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Abstract

Chromatin dynamics are central to the regulation of gene expression and genome stability,
particularly in the presence of environmental signals or stresses that prompt rapid reprogramming
of the genome to promote survival or differentiation. While numerous chromatin regulators have
been implicated in modulating cellular responses to stress, gaps in our mechanistic understanding
of chromatin-based changes during stress suggest additional proteins are likely critical to these
responses and the molecular details underlying their activities are unclear in many cases. We
recently identified a role for the relatively uncharacterized SET domain protein Set4 in promoting
cell survival during oxidative stress in Saccharomyces cerevisiae. Set4 is a member of the Set3
subfamily of SET domain proteins which are defined by the presence of a PHD finger and
divergent SET domain sequences. Here, we integrate our new observations on the function of Set4
with known roles for other related family members, including yeast Set3, fly UpSET and
mammalian proteins MLL5 and SETD5. We discuss outstanding questions regarding the
molecular mechanisms by which these proteins control gene expression and their potential
contributions to cellular responses to environmental stress.
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Introduction

In a changing environment, disruption of chromatin homeostasis has severe cellular
consequences due to deregulated gene expression programs that are normally required for
the proper functioning of stress response pathways (Chi, et al. 2010, D’Urso and Brickner
2017, Maze, et al. 2014, Soontorngun 2017, Tee and Reinberg 2014). Under stress
conditions, cells are often dependent on a specific set of chromatin-modifying enzymes and
chromatin remodelers to mount defenses and promote survival, although the precise
mechanisms by which these proteins fine-tune gene expression in response to stress are not
always clear. SET (Su(var)3-9, Enhancer-of-zeste, Trithorax) domain proteins are
predominantly lysine methyltransferases that target both histone and non-histone proteins
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(Clarke 2013, Dillon, et al. 2005, Jaiswal, et al. 2017), and they are known to be critical to
cell viability in the presence of diverse stresses (Green, et al. 2012, McDaniel, et al. 2017,
Nadal-Ribelles, et al. 2015, Weiner, et al. 2012). There are 12 SET domain proteins in the
budding yeast Saccharomyces cerevisiae, of which Setl and Set2 are the most well-
characterized as H3K4 and H3K36 methyltransferases, respectively (Jaiswal, et al. 2017,
Porras-Yakushi, et al. 2006). Six of the SET domain proteins are primarily non-histone
protein methyltransferases and appear to be enriched for activity on ribosomal proteins
(Porras-Yakushi, et al. 2006). Set5 and Set6 are orthologous to the metazoan SMYD proteins
(Calpena, et al. 2015); Set5 has been characterized as an H4 K5, K8, and K12
methyltransferase (Green, et al. 2012) implicated in gene expression control with Setl
(Jezek, et al. 2017, Martin, et al. 2014), whereas Set6 has no defined substrates or biological
functions. The remaining SET domain proteins are subfamily members Set3 and Set4, of
which Set3 is known to primarily function in gene repression through a mechanism thought
to be independent of its SET domain (Kim and Buratowski 2009, Kim, et al. 2012), however
functional and molecular roles for Set4 have not been well-described. Intriguingly, the
expression of SE74 had been reported to be upregulated under stress conditions, including
during stationary phase (Aragon, et al. 2008) and anaerobic growth (Lai, et al. 2006). These
observations prompted us to test the hypothesis that Set4 regulates stress response pathways
through a chromatin-based mechanism.

Stress defense and the chromatin regulator Set4

In our recent work, we showed that Set4 is a chromatin-associated protein that has a specific
role in protecting cells during oxidative stress (Tran, et al. 2018). Genetic analyses
demonstrated that cells lacking Set4 showed increased sensitivity to hydrogen peroxide
(H205) treatment and overexpression of Set4 provided resistance to H,O, treatment. These
phenotypes also correlated with levels of intracellular reactive oxygen species (ROS): set4A
cells showed increased ROS levels following H,O, exposure, and endogenous ROS were
decreased upon overexpression of Set4. Interestingly, we also observed that high levels of
Set4 were toxic to cells grown under normal conditions, indicating the possibility that the
abundance of Set4 may be carefully regulated in the cell to achieve survival under different
environmental conditions.

Set4 contains a PHD finger, which is commonly a methyl-lysine effector domain (Shi, et al.
2007), and a SET domain, which usually provides catalytic lysine methyltransferase activity
(Dillon, et al. 2005). These domains are frequently found in chromatin regulators and have
been linked to the regulation of gene expression in numerous contexts. A large-scale study
of potential gene expression regulators in yeast grown under standard laboratory conditions
identified differentially expressed genes in set4A cells (Kemmeren, et al. 2014) that were
enriched for functional roles in oxidation-reduction processes and iron ion homeostasis.
Follow-up experiments using quantitative PCR showed that a subset of stress-response genes
is attenuated following H,0, treatment in cells lacking Set4, and overexpression of Set4
under normal conditions results in improper activation of stress-response genes. In addition,
chromatin immunoprecipitation experiments revealed that Set4 localizes to chromatin in
response to oxidative stress, and that it can be found in promoter regions of stress-response
genes which show Set4-dependent regulation (Tran, et al. 2018). Altogether, these findings
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support a model in which Set4 associates with chromatin in response to stress to modulate
gene expression and protects cells when challenged by oxidative insults.

Another recent work (Serratore, et al. 2018) also identified a role for Set4 in condition-
dependent gene expression control. These authors reported wide-spread changes to the
transcriptome of set4A cells compared to wildtype cells grown under conditions of hypoxia.
Targeted investigation of ergosterol biosynthetic genes revealed that Set4 promotes
repression of these genes in hypoxia, likely through a direct mechanism, as Set4 was shown
to bind to their promoters in hypoxic conditions. Interestingly, expression of SE74was
substantially increased in hypoxia compared to aerobic growth, providing further support
that the expression of SET4 is also subject to stress-dependent regulation (Lai, et al. 20086,
Serratore, et al. 2018). In our studies of oxidative stress, cells were subjected to stress for
relatively short timescales (usually 30 minutes), which are unlikely to induce drastic changes
to protein levels. Unexpectedly, we observed decreased levels of SE74 mRNA following 30
minute-treatment with H,O, (Tran, et al. 2018), although changes in protein level were not
detected (unpublished data). This leaves open the possibility that Set4 abundance may also
be modulated by ROS over longer timescales and underscores the importance of elucidating
the signals that govern SET74 expression levels under different stress conditions.
Nonetheless, combined with our observations of increased chromatin association during
acute oxidative stress (Tran, et al. 2018), these data argue that multiple levels of regulation
act on Set4 to calibrate its abundance and localization in response to different types of
cellular stress.

The budding yeast paralogs Set3 and Set4

The budding yeast proteins Set3 and Set4 are paralogs, and represent the only two proteins
in the yeast genome containing both a PHD finger and a SET domain (Figure 1A), a
common signature of chromatin regulators in mammalian systems. Set3 is the defining
member of the Set3 complex, or Set3C, which contains two histone deacetylases (HDACS),
Hos2 and Hst1, and other regulatory subunits (Pijnappel, et al. 2001; Figure 1B). The PHD
finger of Set3 has been reported to bind to both H3K4me2 and H3K4me3 /in vitro
(Gatchalian, et al. 2017, Kim and Buratowski 2009, Shi, et al. 2007), although Set3C
primarily localizes to the 5’ transcribed regions of genes in cells, which are enriched for
H3K4me2 (Kim and Buratowski 2009, Kim, et al. 2012). The interaction of the Set3 PHD
finger with H3K4me2 recruits Set3C and its associated HDAC activity to chromatin, which
modulates expression through multiple mechanisms, including repressing and activating
genes that have overlapping noncoding transcripts and repressing transcription from cryptic
initiation sites (Kim, et al. 2012). The activity of Set3 is therefore critical under conditions
of changing environmental conditions when rapid changes in gene repression or activation
are required.

To date, the mechanistic role for Set3 within Set3C appears primarily linked to the methyl-
lysine binding activity of its PHD finger (Kim and Buratowski 2009). A defining feature of
both yeast Set3 and Set4, as well as its metazoan orthologs, is the noncanonical sequence
within their SET domains. These proteins contain amino acids substitutions within the SET
domain that are predicted to interfere with binding to the cofactor S-adenosylmethionine
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(SAM) and the target lysine (Dillon, et al. 2005, Mas-Y-Mas, et al. 2016). Set3 is not known
to have histone methylation activity (Pijnappel, et al. 2001), and our investigation of Set4
also suggests it is not likely to be a histone methyltransferase (Tran, et al. 2018). While
discussed further below in the context of other related proteins, the precise roles for the SET
domains within Set3 and Set4 are currently unknown.

The architectural similarities between Set3 and Set4 suggest the possibility of functional
redundancy between the two proteins. Intriguingly, we observed that loss of Set3 also leads
to increased sensitivity to HoOo, and double set4A set3A cells show an even greater defect in
survival following H,0, treatment (Tran, et al. 2018). These results suggest that both
proteins promote survival during oxidative stress, as has been shown for other paralogs
linked to oxidative stress survival in yeast (Matsuo, et al. 2017). However, based on the
additive phenotype of the double mutant, Set3 and Set4 likely act through distinct pathways.
Cells without Set3 are also sensitive to the transcription inhibitor mycophenolic acid,
however set4A cells did not show similar sensitivity, nor did the double mutant show a
dissimilar phenotype from that of set34 cells. While these data suggest partially overlapping
biological roles for Set3 and Set4 in oxidative stress defense, their molecular distinctions
highlight independent roles and different mechanisms to promote stress defense. Primarily,
Set3 is more abundant than Set4 (Ghaemmaghami, et al. 2003), and its well-documented to
interact with H3K4 methyl marks, whereas Set4 does not appear to show similar activity in
vitro (Gatchalian, et al. 2017, Shi, et al. 2007). However, based on its known function in
regulating the dynamics of transcriptional responses under changing nutrient conditions
(Kim, et al. 2012), the role for Set3 in gene expression regulation during oxidative stress
warrants further investigation, and new mechanistic insights into Set4 activity at chromatin
would provide opportunities for defining potential stress-responsive roles for each of these
proteins.

The Set3-Set4 subfamily of SET domain proteins in metazoans

The Drosophila protein UpSET and mammalian proteins MLL5 and SETDS5 are homologous
to Set3 and Set4 over their SET domains, and, with the exception of SETD5, also contain a
PHD finger (Figure 1A). The PHD finger of MLLS5 binds the H3K4me3 mark (Ali, et al.
2013, Lemak, et al. 2013), and fly UpSET also recognizes H3K4me3 (Ali, et al. 2013).
Phenotypes associated with the loss of UpSET in flies vary due to differences in mutant fly
lines used, but the loss of UpSET is most likely lethal (McElroy, et al. 2017), whereas alleles
likely to be hypomorphic cause female sterility and have enhanced homeotic transformation
phenotypes, predicted to be due to decreased silencing of homeotic genes (Rincon-Arano, et
al. 2012). UpSET loss-of-function led to disrupted position effect variegation and an altered
heterochromatin landscape, with decreased silencing (McElroy, et al. 2017). Similar to Set3,
UpSET is known to interact with an HDAC complex, Rpd3 and Sin3 (Rincon-Arano, et al.
2012), and stabilize this complex at transcriptionally-active genes, thereby controlling
histone acetylation levels and chromatin accessibility, as well as limiting acetylation to
promoters and regions of active transcription (Rincon-Arano, et al. 2012; Figure 1B). The
SET domain of UpSET is also reported to lack catalytic activity, and while UpSET is largely
thought to mediate protein-protein interactions at chromatin (McElroy, et al. 2017, Rincon-
Arano, et al. 2012), the molecular details underlying its function are still unclear.
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MLLS5 has been linked to a number of physiological pathways in mammalian systems,
including cell cycle regulation (Cheng, et al. 2008, Deng, et al. 2004, Liu, et al. 2012,
Sebastian, et al. 2009), hematopoietic stem cell proliferation and function (Heuser, et al.
2009, Madan, et al. 2009, Tasdogan, et al. 2016, Zhang, et al. 2009), and spermatogenesis
(YYap, et al. 2011). MLL5 function is also predicted to be independent of catalytic activity, as
methyltransferase activity has not been detected /n vitro (Madan, et al. 2009, Mas-Y-Mas, et
al. 2016, Sebastian, et al. 2009), the SET domain is not able to bind the methyl-donor SAM,
and the structure revealed that the channel for SAM and target lysine binding is occluded
(Mas-Y-Mas, et al. 2016). The loss of MLL5 has been linked to changes in H3K4
methylation levels, although the molecular mechanism through which this occurs is
unresolved (Sebastian, et al. 2009). Although MLL5 has been reported to have a diversity of
interacting partners (Ding, et al. 2015, Liu, et al. 2012, Zhou, et al. 2013), the extent to
which MLLS5 stably interacts with partners at chromatin, or potentially has context-
dependent binding partners to mediate responses at chromatin is not yet clear and warrants
further investigation (Figure 1B). Notably, loss of MLLS5 is associated with hematopoietic
stem/progenitor cell (HSPCs) malfunction due to elevated intracellular ROS levels and
increased DNA damage (Tasdogan, et al. 2016), indicating that it also plays a critical role in
oxidative stress responses.

Loss of mouse or human SETDS5 is associated with developmental defects, intellectual
disability, and autism spectrum disorders (Deliu, et al. 2018, Grozeva, et al. 2014, Kuechler,
et al. 2015, Osipovich, et al. 2016). SETD5 has recently been reported to play a critical role
in the regulation of neurodevelopmental gene expression and also modulates gene
expression dynamics in context-fear-conditioned mice relative to controls (Deliu, et al.
2018). SETD?5 has been found to interact with the HDAC3/NCoR and PAF1 complexes, and
appears to be specifically associated with altering histone acetylation patterns near
transcription start sites (Deliu, et al. 2018, Osipovich, et al. 2016), leading to altered RNA
polymerase 11 occupancy patterns and aberrant expression of neurodevelopmental genes
(Deliu, et al. 2018). As observed for related SET domain family members, SETD5 does not
catalyze methylation on histones in vitro (Deliu, et al. 2018). Altogether, these findings on
SETDS5 suggests that it relies on similar molecular mechanisms as Set3, UpSET, and MLL5
to maintain critical gene expression programs in response to developmental cues.

The intriguing observation that yeast Set3 and mammalian MLL5 and SETDS5, in addition to
Set4, have been linked to responses to changing environmental conditions or stress signaling
suggest that this subfamily of the SET domain proteins may play a specific role in governing
proper responses to exogenous signals and stressors. The mechanistic details that have been
uncovered to date for some of these proteins underscore their primary role in stabilizing
HDAC activity at chromatin, although at distinct subsets of genes and regions of the
genome. Similarly, in other chromatin-modifying complexes, such as NuA4, non-catalytic
subunits have been identified as critical regulators of histone modification activity and
chromatin localization (Searle and Pillus 2018, Searle, et al. 2017). We anticipate that
further investigation of this SET domain subfamily will reveal the extent to which these
proteins are environmentally-controlled and elucidate the range of mechanisms that promote
their association with specific chromatin regions and their ability to modulate transcription
and histone modification both dependent and independent of environmental signals. The
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extensive genetic and molecular tools available in the S. cerevisiae system will provide an
excellent framework for further defining mechanistic details and functional roles for these
proteins.

Conclusions and outlook

Our recent investigation of the role for Set4 in protecting cells during oxidative stress (Tran,
et al. 2018) identifies a biological function for this largely-uncharacterized chromatin
regulator, and highlights the potential for the Set3-Set4 SET domain subfamily to contribute
to defense pathways in the presence of oxidative insults, particularly in light of our
observations regarding SE7.3 mutants (Tran, et al. 2018), and previous reports that MLL5-
deficient cells show increased ROS (Tasdogan, et al. 2016). There remain numerous
mechanistic questions regarding how Set4 regulates gene expression to promote cell survival
during stress, including determining the contribution of the PHD finger and identifying the
molecular signals that promote Set4 chromatin localization under stress. Additionally, while
our evidence to date indicates that Set4 lacks intrinsic catalytic activity, it may interact with
other chromatin-modifying enzymes to control gene expression, similar to Set3 and the
metazoan orthologs. The underlying function of the SET domain within Set4 and
orthologous proteins still remains to be determined. The amino acid substitutions within
these noncanonical domains are very well-conserved (Madan, et al. 2009, Mas-Y-Mas, et al.
2016, Tran, et al. 2018), indicating the domain may play a still undiscovered catalytic role,
or that it provides important structural elements to the protein. Further investigation of the
biochemical roles for Set4 and related proteins, as well as additional structure-function
analysis of the SET domains within these proteins, will shed light on the functional
contribution of these domains to this conserved subfamily of proteins and the mechanisms
by which they regulate gene expression and calibrate cellular responses to environmental
stress.
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(A) Schematic indicating the protein domain organization of S. cerevisiae (Sc) Set3 and
Setd, D. melanogaster (Dm) UpSET, and H. sapiens (Hs) MLL5 and SETD5. PHD fingers
are shown in purple and SET domains are shown in green. The total number of amino acids
is indicated for each protein. (B) Members of the Set3-Set4 SET domain subfamily are
shown with known interacting partners and methyl-lysine binding activity of their PHD
fingers. Known binding partners are shown in blue, with the primary catalytic or regulatory
interactors labelled. Set4 is predicted to interact with other factors (shown in gray) that
remain to be identified. MLL5 has known interactors, a subset of which are shown in blue,
however a comprehensive characterization of its binding partners at chromatin has not been
demonstrated, therefore it is predicted to bind other yet-to-be-determined factors, which are
indicated in gray. SETDS5 binding partners include the multi-subunit PAF1 and HDAC3/
NCoR complexes, which are simplified in the diagram. References for depicted interactions

are provided in the main text.
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