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FIG. 11. Oxidative stress-specific response genes in C. neoformans. (A) Hierarchical clustering of the expression profiles of the oxidative
stress-specific response (OxSR) gene group in the WT and hoglA, sskIA, and skn7A mutants is illustrated. The right side of the diagram indicates
groups of genes whose expression is regulated by the HOG pathway and have orthologs in either S. cerevisiae or S. pombe. CoA, coenzyme A.
(B) Each graph illustrate induction or repression levels of SCH9 in our array analysis in the WT (H99; O) and skn7A (@), sskiIA (), and hoglA
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homology to S. cerevisiae Ubc6 than 02214, named Ubc6-2.) A
recent study shows that ubiquitin-conjugating systems required
for protein degradation are one of the four group of genes that
are commonly induced in response to oxidative stress in eu-
karyotic organisms, including humans, plants, and fission and
budding yeasts (46). In fact, the ubi4A mutant exhibits hyper-
sensitivity to H,O, in S. cerevisiae (21). Furthermore, the ubig-
uitin-proteasome system negatively regulates the two-compo-
nent system by selective degradation of Sskl in S. cerevisiae
(44).

To address any involvement of the ubiquitin-dependent sys-
tem in stress responses in C. neoformans, we monitored stress
sensitivity of strains having mutation in genes encoding two
ubiquitin-conjugating enzymes, including UBC6-2 and UBCS,
since they showed greatest induction in response to oxidative
stress (19.2- and 7.2-fold induction) (Fig. 10B). Our results
demonstrated that the ubiquitin-proteasome system is involved
in diverse stress responses. Although the ubc6-2A mutant did
not exhibit any increased stress sensitivity to osmotic and
oxidative stress, it showed slightly increased sensitivity to
cadmium and fludioxonil. Interestingly, the ubc6-2A mutant
showed increased sensitivity to amphotericin B but increased
resistance to fluconazole, similar to the hogl/A mutant, al-
though to a lesser extent, indicating that Ubc6-2 may be in-
volved in ergosterol biosynthesis. In contrast, the ubcSA mu-
tants show WT levels of susceptibility to most general stresses
and antifungal drugs. Interestingly, however, the ubc8A mutant
is hypersensitive to H,O, compared to the WT strain, indicat-
ing that Ubc8 appeared to be involved in oxidative stress re-
sponse. These results indicated that the ubiquitin-dependent
system appears to be involved in certain stress response of C.
neoformans by employing different components of the Ubc
proteins.

Two categories of genes were overrepresented in downregu-
lated OxSR genes. One group of genes is involved in transla-
tion, ribosomal structure, and biogenesis and the other is in-
volved in energy production and conversion. Particularly the
former was most notable (23.5% versus 5.7% random occur-
rence) (see Fig. S8 in the supplemental material). A number of
ribosomal component genes were significantly downregulated
upon exposure to H,O,, including more than 90 ribosomal
protein genes (see Table S11 in the supplemental material).
However, the repression of ribosomal protein genes was not
observed in the hogl A mutant, indicating that Hogl MAPK is
involved in ribosome biosynthesis. Previous genome-wide tran-
scriptome analysis of S. cerevisiae and S. pombe also demon-
strated that groups of ribosome biosynthesis genes are signif-
icantly downregulated in response to oxidative stresses (H,O,
or menadione) (14, 20, 25), indicating that inhibition of protein
synthesis in response to oxidative stress is a general phenom-
enon in fungi.
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Among the OxSR genes, a significant number of genes ap-
pear to be Hogl dependent, as indicated as clusters I to VI in
Fig. 11. Interestingly, genes in clusters I, II, V, and VI were
differentially regulated in the hog/A mutant, but not in the
ssk1A mutant, further indicating that Ssk1 is not the only up-
stream regulator of the Hogl MAPK particularly in oxidative
stress response. Genes in OxSR clusters III and IV are both
Ssk1- and Hogl-dependent genes. Interestingly, the Sch9 pro-
tein kinase (06301) in OxSR cluster III, whose expression is
induced only in response to oxidative stress, was differentially
regulated in the hogl A and ssk1A mutant compared to the WT
(Fig. 11B). In S. cerevisiae, Sch9 kinase plays an important role
in adaptation to osmotic and oxidative stresses by being re-
cruited to promoters of osmostress-responsive genes through
physical interaction with the Skol transcription factor and
Hogl MAPK (41). Although a Skol-like transcription factor
appears to be absent in C. neoformans, it is still possible that
the Sch9 kinase could be required for adaptation to osmotic
and oxidative stresses of C. neoformans in association with
Hogl and/or other unknown transcription factors. To address
this possibility, we have tested the stress susceptibility of the
sch9A mutant in C. neoformans (Fig. 11C). The sch9A mutant
exhibited hypersensitivity to oxidative stress response com-
pared to the WT, similar to the HOG mutants (Fig. 11C).
However, Sch9 kinase appeared to be controlled by multiple
signaling pathways besides the HOG pathway due to the fol-
lowing reasons. First, the sch9A mutant was as resistant to UV
as the WT. Second, the sch9A mutant was more hypersensitive
to fludioxonil and cadmium than the WT, which is in stark
contrast to the hogl/A mutant showing resistance to both
agents. Third, Sch9 was not involved in susceptibility to am-
photericin B and fluconazole, unlike the HOG pathway mu-
tants (Fig. 11C). Fourth, the sch9A mutant showed hypersen-
sitivity to sodium salt (Na™), but not to potassium salt (K*),
whereas the hogl/A mutant showed hypersensitivity to both
salts. Taken together, Sch9 is involved in regulation of a subset
of HOG-dependent phenotypes.

Comparison of stress-regulated genes between fungal spe-
cies. Finally, we have compared stress-regulated genes of C.
neoformans with those of other pathogenic (C. albicans) and
nonpathogenic (S. cerevisiae and S. pombe) fungi as described
in Materials and Methods. We did not find any gene whose
expression is commonly upregulated or downregulated under
hyperosmotic conditions (OsR genes) in all four fungi (see Fig.
S9A and Table S12 in the supplemental material). However,
four C. neoformans OsR genes, including PRM10, STLI,
ENAI, and ALDS, were also differentially regulated in at least
two other fungal species, implying that these genes could play
an evolutionarily conserved role in adaptation to osmotic
stress.

In contrast to the OsR genes, a greater number of oxidative

(M) mutants, upon osmotic shock (Os), fludioxonil treatment (Fx), and oxidative stress (Ox). (C) Each C. neoformans strain—including the WT
(H99) and sskIA (YSB261) and hogIA (YSB64) mutants; the control H99 WT strain CMO18 (WT-M); and the sch9A mutant—was grown
overnight at 30°C in liquid YPD medium, 10-fold serially diluted (1 to 10* dilutions), and spotted (3 wl of dilution) onto YPD agar containing the
indicated concentrations of fludioxonil, hydrogen peroxide, amphotericin B (AmpB), and fluconazole. To measure osmotic stress response, YP
agar media containing either NaCl or KCI were used. UV sensitivity was measured as described in Materials and Methods. Cells were incubated

at 30°C for 72 h and photographed.
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stress-regulated (OxR) genes were commonly regulated be-
tween all four fungal species (see Fig. S9B in the supplemental
material). Among these, 13 C. neoformans OxR genes were
also differentially regulated in all other fungi. These include
upregulated OxR genes, such as FLRI, GPX2, RAD16, TSAI,
ISUI1, UBCS, and TRRI1, and downregulated OxR genes, such
as RLI1, UTP22, RPC40, FEN1, RPS7B, and UTPIS. Further-
more, 152 (50 upregulated and 102 downregulated) C. neofor-
mans OxR genes were also differentially regulated in at least
two other fungi, indicating that regulatory mechanisms are
much more shared between fungi for oxidative stress response
than for osmotic stress response.

When CSR genes (oxidative and osmotic stresses) were
compared between fungi, almost none of the CSR genes were
commonly found in at least three out of four fungi, indicating
that each fungal species contains diverse stress response and
defense systems.

DISCUSSION

The major goals of this study were to characterize the ge-
nome-wide transcriptional remodeling patterns in the human
pathogen C. neoformans in response to diverse environmental
stresses and to elucidate the downstream network of the two-
component system and HOG signaling pathway during regu-
lation of normal growth and stress responses of C. neoformans.
Through this study, we have identified novel target genes con-
trolled by the HOG pathway and also discovered a number of
unique characteristics of the HOG signaling pathway in C.
neoformans, which were not apparent in our previous studies
(5-8), as summarized in Fig. S10 in the supplemental material.

Generally summarizing our array data, C. neoformans ex-
presses not only a group of genes commonly responding to
diverse environmental stresses, such as osmotic shock, oxida-
tive stress, and antifungal agents, but also a subset of genes
specifically modulated by each stress named the “SSR genes.”
Particularly, the remodeling of global gene expression profiles
was found to be mainly controlled by the Hogl MAPK and
Ssk1 response regulator, but not by the Skn7 response regulator,
further corroborating that the Ssk1-dependent Hogl MAPK
signaling pathways play central roles in stress responses.
Furthermore, the Ssk1-Hog1 signaling pathway not only con-
trols stress-induced responses but also plays important roles in
maintaining a normal cellular homeostasis under unstressed
conditions. A number of genes were differentially regulated by
mutation of the SSK7 and HOGI genes, but not SKN7, even
under unstressed growth conditions. Under both unstressed
and stressed conditions, transcriptome profiles of the hoglA
mutant were much more similar to those of the ssk/A mutant
than the skn7A mutant, further confirming that Hogl is mostly
in the linear pathway with the Ssk1 response regulator, but not
with the Skn7 response regulator. However, it should be noted
that a number of genes were found to be either Hogl specific
or Sskl specific, revealing that Hogl and Sskl are not abso-
lutely interdependent.

Among a number of novel discoveries made in this study, the
findings that most of ergosterol biosynthesis genes were up-
regulated and the actual ergosterol content was increased by
mutation of the HOG pathway were the most striking and
unexpected results since these phenomena have not been ob-
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served in other fungal species reported thus far. Comparative
DNA microarray analysis recently performed in C. albicans by
Enjabert and coworkers revealed that the expression levels of
ergosterol biosynthesis genes are indeed generally decreased in
the hog/A mutant compared to the WT (23). Particularly,
levels of expression of the ERGII and ERGI genes were 1.7-
and 1.9-fold decreased, respectively, compared to that of the
WT (23). In agreement with this result, the C. albicans hogl A
mutant does not show any synergistic effects with most known
antifungal drugs (1). In C. neoformans, however, our study
clearly demonstrated that ERGII expression levels were en-
hanced in both hogl A and ssk1A mutants, but not in the skn7A
mutant, explaining why the HOG pathway mutants were highly
resistant to fluconazole and ketoconazole but hypersensitive to
amphotericin B. In contrast, azole drug resistance observed in
the skn7A mutant appears to be unrelated to the ergosterol
biosynthesis since the skn7A mutant showed WT levels of
ERGI11 expression and amphotericin B susceptibility. It is
probable that drug efflux and/or influx systems may be altered
in the C. neoformans skn7A mutant, as exemplified by other
azole-resistant fungal strains (40).

Our discovery provides a novel antifungal therapeutic method
against cryptococcosis as follows: treatment of patients by com-
bining amphotericin B and a HOG inhibitor followed by com-
bination therapy with azole drugs and a HOG activator. Our
data strongly implicate that potent inhibitors of the HOG
pathway, especially the Ssk1 response regulator or Tco2 hybrid
sensor kinase, whose orthologs are not observed in humans,
will have strong synergistic effects with amphotericin B to treat
cryptococcosis. Our study could provide a strong case for sup-
porting the value of genome-wide transcriptome analysis using
microarray analysis by directly providing an approach for de-
velopment of novel therapeutic method.

Among genes differentially regulated by the HOG pathway
under normal conditions, a group of 71 genes involved in
cadmium resistance were notable since involvement of the
HOG pathway in heavy metal stress had not been addressed
before in C. neoformans. Heavy metals, such as cadmium, af-
fect various aspects of cellular responses, including cell cycle
regulation, growth, differentiation, apoptosis, and oxidative
stress response (11, 26). Recently a number of cadmium-re-
sponsive genes have been identified in both S. cerevisiae and S.
pombe (33, 45). The discovery that the ssk/A and hoglA mu-
tants exhibit increased resistance to cadmium compared to the
WT and skn7A mutants is a somewhat unexpected result based
on findings in other fungi. In S. pombe, the spcIA (Hogl ho-
molog), wis4A (Ssk22 homolog), and mcs4A (Ssk1 homolog)
mutants all show hypersensitivity to both cadmium and hydro-
gen peroxide (33). In C. albicans, the hogl A mutant does not
show any significant hypersensitivity to cadmium compared to
the WT (2).

This study provides further insights into the downstream
network of the HOG pathway for regulation of virulence factor
production and sexual differentiation of C. neoformans. It has
been reported that the CAP10, CAP59, CAP60, and CAP64
genes were essential for capsule biosynthesis in C. neoformans,
although their biochemical properties remain to be elucidated
(15-18). For melanin production, two laccase genes, LACI and
LAC2, were found to exist in C. neoformans. Between these,
Lacl is the predominant laccase since deletion of the LACI
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gene alone, but not the LAC2 gene, abolishes melanin produc-
tion in C. neoformans (49). Our array data demonstrated that
all four of the capsule synthesis genes and the LACI gene were
upregulated in the sskIA and hoglA mutants, indicating that
these genes are directly or indirectly regulated by the HOG
pathway. In the skn7A mutant, only the LACI gene, but not the
capsule genes, was upregulated, further corroborating that
Skn7 is negatively involved in melanin, but not capsule pro-
duction (7). Our array data showing upregulation of SX77 and
GPA?2 by the hogl and sskl mutations may provide a possible
answer for the previous question of how Hogl and Sskl neg-
atively regulate pheromone production and sexual reproduc-
tion (7, 8). It has been recently reported that C. neoformans
Gpa2 physically interacts with Ste3a, Gpbl, and Crgl and
therefore promotes the pheromone response MAPK pathway
for mating (29, 37). As expected, overexpression of dominant
active GPA29°%L strikingly activates pheromone expression
and mating (29). Therefore, our array data strongly indicate
that Hogl represses the Gpa2-mediated pheromone response
pathway under normal conditions, and inactivation of the
HOG pathway drastically induces GPA2 expression, which
subsequently increases pheromone production and mating.

Induction of the ENAI gene in response to osmotic stress is
somewhat expected based on studies performed in other fungi.
The osmoadaptation mechanism has been well characterized
in S. cerevisiae. Immediately after osmotic shock, Hogl is di-
rectly recruited to and interacts with the Nhal Na*/H" anti-
porter and the Tokl potassium channel (to a lesser extent) to
rapidly counteract increased ion concentrations in the nucleus
and restore the ability of most DNA binding proteins to
reassociate with the chromatin (43). After the immediate
adaptation to high-salt conditions, Hogl induces the Enal
Na* extrusion pump for a longer-term adaptation to high-
salt conditions (43). Our phenotypic analysis of the enalA
mutant demonstrated that Enal is required for conferring re-
sistance to osmotic stress, particularly under carbon starvation
conditions (Fig. 7B). Recently, Idnurm et al. identified ENAI
as a major virulence gene via signature-tagged insertional mu-
tagenesis (31). Interestingly, the enal/A mutant exhibited in-
creased sensitivity to high pH, indicating that Enal is required
for counterbalancing the decreased H* concentration in the
environment (31). It is not known if Hogl is similarly recruited
to an Nhal antiporter and Tokl potassium channel for an
immediate salt adaptation of C. neoformans at this point. In-
terestingly, however, NHA1I appears to be transcriptionally in-
duced by osmotic stress dependent on the HOG pathway (see
Table S9 in the supplemental material), which is rather unex-
pected since activation of Nhal is not dependent on transcrip-
tional activation by Hogl but depends on a physical interaction
with Hogl in S. cerevisiae (42). The detailed mechanism of
molecular interaction between Nhal and Hogl remains to be
elucidated.

Our array study revealed novel features of the C. neoformans
Sch9 protein kinase previously reported by Wang et al. (47).
The prior study demonstrated that the sch9A mutant has in-
creased capsule production and thermotolerance and defective
mating capability (47). Regardless of the enhanced capsulation
and thermotolerance that could increase pathogenicity of C.
neoformans, the sch9A mutant is attenuated in virulence (47).
Our array data and biological analysis of the sch9A mutant may
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provide an answer for its reduced virulence. The sch9A mutant
was found to be hypersensitive to both oxidative and osmotic
stress (Fig. 11B), indicating that it is unlikely to survive in the
hostile host environment and would be more susceptible to
host defense mechanisms. Interestingly, both basal and in-
duced expression levels of SCHY were significantly decreased
in sskIA and hogl A mutants, indicating that Sch9 is one of the
target kinases modulated by the HOG pathway in C. neofor-
mans. In fact, Wang et al. previously proposed that Sch9 is
mainly independent of the cAMP signaling pathway, which is
another major signaling pathway controlling capsule produc-
tion, mating, and virulence of C. neoformans. It is possible that
increased capsule production of the hog/A and sskIA mutants
(6, 8) may also result from decreased expression of SCH9
under normal conditions. The functional correlation between
Sch9 and the HOG pathway has been suggested in S. cerevisiae,
where mutation of the SCH9 gene also increased susceptibility
to osmotic and oxidative stresses (41).

A final important discovery of our transcriptome analysis is
the potential implication of the ubiquitin-proteasome system
in regulation of stress responses, which was first suggested in C.
neoformans. In S. cerevisiae, the pheromone-responsive MAPK
pathway is tightly controlled by ubiquitin-dependent Stell
degradation during pheromone induction (24). Furthermore,
the S. cerevisiae two-component system is negatively regulated
through targeted degradation of the Sskl response regulator
by Ubc7/Qri8, an endoplasmic reticulum (ER)-associated ubig-
uitin-conjugating enzyme (44). Ubiquitination for targeted pro-
tein degradation by the proteasome is mediated by three classes
of enzymes: ubiquitin-activating enzymes (E1), ubiquitin-conju-
gating enzymes (E2 or Ubc), and ubiquitin-protein ligases (E3).
The ubiquitin-proteasome system is involved in endoplasmic re-
ticulum associated protein degradation (ERAD), which contrib-
utes to selective removal of misfolded proteins, or unas-
sembled subunits of multimeric complexes. Therefore, it is
conceivable that external stress, such as oxidative damage, may
increase the number of misfolded or damaged proteins inside
the cell, and this accumulation could be prevented by activa-
tion of the ubiquitin-proteasome system. Our study shows that
the putative ubiquitin system in C. neoformans is involved not
only in stress response, but also in defending against antifungal
drugs (Fig. 10B). However, functions of different components
of the ubiquitin-proteasome system in stress responses and
their potential connection with the HOG pathway remain to be
further elucidated in future studies.

In conclusion, our study highlights the importance of ge-
nome-wide comparative transcriptome analysis in human fun-
gal pathogens for not only elucidating previously undiscovered
features and target genes of the two-component system and
HOG pathway but also directly suggesting a novel therapeutic
approach for effective treatment of cryptococcosis. A number
of features and target genes for the stress-activated two-com-
ponent system and HOG pathway identified by our analysis are
coincident with those obtained from other fungi, and yet sev-
eral novel features uncovered by our study further confirm the
unique specialization of the HOG pathway in C. neoformans.
Further exploitation of the molecular mechanism between sig-
naling components, the downstream network, and feedback
regulatory mechanisms of the HOG pathway in C. neoformans
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will provide an unprecedented opportunity to develop a novel
anticryptococcal therapy.
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