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ABSTRACT During antifungal drug treatment and hypoxia, genetic and epigenetic changes occur to maintain sterol homeostasis and
cellular function. In this study, we show that SET domain-containing epigenetic factors govern drug efficacy to the medically relevant
azole class of antifungal drugs. Upon this discovery, we determined that Set4 is induced when Saccharomyces cerevisiae are treated
with azole drugs or grown under hypoxic conditions; two conditions that deplete cellular ergosterol and increase sterol precursors.
Interestingly, Set4 induction is controlled by the sterol-sensing transcription factors, Upc2 and Ecm22. To determine the role of Set4 on
gene expression under hypoxic conditions, we performed RNA-sequencing analysis and showed that Set4 is required for global
changes in gene expression. Specifically, loss of Set4 led to an upregulation of nearly all ergosterol genes, including ERG11 and
ERG3, suggesting that Set4 functions in gene repression. Furthermore, mass spectrometry analysis revealed that Set4 interacts with the
hypoxic-specific transcriptional repressor, Hap1, where this interaction is necessary for Set4 recruitment to ergosterol gene promoters
under hypoxia. Finally, an erg3D strain, which produces precursor sterols but lacks ergosterol, expresses Set4 under untreated aerobic
conditions. Together, our data suggest that sterol precursors are needed for Set4 induction through an Upc2-mediated mechanism.
Overall, this new sterol-signaling pathway governs azole antifungal drug resistance and mediates repression of sterol genes under
hypoxic conditions.
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STEROLS are a major class of neutral lipids that affect
important physical properties ofmembranes in eukaryotic

cells, such as membrane fluidity, transport, and permeability
(Parks and Casey 1995; Espenshade and Hughes 2007). The
primary sterol found in the cell membranes of all fungi and
protozoa is ergosterol (Espenshade and Hughes 2007; Weete
et al. 2010; Dupont et al. 2012). Ergosterol is the yeast equiv-
alent to cholesterol in humans and it has important struc-
tural and signaling functions necessary for the survival of the

organism (Parks and Casey 1995; Mouritsen and Zuckermann
2004; Espenshade and Hughes 2007). In addition, ergosterol
and cholesterol biosynthesis is of fundamental and medical
interest because this pathway contains the targets of several
antifungal and statin drugs (Parks and Casey 1995; Odds et al.
2003; Kathiravan et al. 2012).

In Saccharomyces cerevisiae and other yeast species, ergos-
terol biosynthesis is an oxygen-dependent pathway (Parks
and Casey 1995; Kwast et al. 1998; Rosenfeld and Beauvoit
2003; Espenshade and Hughes 2007; Ishtar Snoek and Yde
Steensma 2007). Under hypoxic or anaerobic conditions,
ergosterol production is blocked, leading to its depletion
(Rosenfeld and Beauvoit 2003; Joshua and Höfken 2017).
Yeast respond to ergosterol depletion by signaling structural
changes in the cell wall to facilitate uptake of exogenous
ergosterol (Abramova et al. 2001; Alimardani et al. 2004;
Ishtar Snoek and Yde Steensma 2007; Zavrel et al. 2013).

Copyright © 2018 by the Genetics Society of America
doi: https://doi.org/10.1534/genetics.117.300554
Manuscript received August 21, 2017; accepted for publication December 19, 2017;
published Early Online December 20, 2017.
Supplemental material is available online at www.genetics.org/lookup/suppl/doi:10.
1534/genetics.117.300554/-/DC1.
1Corresponding author: Department of Biochemistry, Purdue University, Hansen Life
Science Research Bldg., 201 S. University St., West Lafayette, IN 47907. E-mail:
sdbriggs@purdue.edu

Genetics, Vol. 208, 1037–1055 March 2018 1037

http://orcid.org/0000-0001-6429-2506
http://orcid.org/0000-0002-5933-9952
http://orcid.org/0000-0003-2852-3594
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000004218/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000001049/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004246/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
https://doi.org/10.1534/genetics.117.300554
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1
mailto:sdbriggs@purdue.edu


Therefore, ergosterol homeostasis is a balance between er-
gosterol synthesis and sterol uptake from the exogenous
environment.

To maintain ergosterol homeostasis, ergosterol (ERG)
genes, which encode enzymes needed for ergosterol biosyn-
thesis, are tightly controlled by transcription factors (Kwast
et al. 2002; Davies et al. 2005; Davies and Rine 2006;
Hickman andWinston 2007; Ishtar Snoek and Yde Steensma
2007; Joshua and Höfken 2017). Three transcription factors
that are known to regulate ERG genes include Hap1, Ecm22,
and Upc2 (Fytlovich et al. 1993; Vik and Rine 2001; Becerra
et al. 2002; Ter Linde and Steensma 2002; Tamura et al.
2004; Davies et al. 2005; Davies and Rine 2006). Upc2 and
Ecm22 are paralogs and activate genes in response to sterol
levels. During sterol depletion using statin or antifungal azole
drugs, ERG genes are induced by Upc2 and Ecm22 (Vik and
Rine 2001; Wilcox et al. 2002; Davies et al. 2005; Davies and
Rine 2006; Joshua and Höfken 2017).

Under aerobic conditions, Hap1 is a heme-dependent
transcription factor that is required for the proper expression
of mitochondrial respiratory and oxidative stress genes
(Zhang and Hach 1999; Becerra et al. 2002). Hap1 is also
needed for steady state ERG transcript levels and full induc-
tion of ERG genes when cells are treated with lovastatin
(Fytlovich et al. 1993; Becerra et al. 2002; Tamura et al.
2004; Davies and Rine 2006). Under hypoxic conditions,
Hap1 is a heme-independent transcription factor (Zhang
and Hach 1999); however, depending on the strain, Hap1
acts as a transcriptional repressor or activator. In a S288C
FY strain that expresses an integrated wild-type (WT) copy
of HAP1, Hap1 functions together with the corepressor com-
plex, Tup1, and Cyc8 to repress ERG genes (Hickman and
Winston 2007). In addition, deletion of HAP1 resulted in an
increase in ERG genes and other genes involved in ergosterol
metabolism (Hickman and Winston 2007). In contrast, in a
W303 strain that expresses an endogenous HAP1, ERG genes
increase in expression when switched to hypoxic conditions
(Davies and Rine 2006); although it was not determined if
Hap1 mediated this increase. Nevertheless, an aGH1 strain
lacking HAP1 showed a subset of genes were downregulated
under hypoxia, suggesting Hap1 can act as a transcriptional
activator (Lombardia et al. 2000). Currently, it is unclear
what mediates these strain-specific differences.

Although the aforementioned transcription factors are
necessary for regulating ergosterol biosynthesis, additional
studies are needed to determine how this medically relevant
pathway is regulated and how sterol-sensing transcription
factors function with epigenetic regulators. Epigenetic regu-
lators have been shown to mediate yeast growth under anti-
fungal drug treatment. For example, deletions of BRE1, BRE2,
and HOS2 results in a hypersensitive growth defect to the
antifungal metabolite Brefeldin A (BFA) (Muren et al. 2001;
South et al. 2013). Work from our laboratory demonstrated
that loss of the H3K4 methyltransferase, Set1, or loss of the
Set1 complex members that affect H3K4 methylation, has a
hypersensitive growth defect in the presence of BFA (South

et al. 2013). Interestingly, the BFA hypersensitivity observed in
a set1D strain is due to decreased expression of conserved ERG
genes resulting in decreased ergosterol production (South
et al. 2013). Nevertheless, set1D strains become resistant to
BFA when grown in the presence of ergosterol, which is due
to the induction of sterol transporters and uptake of exoge-
nously provided ergosterol (South et al. 2013). Although loss
of SET3 resulted in BFA hypersensitivity and decreased expres-
sion of ERG genes, Set4, the Set3 paralog, was not investigated
(South et al. 2013). Until this study, little was known about the
biological and biochemical function of Set4.

In this study, we investigated the role of SET domain-
containing epigenetic factors, in particular Set4, under con-
ditions that alter ergosterol levels such as azole drug treatment
and hypoxia. Initially, we determined that deletion of SET1
and SET3 results in hypersensitivity to the medically relevant
antifungal drugs ketoconazole and fluconazole. In contrast, a
deletion of SET4 results in azole drug resistance, indicating
that SET domain proteins govern antifungal drug efficacy.
However, we demonstrate that the azole-resistant phenotype
is independent of changes in ERG11 or ABC transporter gene
expression, mechanisms known to play a role in azole resis-
tance. Interestingly, under ergosterol-limiting conditions, we
show that Set4 expression is induced by the sterol-sensing
transcriptional activators Upc2 and Ecm22. RNA-sequencing
analysis determined that Set4 is required for ERG gene re-
pression. Importantly, we show that Set4 directly targets the
ergosterol gene promoters ERG11 and ERG3 under hypoxia
and that Set4 recruitment is dependent on the transcriptional
repressor, Hap1. Finally, we demonstrate that Set4 expres-
sion is upregulated in an erg3D strain, suggesting a precursor
sterol, but not ergosterol, regulates Set4 levels. Overall, we
have discovered a new sterol–Upc2 signaling pathway medi-
ated by Set4 that governs azole drug efficacy and sterol ho-
meostasis under hypoxic conditions.

Materials and Methods

Plasmids and yeast strains

All plasmids and yeast strains are described in Supplemental
Material, Table S1 and Table S2 in File S7. Note that, depend-
ing on the yeast strain, there are genomic differences inHAP1.
Most S. cerevisiae strains includingW303 strains contain a WT
copy of HAP1 (Davies and Rine 2006). Many, if not all, S288C
strains including BY4741 and FY strains contain an in-frame
Ty1 insertion near the 39 end of the HAP1 gene (Gaisne et al.
1999; Hickman and Winston 2007). The hap1–Ty1 gene fu-
sion is expressed and replaces 13 amino acids of the Hap1 C
terminus as well as adds 32 amino acids from the Ty1 element
(Gaisne et al. 1999). Because the hap1–Ty1 gene fusion has
been shown to partially compromise the function of Hap1, the
FY2609 strain (the “HAP1-corrected” strain) was also used
(Gaisne et al. 1999; Hickman and Winston 2007). FY2609
was modified by replacing the hap1–Ty1 gene fusion with a
WT copy of HAP1 (Hickman and Winston 2007).
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The yeast plasmids used in this studywere constructed and
PCR verified as previously described (South et al. 2010, 2013;
Mersman et al. 2012; Zhang et al. 2016). FLAG-tagged strains
were generated using the N-ICE plasmid tagging system and
PCR verified (Zhang et al. 2016).

Yeast growth conditions

Yeast growth and drug treatment were performed as pre-
viously described (Agarwal et al. 2003). The indicated strains
were inoculated in SC media and grown to saturation over-
night. Cells were diluted to an OD600 of 0.1 and recovered to
log phase for 3 hr shaking at 30�. Prior to treatment, cells
were collected for the untreated sample and zero time point.
Cultures were treated at an OD600 of 0.2 with 56 mg/ml
ketoconazole (Sigma-Aldrich, St. Louis, MO) dissolved in
DMSO as previously described (Agarwal et al. 2003). Cells
were collected every 3 hr. The indicated yeast strains were
grown in YPD media to log phase under aerobic shaking
conditions, or for 8 hr under hypoxia in a Bio-Bag Type A
System (14-910-5; Fisher Scientific, Pittsburgh, PA). Cells
were immediately pelleted and flash frozen.

Azole dilution assays and growth assays

For dilution assays, yeast strains were inoculated in SC media
andgrowntosaturationovernight.Yeaststrainswerediluted to
anOD600 of 0.1 and grown in SCmedia to log phase shaking at
30�. The indicated strains were spotted in fivefold dilutions
starting at an OD600 of 0.01 on untreated SC plates or plates
containing 1mg/ml ketoconazole (Sigma-Aldrich) or 12mg/ml
fluconazole (Sigma-Aldrich). Plates were grown at 30� for
2–5 days. For growth assays, the indicated yeast strains were
inoculated in SC media and grown to saturation overnight.
Yeast strains were diluted to an OD600 of 0.1 and grown in SC
media to log phase shaking at 30�. The indicated strains were
diluted to an OD600 of 0.0001 in 100 ml SC media. Cells were
left untreated or treated with 20 mg/ml ketoconazole and
grown for 50 hr shaking at 30�. The cell density OD600 was
determined every 2 hr using the Bio-Tek Synergy 4 multi-
mode plate reader (http://www.biotek.com).

Yeast extraction and Western blot analysis

Whole cell extraction and Western blot analysis to detect
33FLAG-Set4, 33FLAG-Set3, histonemodifications, and glu-
cose-6-phosphate dehydrogenase (G6PDH) were performed
as previously described (Briggs et al. 2001; Fingerman et al.
2005; Mersman et al. 2012). The polyclonal anti-FLAG rabbit
antibody was used to detect 33FLAG-Set4 and 33FLAG-Set3
expression at 1:5000 (catalog F7425; Sigma-Aldrich). The
H3K4 methylation-specific and anti-G6PDH antibodies were
used as previously described (South et al. 2013; Harmeyer
et al. 2015).

Gene expression analysis

RNA was isolated from cells by standard acid phenol purifi-
cation. Reverse transcription was performed using the
QuantiTect Reverse Transcription Kit (QIAGEN, Valencia, CA)

per the manufacturer’s instructions. Primer Express 3.0 soft-
ware was used for designing primers (see Table S3 in File
S7) and quantitative real-time polymerase chain reaction
(qRT-PCR) was performed as previously described (South
et al. 2013; Zhang et al. 2016). Three biological replicates,
including three technical replicates, were performed for all
samples. Data were analyzed using the DDCt method where
ACT1 or RDN18-1 [18S ribosomal RNA (rRNA)] was used as
an internal control. All samples were normalized to an un-
treated, untagged WT strain. The unpaired t-test was used
to determine the statistical significance between two strains
at the genes of interest. All statistical values were reported
as the raw P-values. The mean, SD, SEM, and statistical
significance for appropriate data can be found in Table S5
in File S7.

Immunoprecipitation for mass spectrometry analysis

For analysis of Set4 protein interaction partners, 200 ml of
the 33FLAG-Set4 and the untagged WT strains were grown
to log phase under hypoxia for 8 hr. Whole cell lysate was
prepared from harvested cells by lysing cells with glass beads
and bead beating. Cells were lysed with 2 ml of lysis buffer
(20 mM HEPES, pH 7.5, 350 mM NaCl, 10% glycerol, 0.1%
Tween 20) containing protease and phosphatase inhibitors as
previously described (Mersman et al. 2012). For immunopre-
cipitation, 60 ml of Protein G Magnetic Dynabeads were
conjugated with 20 ml M2 FLAG antibody and immunopre-
cipitated with 2ml of whole cell lysate for 2 hr rotating at 4�.
Proteins were resolved on a 10% SDS-PAGE gel and whole
lanes were cut out for in-gel trypsin digestion. For details on
mass spectrometry (MS) analysis see File S4 and the sup-
plemental methods in File S6.

Chromatin immunoprecipitation

ZipChIP was performed as previously described (Harmeyer
et al. 2015). Briefly, 50 ml cultures were grown to log phase
(OD600 of 0.6) in YPD media at 30� under aerobic shaking
conditions or 8 hr of hypoxia. Cells were formaldehyde cross-
linked and harvested as previously described (Harmeyer et al.
2015). Cell lysates were precleared with 5 ml of unbound
Protein G magnetic beads for 30 min rotating at 4�. A total
of 200 ml of precleared lysate was immunoprecipitated with
10 ml of Protein G magnetic beads (10004D; Life Technolo-
gies) conjugated to 1ml of M2 FLAG antibody (F1804; Sigma-
Aldrich) or MYC antibody (9E10). Probe sets used in qRT-PCR
are described in Table S4 in File S7.

RNA sequencing

The BY4741WT and set4D strains were grown to log phase in
aerobic and hypoxic conditions for 8 hr in YPD media. Total
RNA of three biological replicates for each condition and
sample were isolated by standard acid phenol purification,
treated with DNase (Ambion), and total RNA was purified
using standard acid phenol purification. The quality of the
RNAwas tested using an Agilent Bioanalyzer 2100 using the
High Sensitivity DNA Chip. The complementary DNA library

SET4 and Epigenetic Sterol Regulation 1039

http://www.biotek.com
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000001737/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000001737/overview
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS7.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS7.pdf
http://www.yeastgenome.org/locus/S000001855/overview
http://www.yeastgenome.org/locus/S000006482/overview
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS7.pdf
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS4.xlsx
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS7.pdf
http://www.yeastgenome.org/locus/S000003641/overview


was prepared by the Purdue Genomics Facility using the
TruSeq Stranded Kit with poly(A) selection (Illumina) accord-
ing to the manufacturer’s instructions. For more details on
RNA-sequencing analysis see the supplemental methods in
File S6.

Data availability

Strains are available upon request. File S5 and File S7 contain
additional tables and figures including the strain list and geno-
types, gene expression primers, and chromatin immunoprecip-
itation (ChIP) probe sets. File S1, File S2, File S3, and File S4
include gene expression data from the RNA-sequencing anal-
ysis and peptide hits from theMS analysis. Genome-wide RNA-
sequencing data are available at Gene Expression Omnibus
under accession number GSE107492.

Results

Set1 and Set3 govern azole drug sensitivity

Ourpreviousworkdetermined that loss ofSet1orSet3 resulted
in hypersensitivity to BFA due to the decreased expression
of the ergosterol gene, ERG11, which encodes the enzyme
inhibited by azole antifungal drugs such as ketoconazole and
fluconazole (Odds et al. 2003; South et al. 2013). To test the
role of SET domain proteins in drug sensitivity, particularly
Set4, we performed liquid growth assays in the presence and
absence of the medically relevant azole drug, ketoconazole,
using WT, set1D, set3D, and set4D strains. All strains grew
similarly without the drug (Figure 1A), while set1D and set3D
strains showed hypersensitivity toward 20 mg/ml ketocona-
zole when compared to WT (Figure 1A) and similarly to what
we observed for BFA (South et al. 2013). Interestingly, the
set4D strain grew better than WT in the presence of ketocona-
zole (Figure 1A), indicating that Set3 and Set4 have different
biological functions.

To determine if the two subclasses of azole drugs, imidaz-
ole and triazole, would behave similarly, we performed dilu-
tion assays onplates containing the triazole drug,fluconazole,
usingWT, set1D, set3D, and set4D strains. Similar towhatwas
observed for liquid growth assays with ketoconazole, the
set1D strain showed hypersensitivity when grown on plates
containing 12 mg/ml fluconazole (Figure 1, A and B), while
the set3D strain did not have an apparent growth difference
(Figure 1B). Intriguingly, the set4D strain grew better than
WT on fluconazole plates, suggesting that the loss of SET4
leads to azole drug resistance (Figure 1B). The DMSO-treated
WT, set1D, set3D, and set4D strains grew similarly, demon-
strating that the changes in observed growth are due to azole
drug treatment (Figure 1, A and B). Additionally, the erg5D
strain was used as positive control for fluconazole sensitivity.
Altogether, these results demonstrate that SET domain pro-
teins govern the efficacy of both the imidazole and triazole
subclasses of azole antifungal drugs.

To characterize the extent of SET domain proteins in drug
sensitivity and resistance,we testedwhether set1D, set3D, and

set4D strains were sensitive to other classes of antifungal
drugs including the echinocandin drug, caspofungin, and
the polyene drug, amphotericin B (Odds et al. 2003;
Campoy and Adrio 2017). Dilution assays were performed
on plates containing 0.25 mg/ml caspofungin or 0.5 mg/ml
amphotericin B. In contrast to the azole drug assays, the
set1D, set3D, and set4D strains grew like WT on plates con-
taining either caspofungin or amphotericin B; indicating that
the phenotypes observed in the set1D, set3D, and set4D
strains were specific to the azole class of antifungal drugs
(Figure 1, C and D). The erg5D and ysp2D strains were used
as positive controls for drug sensitivity (Markovich et al.
2004; Gatta et al. 2015). To further analyze the set4D strain,
we tested whether the resistant-like growth observed in a
set4D strain treated with azole drugs grows similarly to
upc2-1, a well-known, azole-resistant mutant (Flowers et al.
2012). Dilution assays were performed on ketoconazole
plates spotted with three independent knockouts of SET4
and the upc2-1 mutant strain. All three set4D strains grew
like the upc2-1 mutant and grew better than WT, providing
strong evidence that yeast strains lacking Set4 will conse-
quently lead to azole drug resistance (Figure 1E). Again, all
strains grew similarly on plates without the drug, showing
that all strains were equally spotted, and the set1D strain was
used as a control for azole sensitivity (Figure 1E).

To confirm that loss of Set4 promotes azole drug resistance,
we performed a rescue experiment by adding back SET4 to the
set4D strain and analyzing yeast growth in the presence and
absence of ketoconazole using a dilution plate assay. The WT
and set4D strains transformed with an empty yeast plasmid
vector or SET4 driven from the endogenous promoter were
spotted on SC-Ura plates with or without 1 mg/ml ketocona-
zole. The WT strain transformed with empty vector and the
set4D strain transformed with endogenous SET4 grew similarly
on ketoconazole plates, whereas the set4D strain transformed
with empty vector showed resistant growth on ketoconazole
plates (Figure 1F). All three strains grew similarly on SC-Ura
plates without the drug (Figure 1F).

Because a set4D strain is resistant to ketoconazole and
fluconazole, we hypothesized that overexpression of Set4
would lead to azole hypersensitivity. To test this hypothesis,
we integrated a constitutive PYK1 promoter upstream of
SET4 and SET3 using our N-ICE plasmid system and per-
formed a dilution assay on ketoconazole and fluconazole
plates (Zhang et al. 2016). Overexpression of Set4 resulted
in hypersensitive growth compared to WT under ketocona-
zole or fluconazole treatment, suggesting that too much Set4
negatively affects cell viability (Figure 1G). Overexpression
of Set3 grew similarly toWT, further demonstrating that Set4
and Set3 play distinct roles in governing azole efficacy (Figure
1G). The set4D strain was used as a control to show drug re-
sistance (Figure 1G). All strains grew similarly on SC plates,
indicating that overexpression of Set4 or Set3 did not alter
growth conditions. To verify that Set4 and Set3 were overex-
pressed in the strains generated using the N-ICE plasmid tag-
ging system, qRT-PCR and Western blot analysis were used to
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detect Set4 and Set3 expression levels (Figure S1, A and B, in
File S5). As expected, Set4 and Set3 expression increased sig-
nificantly in the overexpression strains compared to the en-
dogenous tagged strains (Figure S1, A and B, in File S5).
Overall, these results establish that the loss of SET4 is respon-
sible for azole resistance and that cellular levels of Set4 are
important for governing this phenotype.

Set4 expression is induced under azole antifungal
drug treatment

Because Set4 levels are critical for altering azole resistance,
endogenous SET4messenger RNA (mRNA) levels were quan-
tified from WT cells that were treated with ketoconazole
or DMSO by qRT-PCR analysis. Interestingly, SET4 tran-
script levels increase significantly (16-fold) following 3 hr

of treatment with 56 mg/ml ketoconazole (Figure 2A). Actin
mRNA levels were used to normalize SET4 transcript levels
and the ketoconazole-treated WT sample was set relative to
DMSO-treated WT cells. These results are consistent with a
microarray study that showed increased SET4 expression
upon treatment with ketoconazole (Agarwal et al. 2003).

Because deletions of SET1 and SET3 result in sensitivity to
azole treatment, we tested whether transcript levels of genes
encoding SET domain proteins are affected by ketoconazole
treatment.WT cells were treatedwith ketoconazole and qRT-
PCRwas used to analyze SET1–SET6 expression. SET1, SET3,
SET5, and SET6 transcript levels were not significantly al-
tered in WT cells treated with ketoconazole; however, SET2
expression showed a 38% decrease in transcript levels under
ketoconazole (Figure 2B). The SET1–SET6mRNA levels from

Figure 1 SET domain proteins govern azole antifungal drug sensitivity and resistance. (A) Growth curve of indicated BY4741 strains over a 50-hr time
course in SC media with 20 mg/ml ketoconazole or SC media. (B–E) Dilution assays of the indicated BY4741 strains spotted on SC plates containing
12 mg/ml fluconazole, 0.5 mg/ml caspofungin, 0.5 mg/ml amphotericin B, or 1 mg/ml ketoconazole. (F) Dilution assay of BY4741 WT or set4D strains
transformed with plasmids containing SET4 from its endogenous promoter or empty vector spotted on SC-Ura plates with 1 mg/ml ketoconazole. (G)
Dilution assay of BY4741 WT, set4D, and overexpressed SET4 and SET3 strains. Strains were spotted on SC plates with 1 mg/ml ketoconazole.
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the ketoconazole-treated samples were set relative to their
respective gene in DMSO-treated conditions and normalized
to ACT1.

To characterize the induction of SET4 in response to keto-
conazole, we treated WT cells with 56 mg/ml ketoconazole
and cells were collected over time. As determined by qRT-
PCR analysis, SET4 transcript levels peaked at 6 hr (20-fold
increase) postketoconazole treatment (Figure 2C). ACT1was
used to normalize SET4 mRNA levels and the ketoconazole-
treated samples were set relative to the DMSO WT cells, in-
dicated by the zero time point. To determine if the increase in
SET4 expression following ketoconazole treatment corre-
lated with an increase in protein levels, Set4 and Set3 were
N-terminally 33FLAG tagged, using our N-ICE plasmid tagging

system, at their respective loci and expressed from their en-
dogenous promoter (Zhang et al. 2016). Western blot analy-
sis of the 33FLAG-Set4 strain showed an increase in Set4
protein following 3 and 6 hr of ketoconazole treatment (Figure
2D, lanes 6 and 5, respectively). Surprisingly, Set4 levels were
undetectable in the DMSO-treated sample, indicating that
Set4 expression is extremely low or not expressed under stan-
dard yeast growth conditions (Figure 2D, lane 7).Western blot
analysis of 33FLAG-Set3 protein levels showed minimal dif-
ferences in Set3 protein levels in theDMSO- and ketoconazole-
treated samples (Figure 2D, lanes 1 and 2, respectively).
G6PDH was used as a loading control. The untagged WT was
used as a negative control for ketoconazole- andDMSO-treated
strains (Figure 2D, lanes 3 and 4, respectively). Overall, these

Figure 2 Azole antifungal drug treatment induces Set4 expression. (A and B) Expression of indicated genes was determined in WT cells treated with
DMSO or 56 mg/ml ketoconazole for 3 hr by qRT-PCR analysis. Statistical analysis identified significant changes for SET2 and SET4 expression (* P, 0.05
and **** P , 0.0001, respectively). (C) SET4 expression was determined in WT cells treated with DMSO or 56 mg/ml ketoconazole by qRT-PCR analysis.
Gene expression analysis was set relative to the DMSO-treated WT and expression was normalized to actin mRNA levels (ACT1). Data were analyzed
from three biological replicates with three technical replicates. Error bars represent SD. * P , 0.05, ** P , 0.01. (D) Western blot analysis of Set3 and
Set4 protein levels under DMSO and 56 mg/ml ketoconazole treatment. Lane 6 represents 3 hr of ketoconazole treatment. Lanes 1, 3, and 5 represent
6 hr of ketoconazole treatment. Lanes 2, 4, and 7 show untreated Set3, untagged WT, and Set4, respectively. G6PDH was used as a loading control.
* indicates 33FLAG-Set3 and 33FLAG-Set4 protein levels, respectively. ** denotes protein degradation bands. (E–H) Gene expression analysis (qRT-PCR)
of the indicated genes in WT and set4D strains treated with DMSO or 56 mg/ml ketoconazole for 6 hr. The indicated mRNA transcript levels were
normalized to ACT1 and set relative to the DMSO-treated WT [indicated as (-) Keto]. Error bars represent the SD of three biological replicates each with
three technical repeats. Gene expression and Western blot analyses were performed using the BY4741 strain.
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results demonstrate that Set4 expression is induced under
azole treatment and provides the first evidence of an inducible
SET domain-containing protein in S. cerevisiae and, to our
knowledge, in other eukaryotes.

Set4 does not affect the expression of genes known to
be involved in azole resistance

In recent years, fungal pathogens such as Candida albicans
and C. glabrata have developed resistance to azole antifungal
drugs by upregulating the gene encoding the azole drug tar-
get, ERG11, or upregulating genes encoding the ABC trans-
porters PDR5 and PDR11 (Cowen et al. 2014; Whaley et al.
2016; Campoy and Adrio 2017). To determine if the azole
resistance observed in a set4D strain is correlated with an
upregulation of ERG11, PDR5, or PDR11 compared to WT;
qRT-PCR analysis was performed at the indicated genes in
WT and set4D strain treated with DMSO or 56 mg/ml keto-
conazole for 6 hr. However, no statistical difference in the
expression of ERG11, ERG3, PDR5, and PDR11 between WT
and the set4D strainwas observed (Figure 2, E–H). Therefore,
Set4 does not mediate drug resistance through known resis-
tant genes but may regulate other genes that are unknown to
be involved in azole drug resistance.

Set4 expression is highly induced under
hypoxic conditions

Because yeast are not typically exposed to azole drugs, we
wanted to determine a physiological condition where Set4 is
induced. Interestingly, azole drugs decrease cellular ergos-
terol levels through inhibition of Erg11 (Odds et al. 2003;
Campoy and Adrio 2017). A similar condition occurs when
yeast are grown under low oxygen such as hypoxia or anaer-
obic conditions (Rosenfeld and Beauvoit 2003; Espenshade

and Hughes 2007; Ishtar Snoek and Yde Steensma 2007).
Under hypoxia, ERG genes are repressed in strains that have
full-length HAP1, and many of the enzymes in the ergosterol
biosynthesis pathway have limited function since they are
oxygen dependent (Rosenfeld and Beauvoit 2003; Hon
et al. 2005; Hickman and Winston 2007). To determine if
Set4 expression increased under hypoxia, we performed
qRT-PCR analysis on WT cells grown under aerobic condi-
tions or 8 hr of hypoxia. Strikingly, SET4 transcript levels
were highly upregulated (�200-fold) under hypoxia (Figure
3A). SET4 transcript levels were normalized to RDN18-1 and
set relative to the aerobic WT strain. These results demon-
strate that hypoxia is a physiological condition that signifi-
cantly induces SET4 expression in S. cerevisiae.

To determine if genes encoding other SET domain proteins
modulate their expression in response to hypoxia, we ana-
lyzed SET1–SET6 transcript levels by qRT-PCR under aerobic
and hypoxic conditions (Figure 3B). SET4 transcript levels
increased significantly (P , 0.0001) under hypoxic condi-
tions (�200-fold), whereas no significant gene expression
changes were observed for the remaining genes encoding
SET domain proteins (Figure 3B). RDN18-1 levels were used
to normalize transcript levels and each gene was set to the
appropriate aerobic sample. These results are consistent with
the SET4 induction under ketoconazole, indicating that con-
ditions that decrease cellular ergosterol levels lead to induc-
tion of Set4 expression.

To determine if the Set4 protein was also induced under
hypoxic conditions, we grew the 33FLAG-Set4 strain driven
from the endogenous SET4 promoter over time. Western blot
analysis of the 33FLAG-Set4 strain showed an increase in
Set4 protein levels after 3 hr of hypoxia (Figure 3C, lane 2).
Set4 proteins levels peaked at 6 hr and remained detectable

Figure 3 Hypoxia induces Set4 expression. (A
and B) SET4 transcript level was determined in
WT cells grown under aerobic conditions or 8 hr
of hypoxia by qRT-PCR analysis. **** P ,
0.0001. (B) Expression of SET1–SET6 was de-
termined in WT cells grown under aerobic con-
ditions or 8 hr of hypoxia by qRT-PCR analysis.
Gene expression analyses were set relative to
the aerobic WT using the 18S rRNA (RDN18-1)
as the internal control to normalize transcript
levels. Data were analyzed from three biological
replicates with three technical replicates. Error
bars represent SD. SET4 was the only gene that
significantly changed in expression (**** P ,
0.0001). (C) Western blot analysis of Set4 pro-
tein induction over time under hypoxia. Aerobic
(A) and hypoxia (H). The untagged WT was
used as a negative control. (D) Western blot
analysis of Set4 protein levels following release
from hypoxic conditions. Lane 1 represents Set4
protein levels following 8 hr of hypoxia. Lanes
2–7 indicate Set4 protein levels following re-
lease from hypoxic conditions. G6PDH was used
as a loading control. Gene expression and Western
blot analyses were performed in BY4741 strains.
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through 12 hr of hypoxic treatment (Figure 3C, lanes 3–5).
To further characterize Set4 protein expression levels, we
examined how rapidly Set4 expression decreased when
switching from hypoxic to aerobic conditions. The 33FLAG-
Set4 strain was grown under hypoxic conditions for 8 hr and
released into aerobic shaking conditions (Figure 3D). Cells
were collected 5, 10, 15, 30, and 60 min following the switch
from hypoxia to aerobic conditions (Figure 3D). Western blot
analysis of 33FLAG-Set4 protein levels demonstrated that
Set4 expression decreased rapidly and is undetectable follow-
ing 60 min of aerobic growth (Figure 3D, lanes 2–6). G6PDH
was used as a loading control and the untagged WT strains
grown under aerobic or hypoxic conditions were used as neg-
ative controls (Figure 3C, lanes 6 and 7, and Figure 3D, lane
7). These results show that Set4 expression is tightly regulated
under aerobic conditions. Altogether, our results suggest that
proper Set4 expression is needed under environmental condi-
tions that alter sterol levels so that appropriate cellular adap-
tation occurs.

Set4 is necessary for global gene expression changes
under hypoxic conditions

Transcriptional changes playamajor role inyeast adaptation to
various environmental conditions, and therefore vast epige-
netic changes must occur for yeast to adapt and survive under
hypoxic conditions (Ter Linde et al. 1999;Hickman et al. 2011;
Bendjilali et al. 2017). To determine if induction of Set4 mod-
ulates hypoxic gene expression and adaptation in response to
hypoxia, we performed RNA-sequencing analysis on the
BY4741 isogenic WT and set4D strains grown under hypoxic
conditions for 8 hr. After filtering the data, 5900 expressed
genes were identified in the analysis covering .90% of the
S. cerevisiae genome. Principal component analysis (PCA) was
performed between aerobic and hypoxic samples. PCA showed
that the biological replicates of each strain and condition clus-
ter together (Figure 4A). Additionally, PCA demonstrated that
the WT hypoxia, WT aerobic, and set4D hypoxia clusters are
distinct from one another (Figure 4A). Importantly, the set4D
andWT hypoxic sample sets are distinctly different but cluster
closer together than the WT aerobic sample set (Figure 4A).
This difference in sample clustering suggests that global
changes in gene expression occur under hypoxia and when
SET4 is deleted (Figure 4A).

EdgeR analysis was used to identify the differentially
expressed genes (DEGs) under hypoxia vs. aerobic conditions
in WT samples. A total of 2346 significantly upregulated
genes (40% of the genes analyzed) and 2314 significantly
downregulated genes (39% of the genes analyzed) were
identified (Figure 4B and File S1). PCA and DEG analysis
demonstrated by the volcano scatterplot {2log2 [false dis-
covery rate (FDR)], y-axis} vs. the fold change (x-axis) of the
DEGs indicate that the hypoxic WT strain is substantially and
statistically different from the aerobic WT strain (Figure 4, A
and B). Functional analysis indicated that a large number of
genes induced under hypoxia are involved in cell stress, carbo-
hydratemetabolism, cellwallmaintenance, and lipidmetabolism

(File S1). Many genes identified in our genome-wide analysis
have previously been found to respond to hypoxic conditions
(Hickman et al. 2011; Bendjilali et al. 2017). For example,
several studies—including this one—have found the follow-
ing genes upregulated under hypoxia: ANB1, HEM13, CYC7,
and COX5b; whereas CYC1 and COX5a were downregulated
under hypoxia (File S1) (Ter Linde et al. 1999; Hickman and
Winston 2007; Bendjilali et al. 2017). Furthermore, many
cell wall genes are upregulated, including the DAN/TIRman-
noprotein genes and the seripauperin (PAU) genes (File S1)
(Ter Linde et al. 1999; Rachidi et al. 2000; Abramova et al.
2001; Cohen et al. 2001; Hickman et al. 2011; Bendjilali et al.
2017). In addition, the sterol transport genes PDR11 and
AUS1 were upregulated (File S1) (Wilcox et al. 2002; Kohut
et al. 2011).

The PCA and volcano plots also showed a statistically
significant difference between the hypoxic set4D strain and
the hypoxic WT (Figure 4, A and C). EdgeR analysis deter-
mined that 1392 genes were significantly upregulated (23%
of genes analyzed) and 1212 genes were significantly down-
regulated (20% of genes analyzed) (FDR , 0.01) (Figure 4C
and File S2). To determine the number of genes that overlap
between the different strains and conditions tested, we plotted
a Venn diagram representing the upregulated and downregu-
lated genes for each comparison group (Figure 4D). According
to the Venn diagram, a high degree of overlap was observed
between genes that exhibited increased expression inWT cells
under hypoxia and genes that were significantly downregu-
lated in the set4D strain under hypoxia (962 genes, P, 10252

by Fisher’s exact test) (Figure 4D). In contrast, the intersection
between the DEGs exhibiting decreased expression in WT and
a set4D strain was not larger than predicted by chance alone
(106 genes, P . 0.99). These results reveal that Set4 is re-
quired directly or indirectly for the activation of a significant
number of genes under hypoxia (Figure 4D).

In addition, 977 genes were downregulated in the compar-
ison between WT under hypoxia and aerobic conditions but
upregulated in the set4D strain under hypoxia, suggesting that
Set4 is required to directly or indirectly repress these genes
(Figure 4D). This high degree of overlap was also statisti-
cally significant and indicates that Set4 is required for the
repression of a significant number of genes under hypoxia
(977 genes, P, 10252 by Fisher’s exact test). The intersection
between the DEGs exhibiting increased expression in bothWT
and a set4D strain was not larger than predicted by chance
alone (106 genes, P . 0.99) (Figure 4D). Together, these
comparisons imply that Set4 is necessary to promote the tran-
scriptional switch from aerobic to hypoxic conditions. Lastly,
the GoSLIM database on the SaccharomycesGenome Database
was used to categorize the biological processes, molecular
functions, and pathways of the DEGs (Figure 4, E and F, and
File S3). The top-10 gene ontology (GO) terms are shown in
Figure 4, E and F. Additional GO terms are shown in File S3.

Many of the DEGs that were downregulated in the set4D
strain included genes encodingmeiotic cell cycle factors, factors
that respond to chemical stress, genes involved in metabolite
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Figure 4 Set4 alters global levels of gene expression under hypoxic conditions. The genome-wide changes in gene expression under hypoxia were
performed using BY4741 WT and set4D strains. (A) The PCA for WT and set4D hypoxic samples relative to WT aerobic samples based on the counts per
million. (B) Volcano plot showing the significance [2log2 (FDR), y-axis] vs. the fold change (x-axis) of the DEGs identified in the WT hypoxic samples
relative to WT aerobic samples. (C) Volcano plot showing the significance [2log2 (FDR), y-axis] vs. the fold change (x-axis) of the DEGs identified in the
set4D hypoxic samples relative to WT hypoxic samples. Genes with significant differential expression (FDR , 0.01) in (B and C) are highlighted in red or
blue for up- and downregulated genes, respectively. Gray highlighted genes are considered nonsignificant. (D) Venn diagram showing the number of
genes identified as differentially expressed (FDR, 0.01). Bold numbers indicate a high overlap of genes predicted to be in common by chance based on
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generation, and factors that mediate transcription by RNA
polymerase II (Figure 4E and File S3). A majority of the DEGs
that were upregulated in the set4D strain included genes in-
volved in cytoplasmic translation, rRNA processing, amino
acid metabolism, and lipid metabolism; suggesting that these
genes are dependent on Set4 for repression under hypoxia
(Figure 4F and File S3). Many genes upregulated in a set4D
strain were not categorized in any biological process (File
S3). Of these uncharacterized genes, 18 are PAU genes which
have been hypothesized to play a role in cell wall remodeling
(File S3) (Luo and van Vuuren 2009). Interestingly, 19 out of
20 genes involved in ergosterol metabolism were signifi-
cantly upregulated in the set4D strain compared toWT (Figure
4F). These results indicate that Set4 is required for repressing
genes involved in ergosterol metabolism. Because ERG
genes are repressed under hypoxic conditions, it is likely
that Set4 induction facilitates repression of the ERG genes
and the entire ergosterol biosynthesis pathway for proper
sterol homeostasis, cell wall remodeling, and uptake of ex-
ogenous sterols.

Set4 directly targets and enriches at ergosterol gene
promoters under hypoxia

Cellular ergosterol levels are known to decrease in WT cells
under hypoxia (Hickman et al. 2011; Bendjilali et al. 2017).
To verify that ERG gene expression decreases in response to
hypoxia, we performed qRT-PCR analysis in FY2609 WT
cells grown under aerobic conditions and 3, 6, and 9 hr of
hypoxia. ERG11 and ERG3 transcript levels decreased sig-
nificantly in WT cells following 6 hr (65 and 81%, re-
spectively) and 9 hr of hypoxic treatment (85 and 93%,
respectively) (Figure 5, A and B). The significant decrease
in ERG11 and ERG3 transcript levels correlates with the time
at which Set4 expression peaked under hypoxic conditions
(Figure 3C). In addition, our RNA-sequencing data clearly
indicate that one role for Set4 is to repress genes involved in
ergosterol biosynthesis (Figure 4F). To validate our RNA-
sequencing result, we analyzed the ERG11 and ERG3 tran-
script levels by qRT-PCR in the FY2609 WT and set4D strains
grown under hypoxia for 3, 6, and 9 hr of hypoxia. Consistent
with our RNA-sequencing analysis, a set4D strain had approxi-
mately three- to sixfold more expression of ERG11 and ERG3
mRNA transcript levels compared to the WT strain at the 6 and
9 hr time points (Figure 5, C and D). To determine if this in-
crease in ERG gene expression under hypoxiawas specific to the
set4D strain, we analyzed the ERG11 and ERG3mRNA levels in
WT, set4D, set3D, and the double deletion set4Dset3D strain
under hypoxic conditions. In contrast to aerobic conditions,
ERG11 andERG3 transcript levels are not altered in a set3D strain
under hypoxic conditions (Figure S2 in File S5). Furthermore,

ERG11 and ERG3 transcript levels significantly increased in
the set4D and set4Dset3D strains, demonstrating that Set4
specifically mediates ERG gene repression under hypoxic con-
ditions (Figure S2 in File S5).

Both ERG11 and ERG3 mRNA transcript levels increase
significantly in a set4D strain under hypoxia, suggesting that
a transcriptional activator upregulated these ERG genes in
the absence of Set4. Previously it has been shown that the
transcriptional activator, Upc2, targets ERG genes under ste-
rol limiting conditions (Vik and Rine 2001; Davies et al. 2005;
Davies and Rine 2006). To determine whether ERG11 and
ERG3 gene expression is upregulated by Upc2 when SET4 is
deleted, qRT-PCR analysis was performed under hypoxic con-
ditions in the WT, set4D, upc2D, and set4Dupc2D strains. In-
terestingly, both ERG11 and ERG3 mRNA transcript levels
failed to increase in the upc2D and set4Dupc2D strains under
hypoxic conditions, indicating that Upc2 is required to upre-
gulate ERG11 and ERG3 expression in the absence of Set4
(Figure 5, E and F). Additionally, ERG11 and ERG3 transcript
levels significantly decreased in a upc2D strain but not in the
set4Dupc2D strain, suggesting that Set4 represses these genes
further when UPC2 is deleted (Figure 5, E and F). The mRNA
transcript levels were normalized to RDN18-1 and set relative
to the hypoxic WT strain. Together, these data imply that
Set4 and Upc2 oppose one another to regulate ERG gene
expression under hypoxic conditions.

Because Set4 and Upc2 both regulate the expression of
ERG11 and ERG3 (Figure 5, E and F), we hypothesized that
Set4 directly targets ERG gene promoters to facilitate gene
repression under hypoxia. To determine Set4 binding at ERG
promoters, we performed ChIP analysis using our published
ZipChIP method (Harmeyer et al. 2015). Probe sets were
designed to the promoter and the 59 and 39 ORFs of ERG11
and ERG3 (Figure 5, G and H). Interestingly, ZipChIP analysis
showed that 33FLAG-Set4 was significantly enriched at the
promoter regions of the ERG11 and ERG3 loci when com-
pared with the untagged WT (Figure 5, I and J). In contrast,
33FLAG-Set4 was minimally detected at the 59 ORF and the
39 ORF (Figure 5, I and J). The qRT-PCR analysis was nor-
malized to DNA input levels and set relative to the autono-
mously replicating sequence, ARS504, and WT untagged
strain. Altogether, our data demonstrate that Set4 represses
ergosterol genes and directly targets the promoters of ERG11
and ERG3.

Although our data show that Set4 directly represses ERG
genes, RNA sequencing suggests that Set4 may be needed for
the direct activation of select downregulated DEGs, including
oxidative stress (CTT1) and sporulation (SPS100) genes (Fig-
ure 4E). To test whether Set4 directly targets these genes, our

Fisher’s exact test (P , 10252). (E and F) GO terms of the Set4-dependent DEGs under hypoxic conditions. Downregulated genes refer to the DEGs that
are dependent on Set4 for activation and the upregulated genes refer to the DEGs that are dependent on Set4 for repression. Significantly enriched
groups of GO terms were identified for the DEGs from set4D and WT hypoxic samples. Bar plots show the number of DEGs in each GO group that are
dependent on Set4 under hypoxia. The number of genes in each GO group is shown to the right of each bar. Genes identified are shown in the inset
boxes.
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ZipChIP analysis was performed. ChIP analysis showedminor
Set4 enrichment at the promoters of CTT1 and SPS100
(5- and 17-fold, respectively) (Figure S3 in File S5). In
addition, Set4 was slightly enriched (22-fold) at a consti-
tutively expressed gene, PMA1, which was not differentially
expressed between WT and set4D strains (Figure S3 in File
S5). In contrast, Set4 promoter enrichment at ERG11 (92-
fold) and ERG3 (79-fold) was significantly higher than at
CTT1, SPS100, or PMA1 (compare Figure 5, I and J, with
Figure S3 in File S5). These results demonstrate that Set4
has low promoter enrichment at DEGs found to be downre-
gulated in a set4D strain. We expect that Set4 is either non-
specifically binding at these promoters or plays an indirect

role in the activation of these genes. Additional studies are
needed to better understand how Set4 functions at down-
regulated DEGs.

Set4 is targeted to ergosterol gene promoters by Hap1
under hypoxic conditions

Our data show that Set4 functions as a direct repressor of ERG
genes under hypoxic conditions (Figure 4 and Figure 5). Be-
cause Set4 enriches at the promoter of ERG genes, we hy-
pothesized that Set4may associate with a transcription factor
to help facilitate gene repression under hypoxia. To deter-
mine the Set4-interacting partners under hypoxic conditions,
we performed an immunoprecipitation assay with untagged

Figure 5 Set4 represses ergosterol genes and di-
rectly targets the promoters of ERG11 and ERG3 un-
der hypoxia. (A and B) The mRNA transcript levels of
ERG11 and ERG3 were determined in WT cells
grown under aerobic or hypoxic conditions over
time. qRT-PCR expression analysis in the WT strain
was set relative to the aerobic or hypoxic WT using
the 18S ribosome rRNA (RDN18-1) as the internal
control to normalize transcript levels. (C and D)
qRT-PCR analysis of ERG11 and ERG3 expression in
set4D cells grown under aerobic or hypoxic condi-
tions for 3, 6, or 9 hr. ERG11 and ERG3 expression in
the set4D strain were normalized to RDN18-1 and
set to the WT strain at the same relative time point.
Data were analyzed from three biological replicates
that had three technical replicates each. Error bars
represent SD. * P , 0.05, ** P , 0.01, *** P ,
0.005. (E and F) Gene expression analysis (qRT-
PCR) of ERG11 and ERG3 under hypoxic conditions
in WT, set4D, upc2D, and set4Dupc2D. The mRNA
transcript levels were normalized to RDN18-1 and
set relative to WT grown under hypoxia. * P ,
0.05, *** P , 0.005. (G and H) Schematics of
ERG11 and ERG3 loci with the specified positions
of ChIP probes. (I and J) ChIP analysis of Set4
enriched at ERG11 and ERG3 was performed under
hypoxic conditions using antibodies specific to a
33FLAG tag for the detection of Set4. ChIP analyses
were normalized to DNA input samples and set rel-
ative to the ARS504 and untagged WT. Error bars
represent SD for three biological replicates with
three technical replicates each. * P , 0.05, ** P ,
0.01, **** P , 0.0001. Gene expression and ChIP
analyses were performed using the FY2609 strain.
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WT and 33FLAG-Set4 strains using an anti-FLAG-specific
antibody fromwhole cell lysate harvested from hypoxic yeast
cells. The immunoprecipitated samples were separated by
SDS-PAGE and trypsin digested. The resulting peptides from
the 33FLAG-Set4 and untagged WT immunoprecipitation
hypoxic samples were eluted and analyzed by MS. Peptide hits
revealed that Set4 co-immunoprecipated with the transcrip-
tion factor Hap1 and the transcriptional corepressor Tup1 un-
der hypoxic conditions, suggesting that Set4 functions in a
complex with Hap1 and Tup1 (File S4). Interestingly, Hap1
and Tup1 have been shown to repress ERG genes under hyp-
oxic conditions (Hickman and Winston 2007).

To confirm that Hap1 and Tup1 repress ERG genes under
our hypoxic conditions, we analyzed transcript levels by qRT-
PCR in hap1D and tup1D strains, normalized to RDN18-1 and
set relative to the WT strain. Consistent with published data,
ERG11 and ERG3 expression levels increased significantly in
the hap1D and tup1D strains (Figure 6, A and B) (Davies and
Rine 2006; Hickman and Winston 2007). To determine if
Hap1 directly targets the ERG11 and ERG3 loci under hyp-
oxia, our ZipChIP was performed (Harmeyer et al. 2015).
ChIP analysis showed that Myc-Hap1 is significantly enriched
at the promoters of ERG11 and ERG3 (Figure 6, E and F),
consistent with previous studies (Davies and Rine 2006;
Hickman and Winston 2007). Importantly, the promoter
probe setsweredesignednear (within onenucleosomedistance)
the Hap1 binding sites identified in the promoters of ERG11
(2788 and 2641) and ERG3 (2358) by the YEASTRACT re-
pository (Figure 6, C and D).

To determine if Hap1 is necessary for Set4 recruitment to
ERG gene promoters, we analyzed 33FLAG-Set4 enrichment
in WT and hap1D strains. Strikingly, 33FLAG-Set4 promoter
localization was significantly decreased in the hap1D strain,
demonstrating that Hap1 is necessary for Set4 recruitment to
ERG gene promoters under hypoxia (Figure 6, G and H). No
significant difference in Set4 enrichment between the WT
and hap1D strains was observed at the 59 regions (Figure 6,
G and H). Additionally, Western blot analysis demonstrated
that 33FLAG-Set4 protein expression levels were unaffected
in a hap1D strain under hypoxia, verifying that the loss of
Set4 enrichment at the promoter in a hap1D strain was not
due to changes in global Set4 expression levels (Figure S4 in
File S5). Altogether, these results demonstrate that Set4 asso-
ciates and functions with Hap1 and the corepressor, Tup1, to
maintain ergosterol homeostasis during hypoxic conditions.

Upc2 and Ecm22 are necessary for Set4 expression
under hypoxic conditions and azole antifungal
drug treatment

Because Set4 is induced under hypoxia and azole treatment,
we wanted to determine the transcription factor(s) responsi-
ble for inducing Set4 expression. Previously, it has been
shown that the transcriptional activators, Upc2 and Ecm22,
upregulate gene targets in response to sterol depletion (Vik
and Rine 2001; Davies et al. 2005; Davies and Rine 2006;
Hickman et al. 2011). Under sterol depletion, Upc2 has been

suggested to be the primary transcriptional regulator of er-
gosterol biosynthesis genes (Vik and Rine 2001; Davies et al.
2005; Davies and Rine 2006). Because sterol depletion oc-
curs under hypoxia, we hypothesized that Upc2 and Ecm22, a
paralog of Upc2, were necessary for Set4 induction under hyp-
oxic conditions. First, the SET4 promoter was analyzed for
Upc2 and Ecm22 binding sites (Figure 7A). Upc2 and Ecm22
are sterol regulatory element binding proteins that have been
suggested to recognize the 7-bp DNA sequence TCGTATA
known as the sterol regulatory element; Upc2 also recognizes
the sequence TCGTTAAA (Vik and Rine 2001). The SET4 pro-
moter contains three potential Upc2/Ecm22 binding sites pre-
dicted by the YEASTRACT repository database, including two
binding sites for Upc2 andEcm22 (21384 and2633), and one
site for Upc2 (21025) (Figure 7A). To determine if SET4 ex-
pression is dependent on Upc2 and Ecm22 under hypoxia, we
generated the following single and double deletion strains—
upc2D, ecm22D, and upc2Decm22D—and analyzed each dele-
tion strain for SET4 mRNA levels. As predicted, the upc2D
strain resulted in a significant decrease (72%) of SET4 tran-
script levels under hypoxia; however, the ecm22D strain did
not affect SET4 expression (Figure 7B). Nevertheless, the
upc2Decm22D double deletion strain abolished SET4 tran-
script levels under hypoxia (Figure 7B).

Todetermine if the decrease in SET4 transcript levels in the
upc2D and upc2Decm22D strains correlate with a decrease in
protein levels, we generated the corresponding deletions—
upc2D, ecm22D, and upc2Decm22D—in the 33FLAG-Set4
strain. Western blot analysis of the 33FLAG-Set4 strains
showed a moderate reduction in Set4 protein levels in the
upc2D strain and a slight decrease in the ecm22D strain under
hypoxia (Figure 7C, lanes 4 and 6). However, Set4 protein
levels were completely abolished in the upc2Decm22D double
deletion strain (Figure 7C, lane 8), confirming that Upc2 and
Ecm22 are both necessary for the hypoxic-mediated induction
of Set4 (Figure 7C). G6PDHwas used as a loading control and
an untaggedWT grown under hypoxia was used as a negative
control.

Studies have shown that Upc2 upregulates several gene
targets including ERG genes, DAN/TIR genes, and PAU genes
under antifungal drug treatment (Vik and Rine 2001; Wilcox
et al. 2002; Davies et al. 2005; Davies and Rine 2006; Gallo-
Ebert et al. 2013; Woods and Höfken 2016). To determine if
Set4 expression is also dependent on Upc2 under azole drug
treatment, we determined SET4 expression levels following
6 hr of treatment with 56 mg/ml ketoconazole in the WT,
upc2D, ecm22D, and upc2Decm22D strains. Consistent with
hypoxic conditions, SET4 transcript levels significantly de-
creased in the upc2D strain under ketoconazole treatment,
albeit lower than observed under hypoxic conditions (Figure 7,
B and D). Additionally, SET4 transcript levels were unchanged
in the ecm22D strain (Figure 7D), while the upc2Decm22D
strains show similar SET4 transcript levels as the upc2D (Fig-
ure 7D); suggesting that SET4 induction is completely de-
pendent on Upc2. To determine if Set4 protein levels are
solely dependent on Upc2 under azole drug treatment, we
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performed Western blot analysis in the 33FLAG-Set4 strains
containing upc2D, ecm22D, and upc2Decm22D double dele-
tions. Consistent with SET4 transcript levels, Set4 protein
expression is undetectable in the upc2D and upc2Decm22D
double deletion strains treated with ketoconazole (Figure 7E,
lanes 4 and 8). These results indicate that Upc2 is the primary
transcription factor required to induce Set4 expression, while
Ecm22 is partially responsible for Set4 expression in the ab-
sence of Upc2 under hypoxic conditions. In contrast, Upc2 is
exclusively responsible for upregulating Set4 levels under
azole treatment.

An erg3D strain induces the expression of Set4 under
untreated aerobic conditions

Because hypoxia and azole drug treatment are conditions
that decrease ergosterol and increase sterol precursors, we

hypothesized that Upc2 would upregulate Set4 expression
under aerobic conditions in strains that are deficient in pro-
ducing ergosterol but still produce precursor sterols. To test
this hypothesis, we deleted the genes encoding the enzymes
(ERG6, ERG2, ERG3, ERG5, and ERG4) needed for the final
five steps of the ergosterol biosynthesis pathway (Figure 8A),
and SET4 expression levels were examined by qRT-PCR. In-
triguingly, the erg3D strain resulted in a significant increase
(�10-fold) in SET4 transcript levels, whereas SET4 expres-
sion increased threefold or less in the remaining ergosterol
mutants (Figure 8B). To determine if Set4 protein levels in-
duce in an erg3D strain, we deleted ERG3 in the 33FLAG-Set4
strain. Western blot analysis revealed that 33FLAG-Set4 pro-
tein was expressed in the erg3D strain, suggesting that in-
creased levels of an ergosterol precursor(s) in the erg3D
strain are involved in upregulating Set4 expression (Figure

Figure 6 The transcriptional repressor, Hap1, is re-
quired for Set4 binding to the promoters of ergos-
terol genes under hypoxic conditions. (A and B)
Relative transcript levels of ERG11 and ERG3 were
determined following 8 hr of hypoxia in WT, hap1D,
and tup1D strains using qRT-PCR analysis. Transcript
levels were set relative to the WT strain and expres-
sion levels were normalized to RDN18-1. *** P ,
0.005, **** P , 0.0001. (C and D) Schematics of
ERG11 and ERG3 loci with the specified positions of
ChIP probes. (E and F) ChIP analysis of Hap1 under
hypoxia at ERG11 and ERG3. ** P , 0.005. (G and
H) ChIP analysis of Set4 under hypoxia in WT and
hap1D strains at ERG11 and ERG3. ChIP analyses
were normalized to DNA input samples and set rel-
ative to the untagged WT and the ARS504 loci. Error
bars represent SD for three biological replicates
with three technical replicates each. Gene expres-
sion and ChIP analyses were performed using the
FY2609 strain. **** P , 0.0001. N.S., no significant
difference.

SET4 and Epigenetic Sterol Regulation 1049

http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000004218/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000004218/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000004218/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004218/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004467/overview
http://www.yeastgenome.org/locus/S000004815/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000004617/overview
http://www.yeastgenome.org/locus/S000002980/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000003641/overview


8C and Figure S5 in File S5). Ergosterol precursors generated
in an erg3D strain are episterol, ergosta-7-enol, ergosta-
7,22,24(28)-trienol, and ergosta-7,22-dienol (Figure S5 in File
S5) (Bard et al. 1993; Sanglard et al. 2003; Martel et al. 2010;
Vale-Silva et al. 2012). Because Set4 expression is dependent
on Upc2 under sterol depletion (Figure 7), UPC2 transcript
levels were analyzed in the ergosterol mutants to determine
whether UPC2 levels were upregulated in response to de-
creased ergosterol levels. The qRT-PCR analysis showed that
UPC2 expression is significantly upregulated in the erg6D,
erg2D, and erg3D strains and not significantly affected in the
erg5D and erg4D strains; indicating that a decrease in ergos-
terol does not result in Upc2 induction (Figure 8D). To test if
Upc2 is required for Set4 expression in the erg3D strain, we
generated the erg3Dupc2D double deletion strain. Consistent
with the requirement of Upc2 for the induction of Set4 under
azole and hypoxic conditions, SET4 transcript level failed to in-
crease in the erg3Dupc2D strain (Figure 8E). In addition, West-
ern blot analysis revealed that 33FLAG-Set4 expression was

undetectable in the erg3Dupc2D double deletion strain, ver-
ifying that Set4 expression is solely dependent on Upc2 in
the erg3D strain (Figure 8F, lane 5). Altogether, our data
indicate that accumulation of a sterol precursor(s) in the
erg3D strain works together with Upc2 to induce Set4
expression.

Discussion

In this study, we established that Set4 is an inducible SET
domain-containing protein that governs azole antifungal
drug resistance, and directly represses ergosterol genes un-
der hypoxic conditions by a Hap1-dependent mechanism.
Initially, we identified that Set1, Set3, and Set4 govern drug
efficacy to the medically relevant class of azole antifungal
drugs. Upon further investigation, we surprisingly discovered
that Set4 is not constitutively expressed under standard yeast
growth conditions but is induced by the sterol-responsive
transcriptional activators, Upc2 and Ecm22, under hypoxic

Figure 7 Set4 expression under hypoxia or azole drug-treated conditions is primarily dependent on Upc2. (A) Schematic of the Upc2 and Ecm22 binding
sites located in the SET4 promoter. (B and D) Using the indicated strains, SET4 expression was determined by qRT-PCR analysis. SET4 expression levels were
normalized to RDN18-1 (hypoxia) or ACT1 (ketoconazole) and set relative to the aerobic or DMSO-treated WT strain. Data were analyzed from three
biological replicates with three technical repeats. Each error bar represents SD. ** P, 0.01 and *** P, 0.005. (C and E) Western blot analysis of Set4 levels
under the indicated conditions. G6PDHwas used as a loading control. Gene expression andWestern blot analyses were performed using the BY4741 strain.
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conditions or azole drug treatment. Furthermore, we deter-
mined that Set4 modulates global gene expression under
ergosterol-limiting conditions, and that under hypoxia Set4
is recruited to promoters by Hap1 to directly repress ERG3
and ERG11 expression. Therefore, Set4 plays a key role in
cellular adaptation to environmental conditions that deplete
ergosterol levels. Interestingly, Set4 expression is also upre-
gulated in an untreated erg3D strain but not in an erg3Dupc2D
double deletion strain, suggesting Upc2 and a precursor
sterol(s)—but not ergosterol—control Set4 levels. Altogether,
we have identified a new sterol-signaling pathway involving
precursor sterols, sterol-sensing transcription factors, and
Set4, which govern azole antifungal drug resistance and reg-
ulates the repression of sterol genes under hypoxic conditions.

Set4 has previously been defined as the Set3 paralog be-
cause SET4 was likely derived from SET3 during the whole-
genome duplication of the Saccharomycotina species, and has
been identified in S. cerevisiae, S. bayanus, S. castelli, and the

opportunistic fungal pathogen C. glabrata (Pijnappel et al.
2001; Byrne and Wolfe 2005). Both Set4 and Set3 contain an
N-terminal PHD finger and C-terminal SET domain; however,
neither Set3 nor Set4 have been identified to have histone
methyltransferase activity (Pijnappel et al. 2001). Additionally,
the Set4 homologsUpSET (Drosophilamelanogaster) andMLL5
(human, long isoform) have not been shown to have histone
methyltransferase activity (Pijnappel et al. 2001; Fujiki et al.
2009; Sebastian et al. 2009; Mas et al. 2016; Zhang et al.
2017). On the other hand, MLL5 (human, short isoform) has
been reported to have H3K4 methylation activity after MLL5
(short) has been post-translationally modified by O-GlcNac
transferase (Fujiki et al. 2009).However, in S. cerevisiae, histone
methylation by Set4 was undetectable both in vitro and in vivo
when testing global levels of H3K4 methylation under aerobic
and hypoxic conditions by Western blot analysis (Figure S6 in
File S5). Currently, it is unknown whether Set4 has methyl-
transferase activity on histones or nonhistone substrates.

Figure 8 Set4 is constitutively expressed in an
erg3D strain under aerobic conditions by a pre-
cursor sterol and Upc2. (A) Modified pathway
showing the final steps in ergosterol biosynthe-
sis. The * on ERG3 represents potential pathways
that modify episterol to generate additional
sterol precursors (see Figure S5 in File S5). (B)
qRT-PCR analysis of SET4 transcript levels in er-
gosterol mutant strains under aerobic conditions.
Transcript levels were normalized to ACT1 and
set relative to WT. (C) Western blot analysis of
33FLAG-Set4 levels in WT and erg3D strain un-
der aerobic conditions. The * indicates a likely
protein degradation band. (D) Gene expression
analysis by qRT-PCR of UPC2 in indicated strains
under aerobic conditions. (E) SET4 mRNA levels
determined by qRT-PCR in WT, erg3D, upc2D,
and erg3Dupc2D under aerobic conditions.
(B, D, E) * P , 0.05, ** P , 0.005, *** P ,
0.0005, **** P , 0.0001. (F) Western blot anal-
ysis of Set4 protein levels in strains from E under
aerobic conditions. G6PDH was used as a load-
ing control and an untagged WT was used a
negative control. The band under the Set4 band
likely indicates protein degradation and is indi-
cated by *. Gene expression data were normal-
ized to ACT1 and set relative to WT. Error bars
represents SD of three biological replicates. Gene
expression and Western blot analyses were per-
formed using the BY4741 strain.
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Like Set3, Set4 alters global gene expression; however,
the mechanism by which Set4 modulates ergosterol gene
expression is unknown but is likely different from Set3
(Kim et al. 2012). For example, loss of Set4 increases
ERG11 and ERG3 transcript levels, whereas a deletion of
Set3 does not affect these genes under hypoxia (Figure S2
in File S5). Under aerobic conditions, the Set3 complex has
been shown to enrich at the 59 regions of gene targets through
associations with H3K4me2 and the Ser5-phosphorylated
C-terminal domain of RNA polymerase II (Kim and Buratowski
2009; Govind et al. 2010). In addition, unlike the PHD fin-
ger of Set3, the PHD finger of Set4 does not bind to H3K4
methylated histones (Shi et al. 2007). Together, this sug-
gests that Set3 and Set4 have evolved distinct biochemical
functions.

Overall, our studies support a model where Upc2 induces
SET4 to block Upc2-mediated ERG gene activation by a re-
pressive complex consisting of Set4, Hap1, and Tup1 under
hypoxia (Figure 5, E and F, and Figure 9A). Therefore, the
Set4–Hap1–Tup1 complex functions in a feedback mecha-
nism to regulate Upc2-mediated ERG gene activation (Figure
9A). In support of this hypothesis, deletion of SET4 results in

increased expression of ERG11 and ERG3 compared to WT,
whereas this increase is abolished in the upc2D and set4Dupc2D
strains under hypoxia (Figure 5, E and F).

Importantly, ERG11 and ERG3 gene expression increased
similarly in the BY4741 set4D strain compared to the FY2609
set4D strain, indicating that neither the BY4741 strain
expressing the hap1–Ty1 gene fusion nor the FY2609 strain
expressing the WT HAP1 affects the function of Set4 (Figure
S7 in File S5). Interestingly, ERG11 and ERG3 transcript lev-
els increase by about twofold in the BY4741 WT strain;
whereas ERG gene expression significantly decreases (Figure
5) in the FY2609 strain when switched to hypoxic conditions
(Figure S8 in File S5). To our knowledge, this is the first
observation indicating that the BY4741 strain expressing
the hap1–Ty1 gene fusion is partially defective in repressing
ERG genes (Figure S8 in File S5 and File S1). However, this is
consistentwith thefindings that strains expressing thehap1–Ty1
gene fusion are partially defective in Hap1-mediated gene
activation under aerobic conditions (Gaisne et al. 1999; Tamura
et al. 2004).

In contrast, ERG11, ERG3, PDR5, and PDR11 expression
increased similarly in WT and set4D strains treated with

Figure 9 Sterol precursor(s) lead to Upc2-facilitated induction of Set4 to repress genes required for antifungal drug resistance and sterol homeostasis
under hypoxic conditions. (A) Model under hypoxia: Sterol-facilitated induction of Set4 by Upc2 mediates repression of ERG genes by association with
the transcriptional repressors Hap1 and Tup1 to block the function of the transcriptional activator, Upc2. Hap1 under hypoxic conditions is heme
independent and is considered a transcriptional repressor. Activation of ERG genes by Upc2 is blocked by the presence of Set4 and Hap1 as indicated by
the inhibitory symbol. S288C strains expressing the hap1–Ty1 gene fusion partially repress ERG gene expression; whereas yeast strains expressing HAP1
will fully repress ERG genes. (B) Model under azole drug treatment: Sterol-facilitated induction of Set4 by Upc2 mediates repression of genes involved in
azole resistance and likely associates with a transcriptional repressor (T.R.) to block a transcriptional activator (T.A.). Under azole treatment, ERG genes
are Set4 independent but are activated by Upc2, Hap1heme, and coactivators. Hap1 under aerobic conditions is bound to heme and is considered a
transcriptional activator.

1052 N. D. Serratore et al.

http://www.yeastgenome.org/locus/S000001737/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000001737/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000001049/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000001737/overview
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS5.pdf
http://www.yeastgenome.org/locus/S000001737/overview
http://www.yeastgenome.org/locus/S000001737/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000001737/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004246/overview
http://www.yeastgenome.org/locus/S000000680/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004246/overview
http://www.yeastgenome.org/locus/S000000680/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000001049/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000002621/overview
http://www.yeastgenome.org/locus/S000001049/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.yeastgenome.org/locus/S000004246/overview
http://www.yeastgenome.org/locus/S000004246/overview
http://www.yeastgenome.org/locus/S000003641/overview
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS5.pdf
http://www.yeastgenome.org/locus/S000001049/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS5.pdf
http://www.yeastgenome.org/locus/S000004246/overview
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS5.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300554/-/DC1/FileS1.xlsx
http://www.yeastgenome.org/locus/S000004246/overview
http://www.yeastgenome.org/locus/S000001049/overview
http://www.yeastgenome.org/locus/S000004046/overview
http://www.yeastgenome.org/locus/S000005679/overview
http://www.yeastgenome.org/locus/S000001275/overview
http://www.yeastgenome.org/locus/S000003641/overview


ketoconazole, indicating that these are Set4-independent
genes (Figure 2, E–H). Therefore, under azole treatment,
Set4 must regulate the expression of alternative gene tar-
gets unknown to play a role in azole drug resistance. We
speculate that Set4 does not associate with Hap1 since Hap1
is bound to heme under aerobic conditions and acts as a
transcriptional activator for ERG genes (Figure 9B). Genome-
wide gene expression analysis and/or genetic suppressor
screens will identify Set4 gene targets that contribute to azole
drug resistance.

An important result revealed from our study was the
observation that Set4 expression levels are upregulated in
an erg3D strain (Figure 8). These data suggest that a pre-
cursor sterol, not ergosterol, is signaling induction of Set4
by an Upc2-mediated mechanism. In an erg3D strain, sev-
eral ergosterol precursors have been indicated to accumu-
late under aerobic, untreated conditions in yeast such as
episterol, ergosta-7-enol, ergosta-7,22,24(28)-trienol and
ergosta-7,22-dienol (Figure S5 in File S5) (Sanglard et al.
2003; Martel et al. 2010; Vale-Silva et al. 2012). In a recent
study, Upc2 was shown to bind ergosterol sequestering
Upc2 outside of the nucleus; however, when ergosterol is
depleted using treatment with fluconazole, Upc2 localizes
to the nucleus (Yang et al. 2015). In an erg3D strain, ergos-
terol cannot be synthesized; therefore, the sterol precursors
that accumulate in erg3D strain might bind to Upc2 or an-
other factor, leading to Upc2 nuclear localization and Set4
expression. Understanding how Set4 functions in eukary-
otic sterol homeostasis can provide insight into how SET
domain proteins alter gene expression in hypoxic environ-
ments such as the human gut microbiota or tumor microen-
vironment. Furthermore, understanding the role of Set4 in
drug resistance can provide insight into the development of
new or improved antifungal drugs as well as develop novel
strategies for treating fungal infections and antifungal drug
resistance.
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