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UpSET-ing the balance

Modulating open chromatin features in metazoan genomes
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ppropriate gene expression relies on

the sophisticated interplay between
genetic and epigenetic factors. Histone
acetylation and an open chromatin con-
figuration are key features of transcribed
regions and are mainly present around
active promoters. Our recent identifi-
cation of the SET-domain containing
protein UpSET established a new func-
tional link between the modulation
of open chromatin features and active
recruitment of well-known co-repressors
in metazoans. Structurally, the SET
domain of UpSET resembles H3K4 and
H3K36 methyltransferases; however, it
is does not confer histone methyltrans-
ferase activity. Rather than methylating
histones to regulate gene expression like
other SET domain-containing proteins,
UpSET fine-tunes transcription by mod-
ulating the chromatin structure around
active promoters resulting in suppression
of expression of off-target genes or nearby
repetitive elements. Chromatin modula-
tion by UpSET occurs in part through
its interaction with histone deacetylases.
Here, we discuss the different scenarios
in which UpSET could play key roles in
modulating gene expression.

Introduction

The functional and structural distinction
between euchromatin and heterochroma-
tin domains within eukaryotic genomes is
crucial to the maintenance of transcrip-
tional programs that drive development
and differentiation in higher organisms.
Nucleosomes are the fundamental build-
ing blocks that organize the genome
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into chromatin and allow its compaction
in the nucleus. Transcriptionally active
regions are targeted by transcription fac-
tors that are necessary to remodel the
local promoter landscape and engage the
transcriptional machinery for transcrip-
tion. It is long known that chromatin
containing active genes is more sensitive
to DNasel' and that chromatin regions
regulating gene expression (i.c., promoters
and enhancers) display hypersensitivity to
this enzyme.*> Nucleosomes act as struc-
tural barriers that block the access of these
DNA binding proteins to regulatory ele-
ments.*”” Consequently, active promoters
tend to be nucleosome-free regions with
high histone turnover, whereas nucleo-
somes are well positioned over non-active
promoter regions.*” Histone acetylation
is also a landmark of euchromatic regions
and relies on the transfer of an acetyl
group from Acetyl-Coenzyme A to the
&-N-lysine on target proteins by histone
acetyltransferases (HATs)." This post
translational modification can be removed
by histone deacetylases (HDACs). The
removal of this mark is crucial for main-
taining low acetylation levels in het
erochromatin and therefore has been
associated historically with reduced gene
repression. Thus, sparse nucleosome posi-
tioning, high histone acetylation levels
and chromatin accessibility are structural
landmarks of transcriptionally active
regions.®”'"2 More recent global analy-
ses of histone modifications, chromatin
structure and chromatin protein compo-
sition have uncovered a highly complex
landscape in which the transcriptional
machinery performs its functions. While
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Figure 1. Transcriptional gene regulation. (A) Chromatin states based on chromatin profiling of 53 nuclear proteins. Black, Blue, and Green chromatin
describe regions with low transcriptional activity and high abundance of repressive proteins, including Polycomb (Pc), Enhancer of zeste [E(z)], Lamin
(Lam), Heterochromatin Protein 1 (HP1), Su(var)3-9, among others.” Red and Yellow chromatin describe regions associated with transcription, which
include histone acetyltransferases (CAF1), Histone deacetylases (RPD3), chromatin remodelers (BRM) and active chromatin marks (H3K4m3, H3K9Ac,
H4K16Ac). (B) Chromatin features associated with transcribed regions that normally include high levels of RNA polymerase Il and histone acetylation.
In particular, active promoter regions exhibit higher sensitivity to DNasel, higher amounts of H3K4m3 and lower nucleosome density than upstream or
coding regions. Chromatin profiling of HATs and HDACs suggest that these antagonistic complexes co-exist in the Red and Yellow chromatin states in
insects, although the functional role(s) associated with this co-localization is unclear.

these studies have allowed chromatin to
be subdivided into 5 to 9 different func-
tional states (Fig. 1A),'"™" it is not yet
known which of these chromatin features
are causative vs. consequential of specific
transcriptional responses.!

Chromatin profiling of different co-
activators and co-repressors has revealed a
surprising overlap in their binding to chro-
matin. For example, despite their role in
gene silencing, HDAC:s can also be found
on transcribed regions overlapping with
HATs (Fig. 1B)."*" Indeed, during the
last decade a more complicated functional
picture for the role of HDACs in euchro-
matic regions has emerged. Cytological

of the Sin3A/Rpd3

characterization
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complex on Drosophila polytene chromo-
somes has revealed that HDACs target
the less-condensed interbands, but not
heterochromatin, suggesting that this
complex modulates histone acetylation in
euchromatic regions.'® Genetic screening
in yeast has shown that the Sin3/Rpd3
HDAC complex is required to achieve full
repression and full activation of targets
genes, including PHO, STEG6 and TY2."7'8
The yeast Rpd3C deacetylase is found in
two different complexes, Rpd3(L) and
Rpd3(S), which target repressed pro-
moters and transcribed coding sequences
respectively.” Elongation-associated
histone acetylation is erased with the
recruitment of Rpd3(S) over transcribed
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regions by either the RNA polymerase
[I-associated Set2 histone methyltrans-
ferase or the RNA polymerase itself.?**
Histone deacetylation is thus required to
reduce the chances of activating cryptic
promoters.”” In metazoans, genome-wide
analyses of HDAC binding sites have indi-
cated that this machinery associates with
repressed, as well as active, genes,'*>%
suggesting that HDACs could be playing
a role in re-setting the acetylation state.
The mammalian Sin3B complex contain-
ing the Rpd3 ortholog HDACI1 was found
to target chromatin during transcriptional
elongation via the H3K36m3-specific
chromodomain-containing protein Mrgl5
and the PHD domain Pfl protein.*
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Figure 2. UpSET orthologs and conservation with yeast Set3. (A) The yeast Set3 protein is the founding member of the Set3 family, which also includes
Drosophila UpSET and the MLL5 and SETD5 proteins in mammals. These proteins share a conserved SET domain and PHD domain, with the exception
of SETD5 (which lacks the PHD domain). (B) PHD and SET domain conservation between Drosophila UpSET and yeast Set3. Amino acid comparison of
the PHD and SET domains showing higher similarity over the PHD domain than over the SET domain. Red characters indicate the conserved residues.

Interestingly, lack of these proteins leads
to increased transcription and acetyla-
tion of four different genes examined.
Together, these data suggest that histone
acetylation is a tightly regulated process
near transcribed regions. While HDAC
recruitment to heterochromatic regions
is thought to take place by direct interac-
tion with transcription factors or chroma-
tin-binding cofactors for repression,?*¢
the mechanism(s) of its recruitment in
euchromatic regions are unclear. Here, we
discuss our recent work describing a con-
served mechanism for the recruitment of
HDAC complexes to active genes to mod-
ulate the chromatin landscape around
promoter regions in metazoans.

UpSET Stabilizes the HDAC Rpd3
on Transcribed Regions

Drosophila is a model system often used
to study chromatin biology from a devel-
opmental point of view, and in recent
years genome-wide studies in insects have
uncovered key mechanisms that govern
gene expression in metazoans.'"? We
recently described UpSET (CG9007),
a PHD and histone methyltransferase
SET domain-containing protein, as the
Drosophila  ortholog of the mamma-
lian Mixed Lineage Leukemia protein 5

www.landesbioscience.com

(MLL5) and yeast Set3 (Fig. 2A).%"%
While all of these proteins contain meth-
yltransferase domains, none of them
exhibit histone methyltransferase activity,
except for a small isoform of MLL5.” We
found that despite its targeting to active
and inducible genes, UpSET interacts
with the histone deacetylase Rpd3/Sin3A-
containing complex such that it limits
chromatin accessibility and histone acety-
lation to promoter regions.” Interestingly,
the human M//[5 gene is located in a region
commonly deleted in several leukemias
and may function as a tumor suppres-
sor.’*% Genome-wide RNAI screens have
indirectly suggested that MLLS5 is part the
co-repressor NCoR complex, but no bio-
chemical evidence supporting this asser-
tion has yet been reported.’ Yeast Set3,
initially characterized as a repressor of
meiosis, forms a complex, Set3C, which
includes the Hos2 and NAD-dependent
Hstl HDACs.?® Based on homology and
complex composition, Set3 has also been
suggested to be the ortholog of the meta-
zoan NCoR/SMRT co-repressor.?®
UpSET provides a tractable genetic
model in which to examine how metazo-
ans modulate the interaction of HDACs
over transcribed regions. Our results
that  UpSET  preferentially
binds transcribed regions around their

showed
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transcriptional start sites (TSSs). These
promoter regions are part of the distinct
Red and Yellow transcriptionally active
euchromatin states as defined previously
by chromatin profiling 53 different pro-
teins.”” In particular, chromatin profil-
ing for UpSET, Rpd3, and Sin3A in Kc
cells show high overlap around active
genes. Strikingly, knock down of UpSET
in these cells destabilizes the histone
deacetylase Rpd3, which correlates with
an increase in histone acetylation, in par-
ticular H3K9Ac and H4K16Ac, primar-
ily around promoter regions. Although,
UpSET and Rpd3/Sin3A co-immunopre-
cipitate, it is unclear which, if any, of these
proteins physically interact. The specific
reduction in Rpd3, but not Sin3A, levels
around TSSs upon UpSET knockdown
suggests that UpSET helps to orientate
the HDAC Rpd3 toward the TSS.?” The
Rpd3/Sin3A complex must be stabilized
by multiple protein-protein interactions
in transcribed regions, as Sin3A remains
bound in the absence of UpSET. As in the
mammalian Sin3B complex, candidates
for such interactions include Mrgl5 or
Pf1, which associate with histone modi-
fications established during elongation.*
Intriguingly, UpSET/Rpd3/Sin3A overlap
occurs in approximately 50% of UpSET
binding sites, suggesting that UpSET
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must be involved in recruiting other
HDAG:. In addition to Rpd3, Drosophila
has at least four other HDACs (HDACOG,
Hdac4, HdacX and HDAC4), as well as
two NAD-dependent deacetylases (Sir2
and Sirt2).”” Alternatively, UpSET could
interact with different promoter-associ-
ated factors or co-factors. Support for this
view comes from a recent proteomic char-
acterization of the dosage compensation
complex (DCC), with which UpSET co-
purifies, and the involvement of the DCC
in H4K16 acetylation.?® Lack of UpSET
increases H4K16Ac, as well as chromatin
accessibility, around promoter regions.
Interestingly, this histone modification
has been shown to destabilize nucleosomes
and to correlate with regions of chromatin
decondensation.”” An exciting possibility
is that UpSET performs specific functions
based on this protein-protein interaction.
For example, UpSET could help to sta-
bilize components of the DCC around
TSSs or modulate such DCC functions as
H4K16 acetylation. Although proteomic
analysis could help to clarify these ques-
tions, the unwieldy size (-330 KDa) and
low stability of UpSET makes this type of
approach challenging.

Modulating Chromatin
Accessibility Around
Active Genes

Chromatin accessibility is one of the key
structural features of transcribed regions'
and is commonly evaluated by treat
ing isolated nuclei with nucleases (e.g.,
DNasel) or DNA modifying enzymes
(e.g., M.SssI).“*% Such analyses have led
to the view that transcriptional regulatory
elements exhibit higher chromatin acces-
sibility than nearby or transcriptional
silent regions as a consequence of the
dynamic interplay among DNA-specific
transcription  factors, co-factors and
nucleosomes." In Drosophila, DNasel
hypersensitive sites (DHS) are mainly
enriched around TSSs and 5'UTRs, and
moderately enriched over coding regions
(Fig. 1B).* Genome-wide approaches
have revealed that promoter regions pos-
sess low levels or are depleted of nucleo-
somes. Promoter-associated DHSs tend to
be flanked by well-positioned nucleosomes
containing the histone variants H2A.Z
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and H3.3.“ H2A.Z-containing chroma-
tin displays a more open chromatin con-
figuration and it has been proposed that
the replacement of canonical histones by
these variants could establish regulatory
element boundaries.” In addition to his-
tone acetylation changes, we found that
lack of UpSET changes chromatin acces-
sibility of UpSET target genes. Based on
chromatin profiling studies, UpSET is
enriched mainly over the TSS-associated
nucleosomes on transcribed genes, where
UpSET may be partially responsible for
establishing T'SS-associated DHS bound-
aries via its ability to modulate chromatin
accessibility. We suggest two possibilities:
(1) UpSET regulates H2A.Z-containing
positioning or incorporation, and (2)
UpSET/HDAC association is required for
TSS boundary function. Support for these
two ideas come from studies of the yeast
Set3 and Rpd3 proteins. In yeast, Hezl
(H2A.Z) chromatin deposition is depen-
dent on the ATP-remodeling complex
SWR1.%47 Genetic analysis of Set3, Htzl
(H2A.Z), and SWRI1 mutants suggests
a direct participation of Set3 in H2A.Z
homeostasis.*® Yeast Rpd3 has also been
shown to reduce nucleosome remodeling
and suppress transcription.” Yeast Rpd3
complexes inhibit nucleosome eviction
caused by the ATP-dependent chromatin
structure complex RSC. This activity is
dependent on the presence of the com-
plete Rpd3 core complex (Sin3, Umel and
Rpd3), as the individual proteins do not
stabilize nucleosomes.” Remarkably, the
H150A Rpd3 mutant, which lacks HDAC
activity, maintains the ability to stabilize
nucleosomes and prevents their eviction
by RSC, suggesting that deacetylase activ-
ity is not required for nucleosome stabil-
ity. If metazoan HDAC: are also involved
in nucleosome stabilization, the reduction
in HDACs caused by the lack of UpSET
would explain the increased chromatin
accessibility, aberrant mis-localization
or spreading of active mark-containing
nucleosomes, and the aberrant activation
of silent promoters (intrinsic and cryptic)
located proximal to UpSET binding (Fig.
3).

Our results to date suggest that UpSET
negatively modulates chromatin accessi-
bility and predict that mutant phenotypes
associated with chromatin-based silencing
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proteins should be enhanced, whereas
those associated with position effect varie-
gation (PEV) models should be suppressed.
This turns out to be the case. Using two
different #pSET mutant alleles, we found
that the extra sex comb phenotype caused
by Polycomb mutation is enhanced upon
UpSET depletion.”” Polycomb proteins
are involved in silencing homeotic genes
via chromatin compaction during devel-
opment, and lack of these proteins cause
the aberrant expression of homeotic genes
in tissues where they are normally silent,
causing for example, an extra sex comb
phenotype.’®' The enhancement of the
Polycomb extra sex comb phenotype when
UpSET activity is also reduced is likely
due to increased chromatin accessibility
at homeotic genes. Since UpSET does not
interact with Polycomb group proteins,
and its genome associations do not over-
lap with Polycomb Response Elements, its
enhancement of this phenotype must be
a direct effect of UpSET on the homeotic
genes themselves.

Several Drosophila  position  effect
variegation (PEV) models can be used
to evaluate a particular protein’s abil-
ity to modulate chromatin in different
contexts, such as in heterochromatin or
near telomeric regions.”®> In Drosophila,
PEV of telomeric and centromeric trans-
poson insertions are regulated by differ-
ent sets of proteins, with the exception
of Telomere 4 that is regulated by the
same proteins that regulate centromeric
(heterochromatic) silencing.’® Based on
UpSET’s ability to modulate chromatin
accessibility, we expected that UpSET
suppressed PEV. Consistent with this,
we found that the upSET"5%? allele sup-
presses heterochromatic PEV associated
with centromeres and Telomere 4, but
not telomeric PEV associated with chro-
mosome 2 or 3 telomeres (Fig. 4). Thus,
the lack of UpSET/HDAC influences
chromatin organization of the white
gene by reducing the silencing effects of
heterochromatin and lends support to
UpSET’s role in controlling chromatin
accessibility.”” Nevertheless, the lack of
suppression of telomeric silencing may
also suggest a physical restriction for
UpSET in this context. In summary,
UpSET-mediated HDAC

is a mechanism used to modulate open

recruitment
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chromatin features around transcribed
regions and is likely achieved by the
chromatin stabilizing activities of these
recruited HDACs.

How is UpSET Targeted
to TSS Regions?

Although we cannot eliminate the pos-
sibility that UpSET binding is facilitated
by transcription factors or co-factors,
the UpSET SET or PHD domains likely
mediate UpSET binding directly to chro-
matin. Despite the lack of catalytic activ-
ity in vitro, the UpSET SET domain is
well conserved in metazoans. UpSET
could be recognized by HDACs as a mark
to interact with the transcription-associ-
ated machinery, resulting in the recruit-
ment of HDACs to active genes. Such
a function may explain UpSET’s con-
servation among metazoans. Although
SET domains have also been found to
be required for protein-protein interac-
tion,”*® we favor the idea that UpSET
targets chromatin directly via its PHD
domain. For example, in yeast, Set3
requires its PHD domain to specifically
bind methylated H3K4, as removal of
the PHD domain or the H3K4-specific
histone methyltransferase Setl impairs
Set3 recruitment to chromatin.”® Based
on its conservation (Fig. 2B), the UpSET
PHD domain may recognize methylation
on H3K4, a mark that is usually found
around promoter regions. This depen-
dency on H3K4 methylation would
suggest that UpSET is downstream of
promoter H3K4 methylation encoded by
Setl, Trithorax or Trithorax-related pro-
teins. Consistent with this, we found that
lack of UpSET increases histone acety-
lation levels and transcriptional noise as
evidenced by the activation of off-target
genes or repeat elements near UpSET
target genes.”’” Moreover, deletion of the
yeast SET3 gene also triggers the activa-
tion of cryptic TSSs.* Taken together,
these results suggest that the establish-
ment of promoter-associated histone
methylation is important for the recruit-
ment of UpSET/HDACs that modulate
the features of transcribed chromatin.
Such a regulatory mechanism would
ensure that only the proper promoters
become activated (Fig. 3).
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Figure 3. UpSET modulates histone acetylation and chromatin accessibility. (A) Upon promoter
activation by transcription factors (TF), co-factors including histone acetyltransferases (HAT),
histone methyltransferases (HMT) establish specific marks (e.g., H3K4m3), which recruit UpSET/
HDACs around transcribed genes. The elongating polymerase machinery can also promote the
recruitment of additional chromatin proteins (e.g.,
complexes modulate the chromatin accessibility and histone acetylation generated during tran-
scriptional initiation, thereby reducing the probability of unmasking off-target gene (gray arrow)
or cryptic transcriptional start sites (dashed gray arrow). (B) Upon UpSET removal, levels of the
HDAC Rpd3 are reduced, whereas Sin3A remains bound to chromatin via Mrg15 and PHD contain-
ing proteins like Pf1. These changes correlate with higher acetylation levels and higher chromatin
accessibility around the transcribed gene. Increase of these open chromatin features leads to the
higher probability of expressing off-target genes and repetitive elements.

Mrg15 or Pf1). Upon recruitment, UpSET/HDAC

Biological Manifestations of
UpSET Proteins

Given that the described functions for
UpSET and its orthologs imply key roles
in gene regulation, it is surprising that
organisms lacking these proteins are via-
ble. upSET homozygous mutant flies are
female sterile.”” In M5~ knockout mice,
hematopoietic stem cell fitness and dif-
ferentiation are only mildly affected and
males are sterile.?” In yeast, SE73 deletion
results in normal growth, but sporula-
tion genes are de-repressed during meiosis
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affecting ascus formation.? Interestingly,
the most common phenotype associated
with the deletion of UpSET-like regula-
tors occurs during gametogenesis, sug-
gesting that gonad tissues may be less
able to tolerate transcriptional noise. Our
results support the idea that the develop-
mental pathways controlling Drosophila
oogenesis require UpSET to modulate
the spatial and temporal regulation of
key developmental regulators including
Notch. In metazoans, developmentally
regulated genes are usually controlled at
the initial stages of transcription. Initially
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Figure 4. upSET mutants suppress heterochromatic, but not telomeric, Position Effect Variegation
(PEV). (A-B) upSET"5%%*° mediates suppression of heterochromatic PEV associated with w* insertion
near the X chromosome centromere (A) or the telomere on chromosome 4 (B). (C) upSET"#%*° does
not affect telomeric PEV associated with w* insertion near the telomeres on chromosomes 2 or

3 (chromosome 2L is shown). upSET"#¢%%° females were crossed to males from heterochromatin
(centromeric or telomere 4) and telomeric (telomeres 2L or 3R) PEV models. Progeny was scored
on day 3 after eclosion by placing the flies into one of 6 groups according to the percentage of the
eye expressing the white gene (group 0 = 0%, group 5 = 100%). Two hundred flies (100 females
and 100 males) were scored per genotype, except for centromeric PEV where 200 females were
scored (as the white gene is on the X chromosome). Eyes shown are representative of the average
phenotype for each genotype and each pair is an age-matched, sibling comparison. Box plots
(right) show the distribution of phenotypes in each case. p values were obtained by applying an
unpaired t-test. This experiment was repeated twice with similar results.

described in the context of viral promot
ers, RNA polymerase was found to be
enriched at the 5' end of cellular genes,
including Drosophila hsp70 and human
c-mye, regardless their transcriptional sta-
tus.®%? This paused polymerase was later
shown to be a “rate-limiting step” during
transcription.” RNA polymerase pausing
has been proposed to potentiate transcrip-
tion and allow different transcription,
elongation and pausing factors to inte-
grate developmental signals to fine-tune
gene expression.®®  Although UpSET
binds active genes independently of their
pausing features, we have not eliminated
the possibility that UpSET is required for
RNA polymerase pausing itself. Different
studies using RNA occupancy and global
run-on experiments support the idea that
pausing is a common feature in Drosophila
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and mammalian genes.®**** An exciting
possibility is that UpSET/HDAC com-
plexes are involved in pausing of RNA
polymerase or in downstream events in
the transcriptional cycle including addi-
tional  elongation-associated  histone
modifications (i.e., H3K36 methylation).
In UpSET mutant ovaries, we observed
increased levels of developmental regula-
tors (e.g., Notch), which could be the con-
sequence of changes in initiation, pausing
and/or elongation. Future global run-on
analyses should help to establish whether
UpSET plays arole in pausing and whether
the observed phenotypes in #pSET mutant
ovaries are a consequence of these roles.
Unlike metazoans, yeast transcriptional
pausing occurs during RNA polymerase
elongation rather than in the promoter
proximal region. Nevertheless, UpSET
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orthologs Set3 and Rpd3L in yeast have
been suggested to play specific roles dur-
ing transcriptional initiation: The Rpd3L
HDAC has been proposed to regulate the
transcriptional burst frequency, whereas
the Set3C complex is thought to modulate
the transcriptional burst size.®®% It will be
interesting to determine whether Rpd3L
or Set3C functions are the evolutionary
basis of RNA pausing in metazoans.

Perspectives

UpSET is a novel protein with conserved
functions in chromatin homeostasis, and
Drosophila is proving to be an ideal model
organism in which to evaluate the func-
tions of the Set3 family of proteins in
metazoans. UpSET recruitment results in
a modulation of open chromatin features,
at least partially dependent on HDAC sta-
bilization around transcribed genes. These
functions are required to suppress activa-
tion of off-target genes and/or repeat ele-
ments. Although several questions remain,
it is likely that UpSET and its interact-
ing partners tweak gene expression. The
genomic distribution of UpSET implies
that this protein is globally required dur-
ing active transcription. However, it is
unclear whether UpSET plays similar
roles on genes contained in both the RED
and Yellow chromatin classes or whether it
modulates association of different HDACs
or other chromatin remodelers associated
with these chromatin states in a develop-
mental fashion. As #pSET mutants are
female sterile and viable, it remains to be
determined if UpSET plays any role(s) in
early embryogenesis or whether these roles
are masked by the high maternal contribu-
tion of the protein (Rincon-Arano et al.,
unpublished observation).

Additionally, it will be interesting to
address the molecular functions of the
mammalian orthologs MLL5 and SETD5
to establish their functional conservation
with UpSET. Murine MLLS5 partially res-
cued Drosophila upSET-associated pheno-
types. It is not yet clear if the lack of full
rescue is a result of low sequence or func-
tional conservation. Nevertheless, from a
clinical point of view, it will be interesting
to address whether mutations of UpSET
orthologs are responsible for more aggres-
sive leukemias as a consequence of the
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failure to appropriately modulate tran-
scriptional noise resulting from the reacti-
vation of silent genes or repetitive elements
in euchromatic regions.

In summary, UpSET belongs to the
Set3 family of proteins and is required
to fine-tune transcription via modulat-
ing chromatin accessibility and histone
acetylation. Future studies using the
genetically and molecularly amenable
Drosophila model are expected to provide
a better understanding of the contribution
of this unusual SET domain-containing

protein to developmentally regulated

transcription.
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