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Introduction
Changes in chromatin environments, especially the histone 
posttranslational modification profiles, play major roles in reg-
ulating gene expression and specifying cell identity. Mutations 
or aberrant expression of chromatin-modifying enzymes is fre-
quently associated with human diseases.1 Among histone 
modifications, histone acetylation is generally associated with 
transcriptionally active regions, whereas histone methylation 
has distinct effects depending on the residue that is methylated 
and the degree of methylation. For example, trimethylation of 
H3K9 is frequently associated with constitutive heterochroma-
tin, trimethylation of H3K27 is commonly found at repressed 
genes, and trimethylation of H3K4 often marks active gene 
promoters. These residue- and degree-specific methylations 
are deposited by histone methyltransferases and removed by 
histone demethylases.

Most histone demethylases contain a catalytic JmjC domain, 
which uses Fe2+and 2-oxoglutarate as cofactors to catalyze 
lysine demethylation.2 Interestingly, a number of JmjC 
domain–containing histone demethylases are overexpressed in 
distinct types of cancer cells.3 The cancer-promoting mecha-
nism of these overexpressed proteins is often attributed to 
increased demethylase activities, leading to epigenetic changes 
more conducive to tumorigenesis. However, what remains 
often unexplored is whether changes in the levels of chroma-
tin-modifying factors cause additional effects unrelated to their 
catalytic activities.

Overexpression of a JmjC Domain Protein Epe1 
Disrupts Heterochromatin Through Its Noncatalytic 
Function
In fission yeast, similar to higher eukaryotes, H3K9 methyla-
tion is critical for the recruitment of HP1 family proteins to 

form constitutive heterochromatin at repetitive DNA elements 
to repress the transcription of and recombination between 
DNA repeats.4 Paradoxically, heterochromatin assembly 
requires transcription from the underlying DNA repeats, with 
these transcripts serving as a source for the production of dou-
ble-stranded RNAs and small interfering RNAs (siRNAs) 
through the RNA interference pathway. The siRNAs are 
loaded into the RNA-induced transcriptional silencing (RITS) 
complex and guide RITS to the nascent transcripts still 
attached to repeat regions. RITS then recruits the H3K9 
methyltransferase Clr4 to initiate H3K9 methylation at these 
regions.

A number of mechanisms exist that promote transcription 
within heterochromatin. For example, the HP1 homolog in 
flies, Rhino, recruits a transcriptional factor Moonshiner to ini-
tiate Pol II–mediated transcription within heterochromatin.5 
In fission yeast, the transcription of repeat elements is elevated 
during the S phase of the cell cycle,6,7 suggesting that the DNA 
replication machinery may disassemble heterochromatin to 
provide an accessible chromatin environment for Pol II. During 
other stages of the cell cycle, transcription within heterochro-
matin is dependent on Epe1, although the mechanism by 
which Epe1 promotes transcription within heterochromatin is 
unknown.8

Epe1 is a resident heterochromatin protein that contains a 
JmjC domain found in many histone demethylases. H297A, a 
point mutation that disrupts the conserved iron-binding resi-
due in the JmjC domain, phenocopies epe1∆: the expansion of 
H3K9me domains and the maintenance of ectopic H3K9me 
islands,8-13 suggesting that Epe1 is an active H3K9 demethyl-
ase. However, it is difficult to detect demethylase activity of 
Epe1 in vitro. Interestingly, overexpression of either the wild-
type or the H297A mutant of Epe1 results in the loss of 
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H3K9me within heterochromatin, suggesting that Epe1 has 
catalysis-independent functions for the removal of H3K9me.8,9

To further study the function of Epe1, we conducted a genetic 
screen with the fission yeast deletion library for mutants that can 
alleviate heterochromatin defects associated with Epe1 overex-
pression and identified mutations in several components of the 
SAGA complex.14 SAGA is a conserved multisubunit complex 
that serves as a transcriptional coactivator and has histone acetyla-
tion and deubiquitylation activities.15 We demonstrated that the 
histone acetyltransferase activity of SAGA is important for Epe1 
function as a catalytic-dead point mutation of the acetyltransferase 
subunit Gcn5 rescues Epe1 overexpression. Through mass spec-
trometry analysis of proteins associated with overexpressed Epe1, 
we discovered that SAGA interacts with Epe1. Interestingly, one 
mutation outside of SAGA histone acetyltransferase module, 
tra1∆, was also identified from the genetic screen that rescues 
Epe1 overexpression. Tra1 is responsible for the recruitment of 
SAGA togene promoters by interacting with transcription factors, 
and tra1∆ does not affect SAGA integrity or itshistone acetyl-
transferase activity in fission yeast.15,16 Co-immunoprecipitation 
analysis showed that Tra1 mediates the interaction between Epe1 
and SAGA. Chromatin immunoprecipitation analysis showed 
that overexpressed Epe1 recruits SAGA to heterochromatin, 
resulting in high histone acetylation and transcription, which con-
tribute indirectly to the loss of H3K9me through transcription-
mediated histone turnover. Further epistasis analysis showed that 
both the demethylase activity and interaction with SAGA con-
tributed to heterochromatin defects when Epe1 is overexpressed.

It is interesting to note that when Epe1 is expressed at normal 
levels, it only weakly interacts with SAGA, and such interaction 

recruits a small amount of SAGA to heterochromatin. Epe1 uses 
these weak interactions to facilitate the recruitment of Pol II to het-
erochromatin and transcription of the underlying repetitive DNA 
elements. These transcripts then serve both as a source for the pro-
duction of siRNAs and as a platform for the recruitment of histone 
H3K9 methyltransferase to initiate heterochromatin formation. 
Therefore, at normal Epe1 expression levels, the weak interaction 
between Epe1 and SAGA is sufficient for transcription, but the tran-
scription is not strong enough to disrupt the heterochromatin. 
However, when Epe1 is overexpressed, it recruits an excess amount 
of SAGA to the heterochromatin, acetylating more histones and 
triggering transcription strong enough to disrupt the heterochroma-
tin (Figure 1). Thus, our findings suggest that overexpressed JmjC 
domain proteins can enhance relatively weak interactions, leading to 
the recruitment of excess epigenetic modifiers to alter the epigenetic 
landscape independent of JmjC domain’s enzymatic activity.

Noncatalytic Functions of Other JmjC Histone 
Demethylases
Many other JmjC histone demethylases possess noncatalytic func-
tions as well. For example, Kdm2b, an H3K36 demethylase, recruits 
the Polycomb Repressive Complex 1 (PRC1) to unmethylated 
CpG islands of developmentally regulated genes through Kdm2b’s 
zinc finger domain.17 The catalytic activity of Kdm2b does not play 
a role in this process as mutating the JmjC domain of Kdm2b has 
no effect on the recruitment of PRC1. In addition, JMJD1A, an 
H3K9 demethylase, is phosphorylated by protein kinase A in 
response to β-adrenergic receptor activation and forms a complex 
with SWI/SNF and peroxisome proliferator-activated receptor 
gamma (PPARγ) to mediate long-range enhancer-promoter 

Figure 1.  Model for the role of Epe1-SAGA interaction in regulating heterochromatin stability. (A) At its normal expression levels, Epe1 weakly interacts 

with SAGA, resulting in the recruitment of small amount of SAGA to promote transcription for heterochromatin assembly. (B) When Epe1 is 

overexpressed, it recruits excess SAGA to promote histone acetylation and transcription strong enough to disrupt heterochromatin by transcription-

mediated histone turnover.
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interactions. Similar to Kdm2b, JMJD1A’s histone demethylase 
activity is dispensable for complex formation and for regulating 
gene expression. Furthermore, Drosophila dKDM4A, an H3K36 
demethylase, affects position effect variegation independent of its 
demethylase activity.18 Finally, UTX, an H3K27 demethylase, 
modulates enhancer activation by recruiting the H3K4 methyl-
transferase MLL4, which cooperates with histone acetyltransferase 
p300 to activate gene expression. Again, the demethylase activity of 
UTX is dispensable for this interaction.19

Nonenzymatic Functions of Other Chromatin-
Modifying Enzymes Overexpressed in Cancer
Besides histone demethylases, other chromatin-modifying 
enzymes overexpressed in cancer also possess catalytic-inde-
pendent functions. For example, G9a, an H3K9 methyltrans-
ferase, is overexpressed in highly invasive lung cancer cells, and 
its overexpression is associated with poor prognosis.20 
Interestingly, G9a induces DNA methylation independently of 
its methyltransferase activity in embryonic stem cells,21,22 
although whether the noncatalytic function of G9a plays a role 
in lung cancer tumorigenesis remains to be explored. In addi-
tion, EZH2, which is the H3K27 methyltransferase in the 
PRC2 complex, is a known oncogene and is upregulated in sev-
eral cancer types including prostate and breast cancers.23 
Cancer cells with SWI/SNF mutations depend on EZH2 to 
proliferate, but only partially on the catalytic activity of 
EZH2.24 Moreover, EZH2 promotes transcription of andro-
gen receptor independent of its H3K27 methyltransferase 
activity or PRC2 in prostate cancer cells.25 With these observa-
tions, it is clear that overexpressed chromatin-modifying 
enzymes, including JmjC demethylases, can promote cancer 
through their nonenzymatic functions.

Concluding Remarks
In summary, our article showed that a noncatalytic function of 
an overexpressed JmjC domain protein Epe1 contributes to het-
erochromatin defects. Similarly, many other JmjC histone dem-
ethylases and chromatin-modifying enzymes possess noncatalytic 
functions and are overexpressed in cancer cells. Therefore, study-
ing whether and how these noncatalytic functions modulate cel-
lular functions will elucidate how the dysregulation of 
chromatin-modifying enzymes contributes to disease.
Note added in proof: Since the acceptance of our article, Sorida 
et al, 2019, PLoS Genetics 15(6): e1008129 also show that Epe1 
has JmjC-independent functions.
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