is required for MYC expression and
proliferation in ex vivo cultured cells.35,36 Recent
FUBP1 gene trap37 and knockout studies38 revealed
essential functions in haematopoietic stem cell (HSC)
self-renewal, which is associated with anaemia and
embryonic lethality. Interestingly, MYC mRNA levels
vary drastically between individual ex vivo cultures of
FUBP1 knockout mouse embryo fibroblasts (MEFs)
harvested from different FUBP1 embryos.38 The rea-
son for this variability is currently unknown, but
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reduced FUBP1 binding on MYC might impair
recruitment of FIR and prevent MYC shut down.
Another possibility is redundancy and/or compensa-
tory activity by FUBP2 or FUBP3, which possess tran-
scriptional activation domains and bind FUSE,39 but
as FIR only binds the former,21 FUBP2 is most likely
to compensate for loss of FUBP1. Moreover, as
FUBP1 and 2 regulate common target genes, including
MYC,21 determining the phenotypic outcome of
FUBP1/2 double knockout, and whether FUBP1 loss-
of-function leads to heightened FUBP2 activity, will
be critical for clarifying the function of FUBP proteins
in mammalian development. Moreover, the RNA-
processing functions of FUBP family members
(mRNA translation, splicing and stabilization,
reviewed4) will also contribute to these complex phe-
notypes. Although the sequence and/or structure of
FUBP1s RNA targets are yet to be defined in vivo, we
predict differences in RNA and single-stranded DNA
binding affinity would provide FUBP1 further capac-
ity to integrate complex developmental signals.

Drosophila FUBP1/Psi interacts with mediator to
control tissue growth during development

The capacity of the MYC promoter to integrate devel-
opmental signals is fundamental for growth patterning
in multicellular animals, with connections between
signaling and MYC transcription best delineated in
Drosophila.40 Until recently, whether Psi (P-element
somatic inhibitor), the sole FUBP protein in flies, inte-
grated signaling to drive MYC transcription was
unknown. Psi has been ascribed functions modulating
splicing of transposable P-elements,41 a function that
cannot reflect evolutionary pressures as P-elements
only entered the Drosophila melanogaster genome
»50 years ago.42 Indeed, subsequent studies revealed
broader roles for Psi in pre-mRNA splicing, including
for many genes required for male courtship behav-
ior.43 Further to these RNA processing functions, and
in accordance with Psi behaving in a functionally anal-
ogous manner to FUBP1, recent studies revealed a key
role for Psi in sustaining developmentally regulated
MYC transcription and, thus, cell and tissue growth.5

Moreover, like FUBP1,44 Psi has potent transcriptional
activator capacity in vitro, mediated by conserved
tyrosine-rich domains (YM1 and YM2 repeats).5 The
Psi interactome is predominantly comprised of Pol II
transcriptional machinery (63% of the top 65

Psi-interactors). This included chromatin-remodeling
factors (32%) and gene specific transcriptional regula-
tors (12%), however, most Pol II interactors (56%)
comprised subunits of the Mediator (MED) complex.
MED is well known to interact with Pol II machinery
to integrate environmental and developmental cues
into transcriptional outcomes.45 Importantly, the
impaired growth phenotype associated with Psi deple-
tion is dependent on MED, being suppressed by
increased MED abundance or activity.

Psi is also required for maintaining MYC mRNA at
endogenous levels, with the latter being significantly
decreased following Psi knockdown, and the impaired
growth phenotype suppressed byMYC overexpression
and enhanced by co-knockdown. The potent modifi-
cation of the Psi knockdown phenotype by MYC over-
expression likely reflects MYC’s capacity to act as a
global transcriptional amplifier.46,47 In the context of
rapidly proliferating wing disk cells the major pro-
gram of MYC-modulated transcription will include
genes required for cell and tissue growth. In accor-
dance with MYC downregulation being due to
reduced transcriptional activity, Psi depletion
decreased enrichment of initiating Pol II (Ser 5 phos-
phorylated) and elongating Pol II (Ser 2 phosphory-
lated) on MYC. The observation that Psi activates
from a single DNA binding site within the minimal
promoter (as observed for FUBP144), compared with
most G4-activators that require tandem sites, suggests
Psi drivesMYC transcription downstream of pre-initi-
ation complex (PIC) assembly.

Current model for FUBP1/Psi function in
transcriptional control

Figure 1 combines observations from mammalian and
Drosophila systems to model the sequence of events
driving maximal MYC promoter activation. For basal
transcription, Pol II and the GTFs required to form
the PIC will load. In a signaling environment condu-
cive to MYC transcription, MED interacts with MYC
enhancers. MED stabilizes the PIC by recruiting
TFIIH, which phosphorylates the Pol II-CTD to drive
promoter clearance.48 Increased Pol II activity will
drive conformational changes in MYC, including
supercoiling to cause the torsional stress required for
FUSE melting and FUBP1/Psi binding. The latter will
also interact with XPB/TFIIH to enable promoter loop
formation between TSS and FUSE.22 As Psi complexes
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with MED’s inhibitory kinase module, we predict Psi/
FUBP1 will first interact with the preactivated MYC

promoter i.e. with the large MED complex still in resi-
dence. Structural changes in ssDNA following Psi/
FUBP1 loading will modulate promoter architecture
further to facilitate exit of the CDK8 module, thus
maximizing MED-driven Pol II activity and MYC
transcription. Subsequently, FIR/Hfp will be recruited
to the MYC promoter via binding to ssDNA, FUBP1
and TFIIH to facilitate FUBP1 exit, inactivation of Pol
II and return ofMYC to basal levels.

Concluding remarks and future vision

The concept of KH domain proteins interacting with
single-stranded DNA to instruct transcription has
been somewhat controversial—both in the transcrip-
tion field and in the RNA biology field. On the one
hand, the transcription community was sceptical of
RNA binding proteins being found on DNA, while
RNA biologists did not think these proteins should
regulate DNA behavior. Here, it is important to step
outside of these disciplines that have arisen from our
reductionist approach to biology, and draw perspec-
tive from the RNA world hypothesis, the most likely
origin of nucleic acid-based life.49 The most logical
scenario as organisms made the switch from the RNA
to the DNA world is the repurposing of available pro-
teins, an adaption that makes evolutionary sense i.e.
rather than make an entirely new set of proteins, the
cell adapts existing factors with the capacity to bind
and restructure RNA for emerging ssDNA functions.
The mounting evidence suggests one fundamental
adaption of the FUBP family of KH domain proteins
was the capacity to modulate ssDNA structure at key
promoters to control transcription.

The extensive biochemical data, generated over the
past 20 years, has enabled elucidation of the mecha-
nism by which FUBP1 interacts with GTF machinery
to control transcription. The Drosophila study of the
FUBP1 ortholog, Psi, suggests conservation of FUBP1
function between mammals and flies, and further
demonstrates interaction with the Mediator complex.
Given the physiologic importance of the FUBP1/Psi-
MED interaction to cell and tissue growth during Dro-
sophila development, future efforts will be focused on
determining the mechanistic basis of this axis of tran-
scriptional control.

The studies highlighted here revealMYC as a major
target of FUBP1 and Psi, however, such structural
changes enabling maximal transcription are not

Figure 1. During the initial stages of the transcription cycle the
MED complex and hypophosphorylated RNA Pol II holoenzyme
are recruited to form the pre-initiation complex (PIC). Following
receipt of the appropriate growth stimulating signals, MYC
enhancers are activated and GTFs (particularly TFIIH) load to drive
Ser-5 phosphorylation, activation of RNA Pol II and promoter
escape. Increased Pol II activity results in conformational changes
in the MYC promoter, including supercoiling and generation of
the single-stranded FUSE. Structural changes following Psi/FUBP1
binding modulate promoter architecture to facilitate exit of the
CDK8 module and maximize Pol II escape and MYC transcription.
Recruitment of FIR/Hfp inactivates RNA Pol II and returns MYC to
basal levels.
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unique toMYC regulation and will almost certainly be
essential for controlling expression of numerous
genes. We predict targets will depend upon the tran-
scriptional demands of a given developmental/signal-
ing context, and will most likely consist of genes
regulated post-Pol II initiation. Identifying the full
spectrum of genes directly regulated by FUBP1 and
Psi, and how binding correlates with Pol II loading
and non-B DNA formation, is a great imperative.
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