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SUMMARY

In the human fungal pathogen Cryptococcus neoformans, the SREBP ortholog Srel is important
for adaptation and growth in nutrient-limiting host tissues. In this study, we characterize the C.
neoformans serotype A Srel and its activating protease, Stpl. We demonstrate that Stpl is a
functionally conserved ortholog of the mammalian Site-2 protease and that Stp1 cleaves Srel
within its predicted first transmembrane segment. Gene expression analysis revealed that Stpl is
required for both Srel-dependent and Srel-independent gene transcription, indicating that other
substrates of Stp1 may exist. Using gas chromatography, we showed that Srel and Stp1 are
required for both normoxic and hypoxic ergosterol biosynthesis, and therefore cells lacking SRE1
or STP1 are defective for growth in the presence of low levels of the ergosterol biosynthesis
inhibitors, itraconazole and 25-thialanosterol. Importantly, our studies demonstrated fungicidal
effects of itraconazole and 25-thialanosterol toward srelA and stplA cells, demonstrating that the
Srel pathway is required for both growth and survival in the presence of sterol biosynthesis-
inhibiting antifungal drugs. Given the need for fungicidal drugs, we propose that inhibitors of
Stp1, Srel, or other regulators of Srel function administered in combination with a sterol
synthesis inhibitor could prove an effective anti-cryptococcal therapy.
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INTRODUCTION

Cryptococcus neoformans is a basidiomycetous yeast that causes life-threatening
meningoencephalitis primarily in immunocompromised patients, particularly individuals
with HIV/AIDS (Kwon-Chung and Bennett, 1992; Mitchell and Perfect, 1995). Yeast cells
or possibly spores are inhaled and disseminate to the brain where they establish growth and
formation of cystic lesions. Several factors have been identified as being required to
promote disease, including the ability of C. neoformans cells to grow at host body
temperature, the production of melanin, and the production of a polysaccharide capsule
surrounding the cell wall of C. neoformans cells (Kwon-Chung and Bennett, 1992). Despite
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the identification of these well-known virulence requirements, mechanisms underlying the
adaptation of C. neoformans cells to the host environment remain poorly understood.

The C. neoformans sterol regulatory element-binding protein (SREBP) pathway was
recently found to be required for host adaptation and virulence (Chang et al., 2007; Chun,
Liu, and Madhani, 2007). C. neoformans SREBP, called Srel, is a membrane-bound
transcription factor that stimulates ergosterol production in response to sterol depletion, for
example when oxygen-dependent ergosterol synthesis is limited by hypoxia. Our studies in
the C. neoformans var. neoformans serotype D strain demonstrated that Srel is
proteolytically activated under low oxygen conditions and that SRE1 is required for
virulence in a mouse model of infection (Chang et al., 2007). Although srelA cells enter the
brain, they failed to cause lethal infection in mice, suggesting a role for Srel in growth or
survival in the host tissue. The Cryptococcus neoformans species complex is classified into
five serotypes (A, B, C, D and A/D) and serotypes A and D cause the majority of human
disease (Bennett, Kwon-Chung, and Howard, 1977). A parallel study of Srel in C.
neoformans serotype A found that Srel is also required for virulence in mice (Chun, Liu,
and Madhani, 2007), however, while serotype D SRE1 was completely required to cause
fatal infection in mice, serotype A SRE1 was found to be only partially required for
virulence.

Most fungal infections are currently treated with drugs that inhibit ergosterol biosynthesis,
including the commonly used azole class of drugs. Azoles have been shown to be effective
against a wide-range of pathogenic fungi, including species of Cryptococcus, Candida,
Aspergillus, Coccidioides, and Histoplasma (Sheehan, Hitchcock, and Sibley, 1999;
Scheinfeld, 2007). Insomuch as C. neoformans Srel regulates genes encoding ergosterol
biosynthetic enzymes, SRE1 was shown to be required for growth in the presence of low
levels of azoles (Chang et al., 2007; Chun, Liu, and Madhani, 2007; Lee et al., 2007).
Importantly, SREBP displays a similar requirement in Aspergillus fumigatus (Willger et al.,
2008). These findings suggest that Srel, or regulators of Srel, may be promising targets for
antifungal drug design due to the fact that Srel inhibitors may display synergistic effects
when used in combination with current antifungals.

SREBP transcription factors were first characterized in mammalian cells as regulators of
lipid homeostasis (Goldstein, DeBose-Boyd, and Brown, 2006). Mammalian SREBPs are
synthesized as ER membrane-bound inactive precursors. SREBPs contain two
transmembrane segments separated by a short lumenal loop and the N- and C-termini face
the cytosol (Fig. 2A). When cellular cholesterol levels decrease, the SREBP cleavage
activating protein (Scap) escorts SREBP to the Golgi apparatus where SREBP undergoes
two sequential proteolytic cleavage events catalyzed by the Site-1 and Site-2 proteases. The
Site-1 protease is a Golgi-localized serine protease that performs the first cleavage event in
the lumenal loop of SREBP. Following Site-1 cleavage, the Site-2 zinc metalloprotease
catalyzes the cleavage of SREBP within its first transmembrane segment. Site-2 protease
cleavage liberates the N-terminal bHLH transcription factor domain of SREBP from the
membrane, allowing translocation to the nucleus and target gene transcription.

Site-2 proteases have been identified in nearly all sequenced genomes, including
prokaryotes (Rawson and Li, 2007; Makinoshima and Glickman, 2006). In bacteria which
lack SREBPs and sterols, Site-2 proteases function in multiple pathways, including several
types of stress responses (Rawson and Li, 2007; Makinoshima and Glickman, 2006).
Interestingly, the Site-2 protease in the bacterial pathogen Mycobacterium tuberculosis plays
a role in maintaining cell envelope lipid composition and is required for persistence of
infection in mice (Makinoshima and Glickman, 2005). Despite their widespread
conservation, most commonly studied fungi lack clear homologs of Site-2 proteases,
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particularly fungi belonging to the phylum Ascomycota. The basidiomycete C. neoformans
contains an identifiable Site-2 protease homolog, named Site-2 Protease 1 (Stpl). Stpl
mutants display similar phenotypes to Srel mutant strains, suggesting a role for Stpl in
regulating Srel activity (Chun, Liu, and Madhani, 2007).

In this study, we performed a detailed characterization of Stpl. We provide evidence that
Stp1l is a functional metalloprotease that cleaves Srel within its first transmembrane
segment. Detailed gene expression analysis revealed that Stp1 is required for Srel
transcriptional activity and that additional Stp1 substrates may exist. Finally, we further
characterized the role of Srel and Stp1l in resistance to sterol biosynthesis inhibitors. Our
results demonstrate that inhibition of the Srel pathway transforms these fungistatic
inhibitors into fungicidal drugs. Based on our findings, we propose that regulators of the
Srel pathway, including Stpl, are promising targets for the development of novel antifungal
therapeutics.

STP1 encodes a protein required for Srel proteolysis

The serotype A reference strain C. neoformans H99 contains a single sequence homolog of
the human Site-2 protease called STP1 that is required for hypoxic growth and virulence
(Chun, Liu, and Madhani, 2007). STP1 codes for a 594 amino acid protein (Broad ID:
CNAG_05742.2), and protein sequence alignment shows a low level of sequence identity to
the human Site-2 protease (Fig. 1A). Similar to other Site-2 protease orthologs, Stpl is
predicted to be extremely hydrophobic. Hydropathy plots of the human Site-2 protease and
Stp1 obtained using Phobius software (http://phobius.sbc.su.se/) show a similar number and
position of transmembrane domains between the two proteins (data not shown). Importantly,
the key catalytic residues for Site-2 protease function are conserved, including two histidines
and a glutamate in the N-terminus and one aspartate near the C-terminus (Fig. 1A,
underlined residues). These residues coordinate the catalytic zinc ion and water molecule in
the enzyme active site (Feng et al., 2007).

In mammals, Site-2 protease liberates the soluble N-terminal transcription factor domain of
SREBP from the Golgi membrane. To determine whether cells lacking C. neoformans STP1
produce cleaved Srel N-terminus (SrelN), we generated stp1A cells by homologous
recombination. Using previously generated anti-Srel antiserum to detect both the full-length
form and the cleaved N-terminal form of Srel, we assayed Srel cleavage in stplA cells by
immunoblot analysis (Fig. 1B). Hypoxia strongly induces the production of SrelN in wild-
type cells (Chang et al., 2007). Wild-type and stp1A cells were grown at ambient oxygen
and then switched to 3% oxygen for increasing amounts of time. Unlike wild-type cells
where SrelN (~75 kD) rapidly accumulates under low oxygen, stp1A cells failed to produce
SrelN (Fig. 1B). In addition, stp14 cells contained reduced amounts of Srel precursor.
These data indicate that Stpl is required for Srel proteolysis. STP1 is additionally required
for Srel expression, possibly due to the fact that SREBP orthologs regulate their own
synthesis or that Stp1 is somehow required for the stability of full-length Srel protein. To
investigate this further, we measured levels of SRE1 mRNA using quantitative PCR (Fig.
1C). Compared to wild-type, SRE1 transcript levels in stpl4 cells were similar under
normoxic conditions but reduced under hypoxic conditions, suggesting that under Srel-
activating conditions STP1 is required for SRE1 synthesis.

Since STP1 is required to produce SrelN, we tested whether stp1A cells display similar
growth phenotypes as srelA cells. Srel is required for normal growth under low oxygen
conditions and in the presence of the hypoxia mimetic, cobalt chloride (CoCl,) (Chang et
al., 2007; Lee et al., 2007). Serial dilutions of cells were plated on rich medium in the
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absence or presence of 0.3 mM CoCl, and grown for 3 days at 30°C (Fig. 1D). In the
absence of CoCly, all strains grew similar to wild-type. However, both srelA and stp1A cells
failed to grow on the CoCl,-containing plates. Growth on CoCl, was rescued by
transforming srelA and stplA with wild-type copies of SRE1 and STP1, respectively. To test
whether the growth defect of stp1A cells on CoCl,-containing medium is due to loss of Srel
cleavage, srelA and stplA cells were generated that stably-express the soluble N-terminal
domain of Srel (SrelN). SrelN rescued growth of srelA cells on CoCls, indicating that the
gene truncation codes for a functional transcription factor. Interestingly, Sre1N also rescued
growth of stp1A cells on CoCl,, demonstrating that the growth defect of stp1A cells in the
presence of CoCls, is due to the loss of Srel activity. Together, these data suggest that Srel
proteolytic cleavage is required for adaptation to growth on CoCl, conditions, and that Stpl
is required for Srel proteolysis.

C. neoformans Stplis a conserved Site-2 protease

Stp1 contains conserved residues required for metalloprotease activity of Site-2 protease
orthologs (Fig. 1A) (Feng et al., 2007). To test whether these residues are required for
cleavage of Srel, we performed site-directed mutagenesis on STP1 changing codons coding
for histidine 202, glutamate 203, and aspartate 467 to alanine. Plasmids containing wild-type
and mutant STP1 were transformed into stp1A cells and maintained extra-chromosomally.
To assay Srel cleavage, we grew cells for 2 hours at 3% oxygen and Srel protein was
detected by immunoblot analysis. stplA cells transformed with wild-type STP1 accumulated
Sre1N under low oxygen compared to cells transformed with empty vector (Fig. 1E, lanes 1
and 2). In contrast, cells expressing mutant STP1 failed to induce Sre1N and precursor levels
remained low (Fig. 1E, lanes 3-5). To test whether these conserved residues are required for
Srel-dependent growth on CoCly, six independent isolates of stplA strains expressing
empty vector, wild-type STP1 and the STP1 mutants were plated in serial dilution on rich
medium in the absence and presence of 0.3 mM CoCl, and grown for 3 days at 30°C (Fig.
1F). Wild-type STP1 restored growth on CoCl,, but empty vector and the STP1 mutants did
not rescue growth. These data suggest that these conserved residues are required for Stpl
function and that Stp1 is a functional Srel protease. We have been unable to detect Stpl by
immunoblot, possibly because Stpl is extremely hydrophobic. While the analogous
mutations in human Site-2 protease do not affect protein levels (Rawson et al., 1997), we
cannot rule out the possibility that these mutations lead to reduced amounts of Stp1 protein.

All characterized Site-2 protease orthologs perform a unique proteolytic mechanism in
which substrate cleavage occurs within the lipid bilayer (Urban and Shi, 2008). In the case
of SREBP, cleavage occurs between a leucine and cysteine residue predicted to be within
the first transmembrane segment (Duncan et al., 1998). However, these residues are not
present within the first predicted transmembrane segment of C. neoformans Srel
(determined using online Phobius software, http://phobius.sbc.su.se/). If Stpl cleaves Srel at
a similar position relative to the membrane, Sre1N should be 502 to 530 amino acids in
length. To estimate the position of Stpl cleavage, we generated stp1A strains expressing two
different C-terminal truncations of Srel (Fig. 2A). These truncated genes encode proteins of
501 and 535 amino acids (Fig. 2B). Wild-type and stp1A cells expressing empty vector and
the truncated SRE1 genes were grown in log-phase for 2 hours at ambient oxygen.
Immunoblot analysis was performed to detect Srel protein (Fig. 2C). Since SrelN is heavily
phosphorylated, we treated cell lysates with phosphatase to collapse SrelN to a single band.
Phosphatase-treated SrelN migrated ~60 kD, ~15 kD lower than non-phosphatase treated
SrelN (compare Fig. 2C, lane 4 and Fig. 1B, lane 5). Endogenous Sre1N migrated between
the two truncated proteins (Fig. 2C, lanes 2-6), consistent with Srel being cleaved within
the first predicted transmembrane segment.
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STP1is required for virulence in mice

A previous study showed that C. neoformans serotype A (H99) SRE1 and STP1 are partially
required for virulence in an A/J mouse model of infection (Chun, Liu, and Madhani, 2007).
Interestingly, these results differed from our previous studies using the C. neoformans
serotype D strain (B3501A) in BALB/c mice (Chang et al., 2007). In this experiment, SRE1
was essential for fatal infection. To test whether these different findings were due to C.
neoformans serotype differences or mouse strain differences, we performed virulence
studies using independently-generated deletion strains in BALB/c mice. First, we tested
whether the mutant strains displayed growth defects under lab culture conditions. We
monitored growth of wild-type, srelA and stplA strains in rich medium for 12 hours at 30°C
and 37°C (Fig. 3A and data not shown). Under these conditions, we observed no significant
difference in growth between the mutant and wild-type strains. In addition, we tested
whether srelA and stplA cells display significant defects in other known virulence factors,
including melanin production and polysaccharide capsule synthesis. Confirming previous
studies, we observed a decrease in melanin production on norepinephrine-containing
medium and no difference in capsule size (Fig. S1, S2). Next, we infected groups of 10
BALB/c mice with wild-type, srelA, stplA, srelA + SRE1 and stplA + STP1 strains via
lateral tail-vein injection and monitored mouse survival over time (Fig. 3B). As expected,
mice infected with wild-type serotype A cells succumbed to fatal infection from 7-18 days
post-infection. However, cells lacking SRE1 or STP1 showed delayed lethality in mice after
~25-40 days post-infection, indicating that Srel activation is partially, but not completely,
required for normal disease progression in this model of infection. Finally, complementing
srelA and stplA cells with the corresponding wild-type genes restored virulence to these
strains. Overall, this study highlights the differential requirement for the Srel pathway in the
virulence of C. neoformans serotypes A and D.

STP1 regulates Srel-dependent and Srel-independent gene expression

In mammals, Site-2 protease cleaves substrates in addition to SREBP, including the stress-
response transcription factor ATF6 (Ye et al., 2000b). To determine whether C. neoformans
Stp1 regulates other proteins, we designed experiments to determine Stpl-dependent gene
expression. In addition, our previous work defining Srel-dependent gene expression in
serotype D differs from reported serotype A Srel gene expression profiles (Chang et al.,
2007; Chun, Liu, and Madhani, 2007). Therefore, we also evaluated Srel-dependent gene
expression changes in serotype A. Using gene lists provided from published C. neoformans
H99 microarray studies, we designed whole genome microarrays containing probes to 6798
unique transcripts (Chun, Liu, and Madhani, 2007). Preliminary microarray studies
comparing wild-type, srelA and srelA + SREL1 cells revealed several abnormalities in the
srelA strain background. In both the srelA and srelA + SREL strains, we noticed two large
chromosomal regions that showed significantly higher gene expression than in wild-type
cells (encompassing 23 genes on chromosome 10 and 20 genes on chromosome 14). Since
this strain variation was independent of Srel, we determined Srel-dependent gene
expression by comparing the srelA strain to the sre1A + SRE1 strain. RNA was harvested
from wild-type, stp1A, srelA + SRE1 and srelA strains grown for 2 hours at 3% oxygen at
30°C, the earliest time point at which Srel cleavage is maximally induced (Fig. 1B). We
performed three different strain comparisons: 1) wild-type vs. stp1A, 2) srelA + SRE1 vs.
srelA and 3) wild-type at 21% oxygen vs. 3% oxygen. All data can be found in
supplemental Tables S4-S6.

Table 1 lists all statistically significant genes expressed at higher levels in wild-type or
srelA + SREL1 cells compared to cells lacking either STP1 or SRE1, respectively. Genes
were categorized into functional groups. As observed previously, srelA cells showed lower
expression of genes involved in ergosterol biosynthesis (Table 1) (Chang et al., 2007;Chun,
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Liu, and Madhani, 2007). Consistent with the requirement of Stp1 for Srel activation, stp1A
cells also showed reduced expression of these genes. In addition to the 12 genes regulated
by both Srel and Stp1, 7 genes involved in sterol synthesis were found to be Stp1-
dependent, but not Srel-dependent, suggesting a possible role for Stpl in controlling other
regulators of sterol biosynthesis. In C. neoformans serotype D, Srel regulates genes required
for metal homeostasis, including multiple pathways involved in high affinity transport of
iron and copper (Chang et al., 2007). However in serotype A, these genes were largely not
Srel transcriptional targets. In fact, only two genes from this category appeared on the list of
statistically significant genes: CTR4, a copper transporter and CNBF4480, a poorly
characterized protein also involved in copper transport (Table 1).

In total, 87 genes were more highly expressed in srelA + SRE1 versus srelA cells under low
oxygen, and 185 genes were more highly expressed in wild-type versus stplA cells (Fig.
4A). Similarly, 98 genes were more highly expressed in srelA than srelA + SREL cells
under low oxygen, and 176 genes were more highly expressed in stp1A than in the wild-type
cells (Fig. 4B). The fact that more genes were Stpl-dependent than Srel-dependent
suggested a role in addition to Srel cleavage for Stpl in regulating gene expression. To
further classify the genes regulated by Srel and Stp1, we performed Gene Ontology (GO)
analysis. GO term assignment for C. neoformans H99 genes was based on homology to S.
cerevisiae genes. As expected, genes involved in lipid metabolism, particularly sterol
metabolism, were significantly enriched in the list of genes regulated by both Srel and Stpl
(Table 2). In addition, genes involved in pantothenate and coenzyme-A metabolism were
also enriched in this list, possibly due to the fact that these genes are required for the
production of acetyl-CoA, the initial substrate for ergosterol biosynthesis. GO analysis of
genes regulated by Stpl, but not Srel, revealed a significant enrichment of genes involved in
translation and ribosome biogenesis (Table 2). In total, 28 genes involved in ribosome
biogenesis and protein translation were significantly higher in wild-type versus stp1A cells
(Table 1).

Finally, independent experiments were performed to analyze gene expression changes in
wild-type cells in response to hypoxia. Strikingly, 1929 significant gene expression changes
occurred when cells were shifted from 21% oxygen to 3% oxygen for 2 hours at 30°C. This
finding demonstrates the strong requirement for hypoxic gene expression regulators in C.
neoformans. GO analysis of genes both up- and down-regulated under low oxygen
conditions is summarized in Table 3. Under low oxygen, cells induced non-respiratory
pathways for energy derivation, including fermentation. In addition, cells up-regulated
oxygen-requiring synthetic pathways such as for ergosterol and sphingolipids. Cells also
induced pathways for several types of stress responses, including chemical and oxidative
stress. Genes repressed under low oxygen included those involved in protein synthesis,
particularly genes involved in ribosome biogenesis and assembly (Table 3). In addition,
genes that promote cell division were down-regulated, consistent with an observed decrease
in growth rate under low oxygen (data not shown).

To confirm the microarray results, SRE1, STP1, ERG25, ERG3 and CTR4 mRNA levels
were measured in ambient and 3% oxygen conditions by quantitative PCR. In wild-type
cells, expression of SRE1 was induced under low oxygen (Fig. 4C, left). This induction
required Srel activation since stp1A cells failed to induce SRE1 transcript. STP1 transcript
levels did not change significantly in either wild-type or srelA cells in response to low
oxygen (Fig. 4C, left). Interestingly in serotype D, Srel regulates the expression of the Stpl
homolog, CNF02350 (Chang et al., 2007). Consistent with Srel directly regulating genes
involved in ergosterol biosynthesis, ERG25 and ERG3 were up-regulated under low oxygen
in wild-type cells, and this required both SRE1 and STP1 (Fig. 4C, right). CTR4, coding for
a high affinity copper transporter, was induced under low oxygen in wild-type and low
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oxygen expression was slightly reduced in srelA cells. Strikingly, CTR4 was not induced
under low oxygen in stpl1A cells, indicating an independent requirement for STP1 in CTR4
expression. Collectively, these genome-wide gene expression studies identify roles for Srel
and Stpl in hypoxic gene expression and reveal functions for Stpl in gene expression that
are independent of Srel proteolytic activation.

STP1is required for hypoxic and normoxic sterol synthesis

Azole drugs

The gene expression studies demonstrated that C. neoformans serotype A Srel and Stpl
regulate genes involved in the ergosterol biosynthetic pathway (Table 1). Figure 5A outlines
the sterol biosynthetic pathway in C. neoformans and indicates the Srel-dependent genes
(bold) and Stp1-dependent genes (underlined) (Lee et al., 2007). To determine the
requirement of SRE1 and STP1 for sterol homeostasis, we used gas chromatography to
analyze sterol content in wild-type, srelA and stpl1A cells. Total sterols were extracted from
cells grown for 2 hours in rich medium at 30°C under ambient oxygen (21%) or 3% oxygen.
Levels of ergosterol and all detectable sterol pathway intermediates were quantified and
plotted (Fig. 5B). Under normoxic conditions, wild-type cells contained mostly ergosterol
(gray bars) and a low level of sterol intermediates (white bars). When wild-type cells were
grown at 3% oxygen, ergosterol production was reduced and pathway intermediates
accumulated, consistent with the fact that ergosterol biosynthesis requires oxygen
(Rosenfeld and Beauvoit, 2003). Interestingly, under normoxic conditions srelA and stplA
cells showed decreased levels of ergosterol and increased levels of intermediates compared
to the wild-type strain. This indicates a requirement for Srel activation even at ambient
oxygen concentrations. However, when srelA and stpl1A cells were grown under hypoxic
conditions, this defect was exaggerated. This experiment demonstrates that cells require
Srel activation to control ergosterol homeostasis under both normoxic and hypoxic
conditions.

are fungicidal to sreld and stplA cells

Ergosterol is an essential component of fungal cell membranes (Lees, Bard, and Kirsch,
1999). Consequently, antifungal therapeutics including the widely-used azole class of drugs
target ergosterol biosynthesis. Previous studies demonstrated that SRE1 and STP1 are
required for growth in the presence of the azole drugs, fluconazole, voriconazole and
ketoconazole (Chang et al., 2007; Chun, Liu, and Madhani, 2007). To investigate this result
further, we performed detailed studies analyzing both the fungistatic and fungicidal
properties of ergosterol biosynthesis inhibitors on wild-type, srelA and stp1A strains. We
analyzed the effects of the antifungal azole drug, itraconazole, and a new sterol biosynthesis
inhibitor, 25-thialanosterol. 25-thialanosterol is an inhibitor of the fungal-specific sterol
biosynthetic enzyme, sterol 24-C-methyltransferase (Erg6) (Nes et al., 2009). Wild-type,
srelA and stplA cells were grown for 48 hours in rich medium at 30°C in the presence of
two-fold serial dilutions of itraconazole or 25-thialanosterol. As observed previously, low
nanomolar concentrations of itraconazole inhibited growth of srelA and stp1A cells, but not
wild-type cells (Fig. 6A, left). Importantly, srelA and stplA strains also displayed growth
sensitivity to 25-thialanosterol (Fig. 6A, right). Given that these two compounds inhibit
different ergosterol biosynthetic enzymes, we conclude that the growth sensitivity phenotype
of the two mutants is due to defects in ergosterol biosynthesis and not other non-sterol
related effects of azole drugs.

For the treatment of fungal infection, azole antifungals are considered fungistatic but not
fungicidal, meaning that the drugs inhibit fungal cell growth but do not actually kill cells
(Lewis and Grayhbill, 2008). Next, we examined whether Srel activation is required for cell
viability under the same culture conditions. Interestingly, the viability of srelA and stp1A
strains was dramatically reduced compared to wild-type cells in the presence of both

Mol Microbiol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bien et al.

Page 8

itraconazole and 25-thialanosterol (Fig. 6B). Treating cells with 2.5 nM itraconazole had no
effect on wild-type cell viability, but reduced viability of sre1A and stp1A cells to 10%.
Similarly, treating cells with 2.5 nM 25-thialanosterol had no effect on wild-type cells, but
reduced viability of mutant cells to 2%. These data indicated that the decreased growth of
srelA and stplA strains in the presence of these sterol synthesis inhibitors is due, at least in
part, to cell-death.

To investigate the kinetics of this killing effect, we assayed viability of cells treated for short
times with either 5 nM itraconazole or 2.5 nM 25-thialanosterol, conditions that killed >98%
of srelA and stplA cells after a 48 hour treatment (Fig. 6A). Viability of wild-type cells was
not significantly affected by either drug during the 9 hour experiment (Fig. 6C). However,
treatment with either itraconazole or 25-thialanosterol rapidly decreased srelA and stplA
cell viability to 37% and 30% after 9 hours for itraconazole and 25-thialanosterol,
respectively. This rapid decrease in viability suggests that the Srel transcriptional response
provides a strong resistance mechanism at early times following exposure to sterol
synthesis-inhibiting drugs.

DISCUSSION

In this study, we investigated the mechanism for proteolytic processing of the Srel
transcription factor in C. neoformans serotype A. Multiple lines of evidence suggest that
Stpl is a conserved Site-2 protease required for Srel activation. First, Stpl shows ~14%
identity and 22% similarity to the human Site-2 protease ortholog and predicted catalytic
residues are conserved (Fig. 1A). Second, stp1A cells fail to accumulate the activated N-
terminal transcription factor domain of Srel under low oxygen (Fig. 1B). Third, when
conserved catalytic residues of Stpl were mutated, Srel processing was defective and cells
displayed growth phenotypes similar to srelA and stplA strains (Fig. 1E and 1F).
Importantly, ectopic expression of the soluble N-terminus of Srel in stp1A cells rescued
growth on CoCly, demonstrating that Stp1 is required for Srel transcriptional activity (Fig.
1D). Finally, using Srel C-terminal truncations as size standards, we determined that Sre1N
cleavage occurs between amino acids 501-535. Thus, proteolytic cleavage likely occurs
within the first transmembrane segment of Srel at a position close to that determined for
mammalian SREBP-2 (Fig. 2) (Duncan et al., 1998). The Site-2 protease cleavage site of
mammalian SREBP is not present in the first transmembrane segment of C. neoformans
Srel. However, previous studies demonstrated that the mammalian Site-2 protease cleavage
site in SREBP can be mutated without affecting cleavage (Ye et al., 2000a). Taken together,
these data indicate that C. neoformans Stpl is a functional Site-2 protease required for the
proteolytic activation of Srel. Notably, Schizosaccharomyces pombe and Aspergillus
fumigatus have functional SREBP transcription factors, but lack an identifiable Stpl
homolog, suggesting alternate mechanisms for Srel cleavage in these fungi (Willger et al.,
2008;Hughes, Todd, and Espenshade, 2005).

In addition to its role in Srel cleavage, Stpl is required to maintain levels of the full-length
precursor form of Srel. While Srel precursor is present in stp1A cells, levels are greatly
reduced under both normoxic and hypoxic conditions (Fig. 1B). Based on our results, the
decrease is not due to changes in SRE1 transcription since SRE1 expression is unchanged in
stp1A cells under normoxic conditions (Fig. 1C). Recent studies in the fission yeast
Schizosaccharomyces pombe demonstrated that in the absence of the Srel binding partner
Scpl, Srel precursor is degraded via the ER-associated degradation (ERAD) pathway,
leading to reduced Srel precursor (Hughes, Nwosu, and Espenshade, 2009). While C.
neoformans stp1A cells contain wild-type amounts of Scpl (Fig. S3), Srel in the ER may
not bind Scpl due to mislocalization of Scpl. Preliminary studies to address this hypothesis
employed the drug brefeldin A (BFA), which causes mixing of ER and Golgi compartments
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(Lippincott-Schwartz et al., 1989). Interestingly, treating stp1A cells with BFA restored Srel
precursor to wild-type levels (Fig. S4). While further experimentation is required, these data
are consistent with a model in which the localization of Scp1 is altered in stp1A cells.
Consequently, free Srel in the ER may be degraded by ERAD. In addition, Srel nuclear
form was decreased in wild-type cells treated with brefeldin A, suggesting that Stp1 is
unable to cleave Srel under these conditions.

Cleavage of mammalian SREBP by the Site-2 protease requires prior cleavage in the
lumenal loop of SREBP by the Site-1 protease, a subtilisin-like serine protease (Espenshade
and Hughes, 2007). This intermediate cleavage product can be detected by SREBP
immunoblot and accumulates in Site-2 protease deficient cells (Rawson et al., 1997).
Despite the conservation of Stpl function and cleavage position, we tested several candidate
Site-1 protease homologs and have not identified a protein involved in Srel processing (data
not shown). Furthermore, we have been unable to identify an intermediate form of Srel in
stp1A cells by immunoblot, indicating that perhaps no Site-1 protease cleavage exists or that
the intermediate cleavage product is unstable.

The Cryptococcus neoformans species complex is classified into 5 serotypes (A, B, C, D, A/
D), each with distinct disease characteristics. Serotypes A and D cause the majority of
human disease, primarily in immunocompromised patients (Mitchell and Perfect, 1995;
Bennett, Kwon-Chung, and Howard, 1977). Our previous work showed that in C.
neoformans serotype D cells SREL1 is essential for virulence in a mouse model of infection
(Chang et al., 2007). Here, our virulence studies using C. neoformans serotype A strains
confirmed previous results from Chun et al. and demonstrated that srelA and stp1A cells
show attenuated virulence, indicating that Srel activation is required for full virulence
(Chang et al., 2007). Further experiments are required to determine whether the virulence
phenotypes observed in the srelA and stplA strains are due to a decrease in melanin
synthesis. However, Chun et al. argued that this is unlikely since srelA and stp1A cells
showed decreased colonization in both the lungs and brains of infected mice (Chun, Liu, and
Madhani, 2007), while lacl mutant cells, with no melanin synthesis, showed decreased
colony formation only in the brain (Chun, Liu, and Madhani, 2007).

To investigate the differences in the virulence phenotypes of srelA cells between serotype A
and D strains, we determined Srel-dependent gene expression in serotype A cells and
compared these with our previous data for serotype D (Chang et al., 2007). Interestingly,
serotype A Srel regulates similar but not identical genes as serotype D Srel (Table 1).
Similar to serotype D Srel, serotype A Srel is required for hypoxic expression of genes
encoding ergosterol biosynthetic enzymes. However, serotype A Srel is largely not required
for hypoxic expression of genes required for iron and copper acquisition. This is in contrast
to serotype D Srel, which regulates siderophore, iron and copper transporters (Chang et al.,
2007). Given that iron acquisition in the host is a virulence requirement for many pathogens,
serotype D cells lacking SRE1 may be limiting for iron, but not serotype A cells (Howard,
1999; Jung and Kronstad, 2008). Thus, differences in regulation of metal homeostasis
between serotypes A and D may explain the differential requirement for Srel in virulence.
Continued investigation and comparison of Srel in serotypes A and D may provide insight
to the mechanism of C. neoformans adaptation to the host environment.

Site-2 proteases are highly conserved throughout evolution, and many substrates other than
SREBPs exist, including the stress response transcription factor ATF6 (Rawson and Li,
2007; Makinoshima and Glickman, 2006; Ye et al., 2000b). While a clear C. neoformans
ATF6 homolog has not been identified, we investigated whether Stp1 acts on other
transcriptional regulators by comparing Stpl and Srel-dependent gene expression. In our
analysis, we found 258 genes regulated by Stpl and not Srel (Fig. 4A-B, Table 1). Stp1-
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dependent only genes included 28 genes involved in translation and ribosome biogenesis.
Although the fold change in gene expression was significant, it was less than two-fold
(Table 1). Overall, the genes with the highest fold difference between wild-type and stp1A
strains were also dependent upon Srel. These data indicate that the primary transcriptional
regulator controlled by Stpl under the conditions tested is Srel. Importantly, Srel is the
most important substrate of Stp1 for virulence, due to the fact that we observed similar
virulence phenotypes in the srelA and stp1A strains (Fig. 3B).

Srel is activated under low oxygen and functions as a hypoxic transcription factor in fungi
(Chang et al., 2007; Chun, Liu, and Madhani, 2007; Willger et al., 2008; Hughes, Todd, and
Espenshade, 2005). In fission yeast, Srel is a major regulator of hypoxic gene expression
controlling two-thirds of genes highly regulated under low oxygen, and srelA cells show a
severe low oxygen growth defect (Hughes, Todd, and Espenshade, 2005; Todd et al., 2006).
In contrast, srelA strains from C. neoformans serotype A and D display mild growth defects
under hypoxia (Chang et al., 2007; Chun, Liu, and Madhani, 2007). Our analysis of C.
neoformans low oxygen gene expression in wild-type cells revealed that expression of 28%
of genes (1929/6798) changed significantly after 2 hours at 3% oxygen. However, only a
small subset (87/1929 or 4.5%) of these hypoxic genes required Srel for regulation under
low oxygen. These data indicate that while activated under low oxygen, C. neoformans Srel
is not the principal regulator of low oxygen gene expression and that hypoxic regulators
remain unidentified.

Ergosterol is an essential component of fungal cell membranes and is not present in
mammalian cells (Espenshade and Hughes, 2007). Consequently, many antifungal
therapeutics target ergosterol biosynthesis including the widely-used azole class of drugs.
However, issues of fungal resistance to azole drugs have become a concern, particularly in
severely immunocompromised patients (Lewis and Graybill, 2008; Kanafani and Perfect,
2008). Due to this, azole drug regimens are frequently given in combination with other
antifungals and are administered for long periods of time (Lewis and Graybill, 2008). One
proposed reason for the appearance of azole resistance in immunocompromised hosts is that
azole antifungals are generally thought to be fungistatic and not fungicidal, meaning that
they inhibit fungal cell growth but do not lead to cell death (Lewis and Graybill, 2008;
Kanafani and Perfect, 2008). Consequently, fungistatic drugs may only be completely
effective in individuals with normal immune function that can rapidly clear non-dividing
yeast.

Our gene expression and cellular sterol composition analyses demonstrate that Srel
regulates ergosterol biosynthetic enzymes and that Srel activation is essential for sterol
homeostasis (Fig. 5A). Excitingly, our studies demonstrated that itraconazole and 25-
thialanosterol display fungicidal effects against sre1A and stp1A cells (Fig. 6B). Mutant
cells lost viability rapidly, with significant effects as early as three hours post-treatment (Fig.
6C). Taken together, these results demonstrate that the Srel pathway is required for cellular
growth and survival in the presence of sterol biosynthesis-inhibiting antifungal drugs. Given
the need for fungicidal drugs, we propose that inhibitors of Stpl, Srel, or other regulators of
Srel function administered in combination with a sterol synthesis inhibitor could prove an
effective strategy to treat cryptococcosis.

EXPERIMENTAL PROCEDURES

Materials and Culture Conditions

For all experiments, yeast cells were grown to exponential phase (~2x107 cells/ml) at 30°C
in YES medium (0.5% [w/v] yeast extract plus 3% [w/v] glucose and supplements, 225 g/
ml each of uracil, adenine, leucine, histidine, and lysine). Low oxygen conditions were
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maintained using an Invivo, 400 workstation (Biotrace, Inc.) at 30°C. Itraconazole (Sigma)
and 25-thialanosterol iodide salt (W. David Nes, Texas Tech University) were dissolved in
DMSO and incorporated into media at indicated concentrations indicated. Brefeldin A
(Sigma) was dissolved in 100% ethanol. Cobalt (1) chloride (Sigma) was dissolved in H,O
and used at 0.3 mM in YES medium.

Strain Generation

Strains used were derived from Cryptococcus neoformans var. grubii serotype A strain
(H99) (Perfect, Lang, and Durack, 1980). SRE1 and STP1 deletion strains were generated by
biolistic transformation and homologous recombination using standard techniques
(Toffaletti et al., 1993). The STP1 deletion strain was stably-complemented by pCB59-1
plasmid containing a wild-type copy of the STP1 expressed from the C. neoformans H99
ACT1 promoter using electroporation transformation techniques (Edman and Kwon-Chung,
1990). pCB59-1 was derived from the pYCC725 plasmid (Lee et al., 2007). Plasmids
expressing truncations of SRE1 were generated using standard cloning techniques. Briefly,
1000 bp of SRE1 upstream sequence and truncated SRE1 coding sequence was amplified
from C. neoformans H99 genomic DNA and digested with Sfil (New England Biolabs).
PCR products were cloned into Sfil sites in pCB5-1 and pCB6-1 plasmids, which were
derived from pYCC725 (containing NEO resistance gene) and pYCC726 (containing NAT
resistance gene) respectively (Lee et al., 2007). Plasmids derived from pCB5-1 and pCB6-1
were transformed by electroporation into srelA cells and stplA cells respectively.

Site-Directed Mutagenesis

Point mutations were introduced in STP1 using Quickchange XLII PCR mutagenesis
(Stratagene). pCB59-1 was used as the template for the PCR reactions. Mutagenized
plasmids were sequenced and transformed into stp1A cells by electroporation.

Protein Extracts and Immunoblot Analysis

C. neoformans cell lysates were prepared as previously described (Chang et al., 2007).
Briefly, cells were grown in YES medium under the indicated conditions. Yeast (4x107
cells) were washed in sterile H,O and lysed in a vortexer by glass bead beating (425-600
pm, Sigma) in 25 mM NaOH and 128 mM 2-mercaptoethanol for 5 min at 4°C. Proteins
were precipitated with 6.4% (w/v) trichloroacetic acid followed by two washes with cold
acetone. Protein was resuspended in SDS lysis buffer [1% (w/v) SDS, 10 mM Tris-HCI (pH
6.8), 1 mM EDTA, 1 mM EGTA] plus protease inhibitors (25 pg/ml ALLN, 10 pg/ml
leupeptin, 2 pg/ml aprotinin, 5 pg/ml pepstatin A, 0.5 mM PMSF and 1 mM DTT). When
needed, 8 pg protein was treated with alkaline phosphatase (Roche) for one hour at 30°C.
SDS-PAGE and immunoblot analysis were performed as previously described (Chang et al.,
2007). Immunoblots were performed using anti-Srel antiserum at a dilution of 1:1000
(Chang et al., 2007).

Virulence Studies

Female BALB/c mice (~8 weeks old) were injected via lateral tail vein with 2x108 yeast
cells suspended in 0.1 ml saline. Mouse survival was monitored and mice displaying severe
morbundity were sacrificed as described previously (Chang et al., 2007). Kaplan—Meier
analysis of survival was performed using JMP software (SAS Institute, Cary, NC). Both
mutant strains were found to be significantly different from wild-type (p<0.0001).

RNA Isolation and Quantitative PCR

RNA was prepared as described previously (Chang et al., 2007). Yeast (4x108 cells) grown
under the indicated conditions were harvested and washed in sterile H,O. Cell pellets were
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frozen on dry ice, lyophilized for 15 hours and then lysed by glass bead beating. Total RNA
was isolated using RNA STAT-60 reagent (Tel-Test) and chloroform followed by ethanol
precipitation according to manufacturer’s instructions. RNA was treated with DNase |
enzyme (Roche) to eliminate contaminating genomic DNA. cDNA was synthesized using
SuperScript 11 kit (Invitrogen). cDNAs were quantified by Real Time PCR (Bio-Rad) using
SyBr Green QPCR Master Mix (Stratagene). A list of primers used to amplify cDNAs is in
Table S2.

Gene Expression Profiling

Whole genome Cryptococcus neoformans H99 microarrays were designed using Agilent
eArray online software (https://earray.chem.agilent.com). Each microarray contains 6798
60-base probes printed in duplicate, with melting temperatures of ~80°C. Probes were
designed using previously generated microarray probes (Chow et al., 2007; Chun, Liu, and
Madhani, 2007), and cDNA sequences as templates. In general, probes were generated near
the 3’ end of transcripts, while maximizing the number of unique transcript isoforms
detected per gene. A list of probe sequences and ID numbers is in Supplemental Table S3.
For microarray experiments, RNA was prepared as described above and treated with DNase
I (Roche) to eliminate genomic DNA contamination. RNA was processed for microarray by
the Johns Hopkins SKCCC DNA Microarray Core Facility
(http://microarray.onc.jhmi.edu/). Experiments were performed using RNA harvested from 2
independent experiments, yielding four data points per gene. For data analysis, features were
examined and flagged using Agilent Feature Extraction software. Per spot, per chip Lowess
normalizations were performed using GenespringGX 7.3 software. Statistically significant
genes were identified by Significance Analysis of Microarrays (SAM) using a 90t
percentile false discovery rate (Tusher, Tibshirani, and Chu, 2001). The SAM method
assigns a value to each gene by analyzing the change in gene expression relative to the
standard deviation of replicate samples.

Gene Ontology Analysis

Gene ontology identifiers (GO terms) are assigned to help categorize a list of genes into
funcational groups (Ashburner et al., 2000). To identify (GO terms) for C. neoformans H99
genes, we systematically performed homology searches against S. cerevisiae proteins using
BLASTP at NCBI. C. neoformans proteins with homology to S. cerevisiae proteins (E value
cutoff of <0.001) were assigned the corresponding S. cerevisiae GO terms.

Sterol Analysis

Sterols were extracted from 1x108 log-phase cells as described previously (Lee et al., 2007).
Briefly, cells suspended in 9 ml methanol and 4.5 ml 60% (w/v) KOH and 5 pg cholesterol
(an internal recovery standard). Sterols were saponified at 75°C for 2 hours, cooled to room
temperature, and extracted with 4 ml petroleum ether. Sterols were dried by evaporating the
petroleum ether under a stream of nitrogen gas and resuspended in 200 pl heptane. 2 pl were
injected into an Agilent 6850 gas chromatograph with an HP-1 column and FID. Retention
times for sterol intermediates were determined using standards.

Growth and Viability Assays

For drug growth and viability experiments, 500 cells were seeded in 200 pl YES medium in
96-well microtiter plates. Cells were grown for 48 hours at 30°C shaking. Optical density
was measured at 600 nm and cell number was determined using the conversion: 1.0 OD600
=2.5x107 cells. Control experiments were performed to ensure this conversion did not vary
greatly between different C. neoformans strains and culture conditions. Cell cultures were
diluted, and 1,000 cells were plated on rich medium and grown for 48 hours at 30°C.
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Colony-forming units were counted and percent viability relative to wild-type untreated cells
was determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. C. neoformans Stpl is a conserved Site-2 protease required for Srel activation

A. Protein alignment of human Site-2 protease (NCBI refseq ID: NP_056968) and C.
neoformans Stpl (BROAD ID: CNAG_05742.2) using SIM alignment tool
(http://ca.expasy.org/tools/sim.html). Putative catalytic residues are underlined. B. C.
neoformans serotype A wild-type and stplA cells were shifted from 21% oxygen to 3%
oxygen for indicated periods of time. Immunoblot analysis was performed on whole cell
extracts (40 pg) using anti-Srel antiserum. P and N denote the precursor and nuclear forms,
respectively. Asterisks indicate non-specific, cross-reacting proteins detected by anti-Srel
antiserum. C. C. neoformans cells from the indicated strains were grown under ambient
(21%) or 3% oxygen for 2 hours, and RNA was harvested. SRE1 transcript levels were
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quantified by real time RT-PCR and normalized to that in wild-type cells at 21% oxygen.
Error bars represent standard deviation from three biological replicate experiments. D. Five-
fold serial dilutions of C. neoformans cells from the indicated strains were spotted on rich
medium and rich medium containing 0.3 mM CoCl, and incubated at 30°C for 3 days. E. C.
neoformans stp1A cells transformed with either empty vector, STP1, STP1 (H202A), STP1
(H202A, E203A) and STP1 (D467A) were grown for 2 hours at 3% oxygen. Immunoblot
analysis was performed on whole cell extracts (40 pg) using anti-Srel antiserum. P and N
denote the precursor and nuclear forms, respectively. Asterisk indicates non-specific, cross-
reacting proteins detected by anti-Srel antiserum. F. C. neoformans stp1A cells were
transformed with the indicated plasmids and five-fold serial dilutions of cells were spotted
on rich medium and rich medium containing 0.3 mM CoCl, and incubated at 30°C for 3
days. Six independent isolates were plated.

Mol Microbiol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bien et al. Page 17

A 1 1020

cytosol
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Sre1

B 501 ~ predicted TM segment 535

CnSrel 499-TKITPQSTAS AGARVFAAFAMSFSFVPSASTVF RSASQPQALT-541
HsSREBP-2 472-VALGMVDRSR ILLCVLTFLCLSFNPLTSLL QWGGAHDSDQ-511

HsS2P cleavage

C Western Blot

Strain stp1A WT stp1A
. Sre1 Sre1 Sre1 Sre1
Plasmid | vector 1-535 | 1-501 - 1-501 | 1-535 | vector
Lane 1 2 3 4 5 6 7
- — ——
. 100—
anti-
Sre1 75—
z s = -
50—

Figure 2. Srel cleavage occurs within the first transmembrane segment

A. Diagram of Srel in the membrane. TM1 indicates predicted first transmembrane
segment. Amino acid positions are given and bHLH denotes the N-terminal basic helix-
loop-helix leucine zipper DNA binding domain. B. Protein sequence alignment of the
predicted first transmembrane segments of C. neoformans and human SREBP-2. Putative
helix-destabilizing residues are underlined. C. Western blot of phosphatase-treated whole
cell extracts (40 pg) from wild-type and stp1A cells transformed with empty vector, or
plasmids expressing the indicated Srel truncations. Lanes 1 and 7, 2 and 6, 3 and 5 are
duplicates of stp1A cells expressing empty vector, Srel (aal-535), and Srel (aal-501),
respectively. Cells were grown to exponential phase in YES medium at ambient oxygen
concentrations. Asterisks indicate non-specific, cross-reacting proteins detected by anti-Srel
antiserum.
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Figure 3. STP1 is required for virulence
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A. C. neoformans serotype A wild-type and stp1A cells were grown in YES medium at
37°C. Cell numbers were determined at one hour intervals for 12 hours. Error bars represent
one standard deviation from three biological replicates. B. Female Balb/c mice (n=10/strain)
were infected via tail vein injection with the indicated C. neoformans strains and mouse

survival was monitored.
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C Quantitative PCR
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Figure 4. STP1 is required for both Srel-dependent and Srel-independent gene expression
under low oxygen

A. Venn diagram comparing statistically-significant genes more highly expressed in wild-
type versus srelA and stplA cells under low oxygen. B. Venn diagram comparing
statistically-significant genes with reduced expression in wild-type versus srelA and stplA
cells under low oxygen. C. Quantitative PCR analysis on genes more highly expressed in
wild-type versus srelA or stplA cells. Wild-type, srelA, and stpl4 cells were grown under
ambient (21%) or 3% oxygen for 2 hours, and RNA was harvested. RNA level for the
indicated genes was quantified by real time RT-PCR and normalized to that in wild-type
cells at 21% oxygen. Error bars represent standard deviation from three biological replicate
experiments.
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Figure 5. STP1 is required for hypoxic and normoxic sterol homeostasis

A. Outline of C. neoformans ergosterol biosynthetic pathway. Genes encoding Srel-
dependent (bold) and Stp1-dependent (underlined) enzymes are listed. B. Wild-type, stp1A
and srelA cells were grown for 2 hours at 21% or 3% O,. Total sterols were extracted and
analyzed by gas chromatography. Ergosterol and sterol intermediates were quantified and
normalized to wild-type 21% oxygen ergosterol levels and plotted. Error bars represent the
standard deviation from three biological replicate experiments.
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Figure 6. Srel pathway is required for growth and viability in the presence of sterol synthesis

inhibitors

A. Wild-type, sreld and stpl4 cells were grown for 48 hours in liquid YES medium. Final
cell density was determined using a spectrophotometer (1 ODgqg = 2x107 cells) at the
indicated concentrations of itraconazole (left panel) or 25-thialanosterol (right panel). Error
bars represent standard deviation from three biological replicate experiments. B. Wild-type,
sreld and stpl4 cells were grown for 48 hours in liquid YES medium. Equal numbers of
cells were plated and grown on YES medium for 2 days. Colony-forming units were counted
and percent viability calculated. C. Wild-type, srelA and stplA cells were grown for the
indicated times in the presence of 2.5 nM itraconazole, 5 nM 25-thialanosterol or DMSO as
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a vehicle control. Equal numbers of cells were plated and grown on YES medium for 2 days.
Error bars represent the standard deviation from three biological replicate experiments.
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Table 2
Gene ontology analysis for Srel- and Stpl-dependent genes

GO terms were assigned to C. neoformans genes based on homology to S. cerevisiae genes. P-value represents
the probability that a particular GO term is enriched in the indicated microarray gene lists. The p-value cutoff
was <0.05.

GO group GO subgroup p-value
Up in wild-type vs. srelA and stplA
Cellular lipid metabolism 4.5%x107°
Sterol biosynthesis 1.7x10712
Fatty acid metabolism 1.5x1073
Coenzyme metabolism 6.1x1073
Pantothenate metabolism 0.031
Co-A metabolism 0.040
Pantothenate transport 0.023
Amino acid transport 0.013

Up in wild-type vs. stp1A only

Ribosome biogenesis and assembly 6.7x1076
Ribosome bigenesis 2.0x107°
rRNA processing 1.6x1074
Ribosome export from the nucleus 0.046

S-adenosyl methionine metabolism 1.6x107°3

RNA processing 5.5x1073

Ergosterol biosynthesis 0.014
Isoprenoid biosynthesis 0.020

Signal transduction and during conjugation 0.016

NAD metabolism 0.034

Maintenance of actin cytoskeleton polarity 0.046

Up in wild-type vs. srelA only
Amino acid catabolism 8.3x1073

Branched chain amino acid catabolism  1.1x104

Down in wild-type vs. srelA and stplA
Phosphoinositide-mediated signalling 1.4x1073

Down in wild-type vs. stp1A only
Disaccharide biosynthesis 1.3x1074

Glycerolipid biosynthesis 2.5x1074

Down in wild-type vs. srelA only
Carbohydrate metabolism 2.5x1075

Hydrogen peroxide metabolism 7.2x1073
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GO terms were assigned to C. neoformans genes based on homology to S. cerevisiae genes. P-value represents
the probability that a particular GO term is enriched in the indicated microarray gene lists. GO groups with p-
values <0.005 and subgroups with p-values <0.05 are listed.

GO group GO subgroup p-value
Up at 3% O, vs. 21% O,
Energy derivation by oxidation 2.7x1077
Gluconeogenesis 2.3x1074
Fermentation 1.5%x1073
Glycolysis 3.3x1073
Pentose phosphate shunt 4,0x1073
Coenzyme metabolism 1.2x1076
Nicotinamide metabolism 1.5x107°
Response to abiotic stimulus 2.9x1074
Response to chemical stimulus 1.3x1073
Response to drug 0.047
Response to oxidative stress 0.043
Cellular lipid metabolism 3.1x1074
Triacylglycerol biosynthesis 0.013
Phospholipid catabolism 0.013
Ergosterol biosynthesis 0.019
Sphingolipid metabolism 0.035
Amine catabolism 4,6x1074
Amino acid catabolism 1.9%x1073
Down at 3% O, vs. 21% O,
Organelle organization and biosynthesis 1.1x107%2
Ribosome biogenesis and assembly 7.7x10744
Mitotic spindle organization and biogenesis  1.4x10°5
Nucleosome assembly 8.7x1073
Chromosome condensation 0.015
Protein biosynthesis 7.4x10715
Translation 1.3x1073
Translation initiation 2.2x1073
RNA metabolism 1.5x10713
rRNA metabolism 4.4x10724
RNA methylation 1.3x1077
tRNA modification 1.1x1076
pseudouridine synthesis 1.8x1074
snRNA modification 2.7x1074
MRNA stabilization 0.037
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GO group

Cellular biosynthesis

Muitotic cell cycle

GO subgroup

Protein biosynthesis
Glutamate biosynthesis

Nucleoside monophosphate biosynthesis

Mitotic spindle organization and biogenesis
M phase of mitotic cell cycle
G/M transition of mitotic cell cycle

Mitotic chromosome condensation

p-value
3.4%x107°
7.4x10715
2.5%x1074
2.5x1078
4.8x107°
1.4x1075
3.8x107°
3.2x1078
8.9x1072
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