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The cyclic AMP (cAMP) pathway plays a central role in the growth, differentiation, and virulence of
pathogenic fungi, including Cryptococcus neoformans. Three upstream signaling regulators of adenylyl cyclase
(Cacl), Ras, Acal, and Gpal, have been demonstrated to control the cAMP pathway in C. neoformans, but their
functional relationship remains elusive. We performed a genome-wide transcriptome analysis with a DNA
microarray using the rasIA, gpalA, caclA, acalA, and pkalA pka2A mutants. The acalA, gpalA, caclA, and
pkalA pka2A mutants displayed similar transcriptome patterns, whereas the rasIA mutant exhibited tran-
scriptome patterns distinct from those of the wild type and the cAMP mutants. Interestingly, a number of
environmental stress response genes are modulated differentially in the ras/A and cAMP mutants. In fact, the
Ras signaling pathway was found to be involved in osmotic and genotoxic stress responses and the maintenance
of cell wall integrity via the Cdc24-dependent signaling pathway. Notably, the Ras and cAMP mutants exhibited
hypersensitivity to a polyene drug, amphotericin B, without showing effects on ergosterol biosynthesis, which
suggested a novel method of antifungal combination therapy. Among the cAMP-dependent gene products that
we characterized, two small heat shock proteins, Hsp12 and Hsp122, were found to be involved in the polyene

antifungal drug susceptibility of C. neoformans.

The cyclic AMP (cAMP) signaling pathway plays a central
role in the regulation of the growth, differentiation, and viru-
lence of human pathogenic fungi (3, 11, 41, 42, 53). Central
signaling components of the cAMP signaling pathway are con-
served evolutionarily among organisms from yeasts to mam-
mals, although some variations in the regulatory mechanism
exist. The cAMP signaling pathway in Saccharomyces cerevisiae
has been well characterized. In response to certain environ-
mental cues, the Cyr1/Cdc35 adenylyl cyclase produces cAMP,
which subsequently binds to the protein kinase A (PKA) reg-
ulatory subunit (Bcyl) that represses activation of the catalytic
subunits of PKA (Tpk1/Tpk2/Tpk3) under normal conditions
(50, 56, 69). The cAMP-bound Bceyl is released from the Tpk
proteins, which then activate or repress downstream transcrip-
tion factors, such as Flo8, to respond to incoming signaling
cues (50). cAMP signaling is regulated negatively by feedback
inhibition from high-affinity and low-affinity phosphodiester-
ases, Pde2 and Pdel, respectively (60, 77). The cAMP signaling
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pathway modulates cellular growth, stress sensitivity, and mor-
phological differentiation, including pseudohyphal and inva-
sive growth of S. cerevisiae (16, 70).

Two upstream signaling branches transfer environmental
signaling to the yeast adenylyl cyclase. One branch includes a
heterotrimeric GTP-binding protein (G protein), consisting of
a Ga subunit (Gpa2) and inhibitory GRy-like kelch repeat
proteins (Gpb1/Gpb2 and Gpgl), and the associated G pro-
tein-coupled receptor (GPCR). The seven-transmembrane-do-
main GPCR Gprl undergoes a conformational change and
allows dissociation of Gpa2 from Gpbl/Gpb2 and Gpgl sub-
units in response to certain environmental signals, such as
glucose addition to glucose-starved cells (28, 48). The GTP-
bound Ga subunit binds to and activates Cyrl/Cdc35. The
other branch includes a small G protein such as Ras and a
cyclase-associated protein such as CAP (also known as Srv2).
S. cerevisiae contains two Ras proteins, Rasl and Ras2, which
are critical for cellular growth control (70). Ras proteins are
controlled positively by the Cdc25 guanine nucleotide ex-
change factor (GEF), which accelerates the replacement of
GDP with GTP (57), and negatively by Iral/Ira2 GTPase-
activating protein, which enhances the intrinsic GTPase activ-
ity of Ras (67). Ras directly activates Cdc35 adenylyl cyclase in
association with CAP and subsequently controls PKA (21, 22,
25, 70).

In opportunistic pathogenic fungi that are distributed world-
wide, including Aspergillus fumigatus, Candida albicans, and
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Cryptococcus neoformans, the Ras and cAMP signaling path-
ways are evolutionarily conserved, and yet significant func-
tional and structural divergence has been observed (3, 11, 42,
53, 58, 68, 73). In C. neoformans, which causes life-threatening
fungal meningitis in both immunocompetent and immunocom-
promised individuals (34, 43), the cCAMP signaling pathway is
critical for the production of two major virulence factors, the
antiphagocytic polysaccharide capsule and the antioxidant mel-
anin pigment, and for sexual differentiation, which is important
for the dissemination of infectious spores. C. neoformans con-
tains a single adenylyl cyclase, Cacl (4). cAMP signaling from
Cacl is bifurcated into two PKA catalytic subunits, Pkal and
Pka2, whose activation is inhibited by the regulatory subunit
Pkrl (9, 30). Notably, Pkal plays a predominant role in cAMP
signaling in the serotype A C. neoformans H99 strain back-
ground, whereas Pka2 does so in the serotype D C. neoformans
JEC21 strain (30). Interestingly, the low-affinity phosphodies-
terase Pdel, but not the high-affinity phosphodiesterase Pde2,
plays a key role in negatively regulating the cCAMP pathway in
C. neoformans (29) (see Fig. 1A).

Two major upstream signaling regulators of the Cacl ade-
nylyl cyclase, Acal (adenylyl cyclase-associated protein I, a
yeast CAP ortholog) and the Ga subunit protein (Gpal, a
yeast Gpa2 ortholog), have been identified in C. neoformans (2,
9) (see Fig. 1A). Acal physically interacts with Cacl and con-
trols the induction of cAMP, but not the basal levels of cAMP,
to govern most cAMP-dependent phenotypes (9). In response
to certain environmental signals, including exogenous methio-
nine, the Gpr4 GPCR undergoes conformational changes and
releases its C-terminally bound Ga subunit, Gpal, which sub-
sequently activates Cacl (2, 78). However, inhibitory G@-like
kelch repeat proteins such as Gpb1/Gpb2 have not been found
in C. neoformans. Instead, Gpal physically interacts with Gf3-
like protein/RACK1 homolog Gib2, which also interacts with
Gpgl/Gpg2 (49). Gib2 regulates cAMP signaling positively but
is essential for cellular growth, unlike other cAMP signaling
components, and also interacts with protein kinase C (PKC),
indicating that Gib2 is a multifunctional protein (49). Gpal is
negatively regulated by a regulator of G protein signaling
(RGS) protein, Crg2, which is also involved in G protein sig-
naling in the pheromone response Cpkl mitogen-activated
protein kinase (MAPK) pathway (63, 79).

Two Ras proteins, Rasl and Ras2, were discovered in C.
neoformans and play both shared and distinct roles (1, 19, 75).
Rasl is a major C. neoformans Ras protein that supports high-
temperature growth and invasive growth, which are essential
for survival and proliferation inside the host, and promotes
sexual differentiation (1). Although the ras2A mutant does not
have any discernible phenotypes, overexpression of RAS2
partly suppresses most ras/ mutant phenotypes (75). In C.
neoformans, as in S. cerevisiae, the disruption of both RAS7 and
RAS2 genes affects cellular viability at all temperatures, indi-
cating that Ras proteins are essential for normal cellular
growth. Ras signaling is bifurcated into two signaling branches
in C. neoformans. To govern thermotolerance and actin cy-
toskeleton regulation, Ras signaling is mediated through a
GEEF protein, Cdc24, and a Rho-like GTPase, Cdc42 (47). In
contrast, Ras-dependent regulation of invasive growth and
mating is mediated through the cAMP signaling pathway (1,
76). However, whether Rasl directly interacts with the Cacl
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adenylyl cyclase is not clear, because Cacl does not harbor the
leucine-rich repeat domain that is a binding site for GTP-
bound Ras in S. cerevisiae (65). Since the adenylyl cyclase—
cyclase-associated protein complex may provide a second Ras-
binding site for adenylyl cyclase activation, as can be observed
in S. cerevisiae (64), it is still possible that Rasl may interact
with the Acal-Cacl complex for adenylyl cyclase activation in
C. neoformans. Taken together, these data demonstrate that
the C. neoformans cAMP signaling pathway is controlled by
three different upstream regulators, Rasl, Gpal, and Acal.

Regardless of the presence of the common upstream regu-
lators of the Cacl adenylyl cyclase, a functional connection
between each signaling component and the target genes regu-
lated in C. neoformans remains elusive. Hence, we performed
a genome-wide transcriptome analysis of rasIA, gpalA, acalA,
caclA, and pkalA pka2A mutants by using a DNA microarray
approach to compare the downstream networks of the Ras-,
Acal-, and Gpal-dependent signaling pathways with those of
the Cacl/PKA signaling pathway. Here, we show that the
Acal- and Gpal-dependent cAMP/PKA signaling pathway ex-
hibited unique transcriptome patterns that were distinct from
those of the Ras1 signaling pathway. In this study, we not only
identified a number of Rasl- and cAMP-dependent genes but
also discovered novel characteristics of the cAMP and Ras
pathways, which include involvement in diverse stress re-
sponses and susceptibility to antifungal drugs, such as ampho-
tericin B (AmpB). Therefore, this study not only furthers un-
derstanding of the role of Ras and cAMP pathways in C.
neoformans but also provides useful information for the devel-
opment of novel antifungal therapy.

MATERIALS AND METHODS

Strains and growth conditions. The C. neoformans strains and primers used in
this study are listed in Table S1 in the supplemental material, and the strains
were cultured in YPD (yeast extract-peptone-dextrose) medium unless otherwise
indicated. L-DOPA (1-3,4-dihydroxyphenylalanine) or Niger seed medium for
melanin production and agar-based Dulbecco’s modified Eagle’s medium for
capsule production were all as described previously (2, 9, 27, 30).

DNA microarray and data analysis. Total RNAs for DNA microarray analysis
were isolated as follows. The wild-type (WT) strain H99 and the corresponding
rasIA (YSB51), acalA (YSB6), gpalA (YSBS83), cacIA (YSB42), and pkalA
pka2A (YSB200) mutant strains were grown in 50 ml YPD medium at 30°C for
16 h. Five milliliters of the overnight culture was inoculated into 100 ml of fresh
YPD medium and further incubated for 4 to 5 h at 30°C until it reached an
optical density at 600 nm of approximately 1.0. Then the culture was rapidly
frozen in liquid nitrogen and lyophilized overnight. Three independent cultures
of each strain were prepared as biological replicates for total RNA isolation for
the DNA microarray. Total RNAs were isolated by using TRIzol reagent as
described previously (38). To provide a control, total RNAs prepared from the
WT strain and the rasIA, gpalA, acalA, caclA, and pkalA pka2A mutant strains
grown under the conditions described above were pooled to yield reference
RNAs.

c¢DNA synthesis and labeling were performed by using AffinityScript reverse
transcriptase (Stratagene) and Cy5/Cy3 labeling agents (Amersham) as described
previously (38). The cDNAs prepared from pooled reference RNAs were mixed
with Cy3 as a control, and the cDNAs prepared from each test RNA (corre-
sponding to each experimental condition) were mixed with Cy5. For microarray
analysis, C. neoformans serotype D 70-mer oligonucleotide microarray slides
containing 7,936 spots (Duke University) were used. The microarray slides were
prehybridized, hybridized with Cy3/Cy5-labeled cDNAs, and washed as de-
scribed previously (38). Three independent DNA microarrays with three inde-
pendent biological replicates were analyzed.

After hybridization and washing, the microarray slides were scanned by a
GenePix 4000B scanner (Axon Instruments) and the scanned images were ana-
lyzed with GenePix Pro software (version 4.0) by using GenePix Array List
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(GAL) files (http://genomeold.wustl.edu/activity/ma/cneoformans/array_spec
.cgi). For array data analysis, we used the serotype A gene identification database
(for the H99 strain) that has mapping data for the corresponding 70-mer oligo-
nucleotide sequences printed on the array slides as described previously (38).
Among a total of 6,980 genes in the H99 strain, 6,302 genes were matched to
6,756 spots (including multiple spots for a single gene) on the JEC21 gene chip
with an E value of 107° (90% coverage) by blastn searching. By using the
serotype A gene sequences, each S. cerevisiae gene name or identification num-
ber listed in the tables in the supplemental data was assigned by blastp searching
(E value cutoff, 107°). For hierarchical and statistical analyses, data trans-
ported from GenePix software were analyzed with Accuity software by em-
ploying LOWESS (locally weighted scatterplot smoothing) normalization, reli-
able gene filtering (>95% filtering), hierarchical clustering, zero transformation,
and analysis of variance (ANOVA; P < 0.05) with the use of Microsoft Excel
software. The functional category for each C. neoformans H99 gene was assigned
using the NCBI KOG (eukaryotic orthologous group) database (http://www.ncbi
.nlm.nih.gov/COG/grace/shokog.cgi). The frequency of C. neoformans genes of
each functional category among all C. neoformans genes assigned to KOG cat-
egories (the percent random occurrence of genes of each category) was calcu-
lated as follows: (total number of C. neoformans genes in each KOG func-
tional category) X 100/(total number of C. neoformans genes listed in all KOG
categories). The frequency of Ras- or cAMP-dependent genes of each functional
category among all Ras- or cAMP-dependent genes assigned to KOG categories
was calculated as follows: (total number of Ras- or cAMP-dependent genes in
each KOG functional category) X 100/(total number of Ras- or cAMP-depen-
dent genes listed in all KOG categories). If the occurrence of Ras- or cAMP-
dependent genes in a category was at least 1.5-fold higher than the corresponding
random occurrence of C. neoformans genes in the category, we defined the
category as being overrepresented in the pathway.

Disruption of cAMP signaling-dependent genes. For gene disruption, infor-
mation on genomic DNA (exon and intron) structures for each gene was ob-
tained from the serotype A C. neoformans genome database (http://www
.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome
.html). The genes GRE2 (H99 gene identification number CNAG_02182.2
[hereinafter, only the five digits represented by X in CNAG_XXXXX.2 are given
for H99 gene identification numbers]), PKPI (00047), HSPI12 (03143), and
HSPI122 (01446) in the C. neoformans serotype A H99 strain were deleted by
overlap PCR or double-joint PCR with split markers and biolistic transformation
as described previously (10, 17, 37). Primers for the generation of the 5" and 3’
flanking regions of each gene and the dominant selectable nourseothricin
resistance marker (NAT, encoding nourseothricin acetyltransferase) are
described in Table S1 in the supplemental material. Gold microcarrier beads (0.8
to ~1.2 wm [Bioworld Inc.] or 0.6 um [Bio-Rad]) were coated with gel-extracted
deletion cassettes produced by overlap PCR, and strain H99 was biolistically
transformed with the coated beads. The AspI2A hspl22A double mutant was
constructed by introducing the AspI22A::NEO allele into the hspI2A mutant via
biolistic transformation. Stable transformants selected on YPD medium
containing nourseothricin and/or G418 were subjected to an initial screening by
diagnostic PCR with primers listed in Table S1 in the supplemental material.
Positive mutants were further checked by Southern blot analysis using gene
-specific probes (see Fig. S2 to S4 in the supplemental material) prepared by
using primers listed in Table S1 in the supplemental material.

Ergosterol assay. Ergosterol contents in the WT and each mutant strain were
measured as described previously (6, 38). Each experiment was performed in
duplicate with three independent cultures of each strain.

Stress and antifungal drug sensitivity tests. For stress and drug sensitivity
tests, cells grown overnight at 30°C in YPD medium were washed, serially diluted
10-fold (yielding 1- to 10*-fold dilutions) in distilled water, and spotted (in a
volume of 3 pl) onto solid YPD agar medium containing the following: the
concentrations of NaCl and KCl indicated below for the osmotic stress sensitivity
test; hydrogen peroxide (H,O,), menadione, diamide [diazenedicarboxylic acid
bis(N,N-dimethylamide)], and fert-butyl hydroperoxide (fBOOH) for the oxida-
tive stress sensitivity test; hydroxyurea (HU) and methyl methanesulfonate
(MMS) for the DNA-damaging agent sensitivity test; methylglyoxal (MG) for the
toxic-metabolite sensitivity test; cadmium sulfate (CdSO,) for the heavy-metal
stress test; and AmpB, fluconazole, ketoconazole, itraconazole, and fludioxonil
for the antifungal drug test. To test UV sensitivity, cells were spotted onto solid
YPD medium and placed in a UV cross-linker (UVP CX-2000) at energy levels
between 200 and 400 J/m> Then the spotted cells were incubated at 30°C for 2
to 4 days and photographed.

Assay for capsule and melanin production. Qualitative visualization and quan-
titative measurement of capsule and melanin production were performed as
described previously (9).
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Microarray data accession number. The whole-microarray data generated by
this study were submitted to the Gene Expression Omnibus (GEO; http://www
.ncbi.nlm.nih.gov/geo/) under accession number GSE17338.

RESULTS

Comparative transcriptome analysis of C. neoformans ras1A,
acalA, gpalA, caclA, and pkalA pka2A mutants. To compare
the downstream signaling networks of Ras1-, Acal-, and Gpal-
dependent signaling pathways, we performed a comparative
transcriptome analysis of the serotype A WT strain (H99) and
rasIA, acalA, gpalA, caclA, and pkalA pka2A mutants by
employing a DNA microarray approach as described in Mate-
rials and Methods. For basic validation of our array quality, we
checked expression levels of the RASI, ACAI, GPAIl, CACI,
PKAI, and PKA2 genes in our array data. The expression levels
of RAS1, ACAI1, GPAI, CACI, PKAIl, and PKA?2 in the corre-
sponding mutants were very low compared to those in the WT
strain (ratios of expression in the mutants to expression in the
WT were 0.08, 0.03, 0.09, 0.06, 0.07, and 0.12, respectively), as
expected (Fig. 1B; see also Table S2 in the supplemental ma-
terial). To further confirm the quality of the array, we per-
formed Northern blot analysis for some of the cAMP-depen-
dent genes identified by this microarray, including GRE2,
PKP1, HSP12, and HSP122. All of the genes exhibited ex-
pected expression patterns, which were highly similar to those
in the DNA microarray data, as depicted below (see Fig. 8A).
Taken together, all these data supported the quality of the
array.

Among a total of 7,936 genes monitored by this DNA mi-
croarray, 565 genes exhibited differential expression patterns in
the Ras and cAMP mutants at statistically significant levels
(P < 0.05; ANOVA) compared to expression in the WT strain.
Among these, 192 genes exhibited more than twofold induc-
tion or reduction (Fig. 1C). The hierarchical clustering analysis
of the Ras- or cAMP-dependent genes revealed several impor-
tant facts. First, the transcriptome patterns governed by the
Rasl signaling pathway were distinct from those controlled by
the cAMP/PKA signaling pathway (Fig. 1C). The statistical
analysis indicated that basal expression levels of a total of 400
genes changed significantly in the ras/A mutant compared to
the WT but that expression levels of 132 genes changed sig-
nificantly in the acalA, gpalA, caclA, and pkalA pka2A mu-
tants (see Fig. S1A and B in the supplemental material). Be-
sides the number of such genes, the expression patterns of a
majority of the Rasl-dependent genes distinguished them from
the cAMP-dependent genes (Fig. 1C; see also Fig. S1 in the
supplemental material), which indicated that the Rasl signal-
ing pathway is largely independent of the cAMP signaling
pathway in C. neoformans. Second, the acalA and gpalA mu-
tants showed transcriptome patterns similar to those of the
caclA and pkalA pka2A mutants, suggesting that Acal and
Gpal are the two major signaling modulators of the cAMP
signaling pathway (see Fig. S1B in the supplemental material).
However, there was a small group of genes whose expression was
differentially regulated between the acalA and gpalA mutants.
This finding indicates that Acal and Gpal may have other, minor
signaling branches (see Fig. S1B in the supplemental material).
As expected, the cacIA mutant exhibited transcriptome patterns
almost identical to those of the pkalA pka2A mutant, further
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suggesting that Pkal and Pka2 are necessary and sufficient protein
kinases downstream of the adenylyl cyclase in C. neoformans (see
Fig. S1B in the supplemental material).

The genes regulated by the Ras and cAMP signaling path-
ways encompass a wide variety of cellular functions (Fig. 1D).
Genes involved in signal transduction mechanisms (15.2%),
carbohydrate transport and metabolism (9.6%), and amino
acid transport and metabolism (8.0%) were overrepresented
among the cAMP signaling-dependent genes. These findings
were expected since the cAMP pathway is a central signal
transduction cascade that regulates the growth, differentiation,
and virulence of C. neoformans and is known to sense glucose
and amino acids (9, 78). Similarly, genes involved in signal
transduction mechanisms (12.1%) were most overrepresented
in the ras! A mutant (Fig. 1D). However, genes involved in cell
wall/membrane/envelope biogenesis (2.9%) were also overrep-
resented in the Ras pathway, in contrast to the cAMP pathway,
which implies that Ras1 may be involved in the maintenance of
cell wall integrity.

Among the Ras- and cAMP-dependent genes, a significant
proportion were found to be regulated by environmental stress
(Fig. 2; see also Fig. S1C in the supplemental material). Our
prior transcriptome analysis revealed a number of environ-
mental stress response (ESR) genes, which were defined as
genes whose expression is up- or downregulated more than
twofold in C. neoformans in response to at least one stress
condition, such as osmotic or oxidative stress or antifungal
drug (fludioxonil) treatment (38). Among the 1,959 ESR
genes, 109 genes were found to be regulated in response to all
stresses and were named common stress response (CSR) genes
(38). Interestingly, our present array analysis revealed that a
subset of the ESR genes (a total of 225 ESR genes) exhibited
significant changes in expression levels in either the ras/A or
cAMP mutants compared to the WT strain (P < 0.05;
ANOVA) (Fig. 2; see also Fig. S1C and Table S4 in the sup-
plemental material). Among these, 86 ESR genes showed
more than twofold induction or reduction in the mutants (see
Fig. S1C in the supplemental material). Furthermore, a total of
55 CSR genes were found to be differentially regulated (P <
0.05; ANOVA), and 31 of these genes exhibited more than
twofold induction or reduction in the mutants (see Fig. S1C in
the supplemental material). The majority of the Ras or cAMP
pathway-dependent ESR and CSR genes did not have signifi-
cant homology to any other genes (see Table S6 in the supple-
mental material). Nevertheless, these results implicated the
Ras and cAMP signaling pathways in diverse stress responses
of C. neoformans.

The Ras signaling pathway controls the osmotic stress re-
sponse and is required for maintenance of cell wall integrity in
C. neoformans. To address the roles of the Ras and cAMP
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pathways in the stress responses of C. neoformans, we moni-
tored the susceptibilities of the Ras and cAMP mutants to
diverse stress-inducing agents. We found that the ras/A muta-
tion affected a variety of stress responses, besides conferring
the known susceptibility of the ras/A mutant to high temper-
ature. Notably, the rasIA mutant, but not the acalA, gpalA,
caclA, pkalA, and pkalA pka2A mutants, exhibited increased
susceptibility to hyperosmotic stress imposed by high KCl and
NaCl concentrations under both glucose-rich conditions (YPD
medium) and conditions of glucose starvation (yeast extract-
peptone medium) (Fig. 3A). This observed osmosensitive phe-
notype of the ras/A mutant was even more pronounced than
those of the hogl A and enalA mutants of C. neoformans, which
show hyperosmosensitivity only under conditions of glucose
starvation (38). Interestingly, the acalA mutant also showed
hyperosmosensitivity (particularly in the presence of Na™ salt
rather than K" salt), albeit to a lesser extent than the ras/A
mutant (Fig. 3A). The rasIA acalA double mutant showed
even greater susceptibility to NaCl, indicating that Rasl and
Acal independently contribute to resistance to Na™ salt stress
(Fig. 3B).

Another interesting finding was the involvement of Pka2 in
the osmostress response under glucose starvation conditions
(Fig. 3A). In serotype A C. neoformans (the H99 strain back-
ground), Pkal plays a major role in controlling the cAMP
pathway whereas Pka2 plays only a minor role (9, 30). Here, we
found that the pka2A mutant is hypersensitive to osmotic shock
only under conditions of glucose starvation (Fig. 3A). Interest-
ingly, the hyperosmosensitivity of the pka2A mutant is abol-
ished by additional disruption of PKAI (Fig. 3A), which indi-
cates that Pkal and Pka2 may play opposing roles in the
osmostress response of C. neoformans under glucose starvation
conditions. All the independently constructed pka2A mutants
of MATo H99 and MATa KN99 strains exhibited the same
osmosensitivity phenotypes (data not shown).

To address whether the increased osmosensitivity of the
ras1A mutant may result from decreased cell wall integrity, we
tested the fludioxonil sensitivities of the ras/A and acalA mu-
tants; C. neoformans mutants with effects on cell wall integrity,
such as cells carrying the cnal A mutation in the Ca?*-calmod-
ulin/calcineurin pathway and cells harboring the mpklA muta-
tion in the PKC/Mpk1l MAPK pathway, exhibit hypersensitivity
to fludioxonil (40). This antifungal drug hyperactivates the
high-osmolarity glycerol (HOG)-dependent pathway, increases
the intracellular glycerol content, and eventually arrests the
cell cycle (40). Osmotic stress and fludioxonil treatment gen-
erate similar genome-wide remodeling patterns in C. neofor-
mans (38). Like the cnalA and mpklIA mutants, the rasIA
mutant displayed hypersensitivity to fludioxonil (Fig. 3C). The
acalA rasIA mutant exhibited even greater susceptibility to

pka2A (YSB200) mutant backgrounds compared to the WT strain (H99). (C) Hierarchical clustering analysis of 192 genes which are significantly
up- or downregulated, by >2-fold (P < 0.05; ANOVA), in at least one of the mutant strains indicated in panel B. (D) Functional categories of
genes differentially regulated by the Ras and cAMP pathways. Genes showing expression patterns in the ras/A (YSB51), acalA (YSB6), gpalA
(YSB83), caclA (YSB42), and pkalA pka2A (YSB200) mutants significantly different (P < 0.05; ANOVA) from those in the WT were functionally
categorized based on KOG functional descriptions (http://www.ncbi.nlm.nih.gov/COG/). Bars indicate the following: yellow, percentages of
cAMP-dependent genes; blue, percentages of Ras-dependent genes; white, random occurrence rates for genes in each KOG functional category

in the whole C. neoformans genome.
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A

WRACGP seotpen 3 94 poripp EsR-down Functional Description
‘|: CNAG_02476 YRM1 6.94 Zn2-Cys6 zinc-finger transcription factor
CNAG_00546 CHS6 3.75 OxR Chitin synthase 6
E CNAG_07779 MUG58 2.01 D-glycerate 3-kinase
CNAG_05005 ATG1 2.57 OxR Serine/threonine-protein kinase involved in autophagy
— CNAG_06568 SKS71 2.52 OxR Serine/threonine protein kinase
— CNAG_05364 MND1 2.27 Protein involved in meiotic recombination/predicted coiled-coil protein
CNAG_06917 PRX1 2.02 OsR OxR  Thiol-specific antioxidant protein 3
CNAG_00537 CAT2 210 OxR Carnitine acetyltransferase
CNAG_02217 CHS7 214 Chitin synthase 7 (CHS7)
CNAG_06359 DCS1 2.76 CSR Hydrolase
CNAG_01243 SET1 2.18 Histone-lysine N-methyltransferase
{ CNAG 02208 FNR3 2721 OsR Ribonucleotide reductase, alpha subunit
CNAG_05460 MUG72 2.16 FxR, OxR 2-dehydropantoate 2-reductase
L CNAG_02270 CYS2 2.01 OsR, FxR Homoserine O-acetyltransferase
CNAG_00235 MEP3 2.01 OsR, OxR Ammonia permease
= CNAG_06085 PLB1 2.08 FxR Secreted phospholipase B
— CNAG_02138 DNA2 237 DNA replication helicase
CNAG_03308 AXL2 244 OsR Integral plasma membrane protein
{ CNAG_05799 CDA1 236 OxR Chitin deacetylase (CDA1)
CNAG_03709 WMEI2 2.40 RNA-binding protein involved in meiosis Mei2
CNAG_01916 MSH6 2.08 OsR DNA mismatch repair protein msh6
{ CNAG_05277 SNC2 2.00 OxR V-SNARE
[ CNAG_03316 RDI1 2.01 Rho GDP-dissociation inhibitor
Al CNAG_00077 SUL1 218 OsR Sulfate transporter
CNAG_04832 BEM3 214 OxR  Rac GTPase-activating protein BCR/ABR
- CNAG_06508 GSC2 2.02 OsR, OxR Glucan synthase
- CNAG_05674 SLY41 2.01 Protein involved in ER-to-Golgi transport
L CNAG_01915 RNR2 2.08 OxR OsR  Ribonucleotide reductase, beta subunit
d { CNAG_01119 PTR2 2.55 OsR Peptide transporter
CNAG_03326 CHS2 2.38 OsR OxR  Chitin synthase 2
L CNAG_00572 RAD3 2.04 General RNA polymerase |l transcription factor
{ CNAG_00876 FRE7 223 OsR, FxR Ferric-chelate reductase
CNAG_05290 SPT3 2.19 Transcription cofactor
1 L CNAG_06092 CCN1 4.28 Cyclin B and related kinase-activating proteins
CNAG_01539 INO1 3.02 OxR  Inositol-3-phosphate synthase
CNAG_00498 CDC14 3.56 Phosphoprotein phosphatase
CNAG_06336 BGL2 3.85 FxR, OxR Glucan 1,3 beta-glucosidase protein
CNAG_02658 PAS1 342 FxR, OxR Cyclin
CNAG_05818 CHS5 3.46 OxR Chitin synthase 5
M CNAG_02777 PHO84 5.49 OsR Phosphate transporter
e CNAG_06759 FzZD6 2.10 Dehydrogenase
L CNAG_03449 RAD14 2.70 Hydrophilic protein
L CNAG_07499 CHS8 2.01 Chitin synthase 8
S CNAG_04632 FUR4 4.93 Uracil permease
S CNAG_06817 XUT1 2.88 OsR Membrane transporter (predicted)
E CNAG_03772 SNF3 3.37 Glucose transporter
CNAG_02493 RSB71 2.98 CSR Suppressor of sphingoid long chain base (LCB) sensitivity
CNAG_00293 RAS?1 0.08 GTPase Ras1
—
> 4.0-fold down > 4.0-fold up
B s A ras1AacalAgpaildcactlA pﬁa;A ESR ESR-d F ional D -
WRACGP erotype WT MWT MWT AT P N?IT A -up own unctional Description
CNAG_02759 311 155 136 159 145 OsR Dystonin, GAS (Growth-arrest-specific protein)
CNAG_05536 3.11 1.37 112 262 1.46 None
CNAG_01040 483 186 1.71 1.46 1.44 carboxypeptidase D (163.m03804)
CNAG_01040 589 164 178 1.57 1.88 carboxypeptidase D (163.m03872)
CNAG_03848 407 199 131 126 0.78 glutathione transferase
CNAG 05256 426 106 113 108 108 Catalase
CNAG_04681 469 1.03 1.09 1.04 0.96 OxR None
CNAG_01702 444 092 1.00 1.03 1.20 OxR integral membrane protein
CNAG_06347 480 0.78 1.00 0.81 0.93 OsR OxR  Clathrin coat dissociation kinase
CNAG_01949 643 089 090 0.84 0.74 FxR, OxR L-iditol 2-dehydrogenase
CNAG_02452 377 067 119 1.45 339 conserved hypothetical protein
CNAG_02602 468 071 160 1.84 1.59 flavonol synthase
CNAG_00332 3.08 1.47 111 0.76 047 OsR ACK and related non-receptor tyrosine kinases
[ CNAG_01668 9.06 534 297 373 6.08 OxR None
- CNAG_02701 0.33 205 183 1.69 1.39 BCL2-associated athanogene-like proteins
CNAG 06294 0.17 078 0.60 0.38 0.51 OsR  DUF1338 domain-containing protein
|

> 4.0-fold down > 4.0-fold up



366 MAENG ET AL. EUKARYOT. CELL

A Contioi YPD+KCI (M) YPD+NaCl (M) B Contioi
(YFD) WT (KN99)
wrHe9) L1 X ras1A
ras1A acalA
acalA cac1A
gpalA acalA ras1A
cac1A caclAras1A [ |
pkalA
pka2A
pka1A pka2A

c Fludioxonil D Fludioxonil (ug/ml)

Control (1 pg/ml) Control 0.1 0.5
WT (H99) WT (KN99)
ras1A {2 rasiAl LI L K. Y
acalA acalA
gpald cac1A
1
;‘a(: 13 hog1A 3
pka2a acalA ras1A
pka1A pka2A cac1A ras1A X
E Congo Red SDS F Congo Red sSDS
Control (1.0%) (0.05%) Control (0.5%) (0.05%)
WT (Heg)[ 2 WT (KN99)
mpk1A ras1A
cnalA O acalA
hog1A & cac1A
ras1A N’ﬂ hog1A ®
acalA ) &Y acalA ras1A
cac1A & cac1A ras1A
pkalA
pka2A
pkalA pka2A

FIG. 3. The Rasl signaling pathway controls the osmotic stress response and is required for maintaining cell wall integrity in C. neoformans.
Each C. neoformans strain indicated below was grown overnight at 30°C in liquid YPD medium, serially diluted 10-fold (yielding 1- to 10*-fold
dilutions), and spotted (in 3-pl volumes) onto yeast extract-peptone (YP) or YPD agar containing the indicated concentrations of either NaCl or
KClI (A and B), fludioxonil (C and D), and Congo red and SDS (E and F). Cells were incubated at 30°C for 72 h and photographed. (A, C, and
E) The WT H99 strain (MATa) and the rasIA (YSB53), acalA (YSB6), gpalA (YSBS83), caclA (YSB42), pkalA (YSB188), pka2A (YSB194), and
pkalA pka2A (YSB200) mutant strains were used. In addition, the mpkIA (KK3), cnalA (KK1), and hoglA (YSB64) mutants were used for the
analysis in panel E. (B, D, and F) The WT KN99 strain (MATa) and the rasIA (YSB73), cacIA (YSB183), acalA (YSB176), hogl A (YSB81), acalA
ras1A (YSB175), and cacIA rasIA (YSB187) mutant stains were used.

fludioxonil (Fig. 3D), which indicated that Acal and Rasl may red, the acalA ras1A double mutant showed hypersensitivity to
independently contribute to the maintenance of cell wall in- Congo red (Fig. 3F), further indicating that Acal and Rasl

tegrity. To further support this possibility, we tested the sus- play redundant or independent roles in maintaining cell wall
ceptibilities of the mutants to cell wall-destabilizing agents, integrity. Taken together, these findings demonstrate that the
such as Congo red and sodium dodecyl sulfate (SDS). As Rasl signaling pathway is required for cell wall integrity in C.
expected, the mpkIA and cnalA mutants exhibited hypersen- neoformans, which may explain the increased osmosensitivity
sitivity to both Congo red and SDS (Fig. 3E). In contrast, the of the rasIA mutant.

raslA, acalA, and hoglA mutants exhibited greater suscepti- The Rasl signaling pathway is required for oxidative and

bility to SDS than the WT (Fig. 3E). Although the ras/A genotoxic stress responses in C. neoformans. Since the ESR
mutant did not display significant hypersensitivity to Congo and CSR genes were defined as genes regulated during re-

FIG. 2. Identification of Rasl1 signaling-dependent genes in C. neoformans. (A) Relative expression profiles of Ras-dependent genes from C.
neoformans, S. cerevisiae, or Schizosaccharomyces pombe which have been identified or characterized and show more than twofold induction or
repression in the ras/A mutant compared to the WT strain. (B) Relative expression profiles of Ras-dependent genes in C. neoformans which do
not have any orthologs or known functions in S. cerevisiae or S. pombe and show more than threefold induction or repression in the ras/A mutant
compared to the WT strain. In both panels, the degree of change (n-fold) is illustrated by color coding (see the color bar scales at the bottoms
of the graphs), and the exact value for each gene is indicated in the table to the right of the hierarchical clustering diagram. Abbreviations are as
follows: ESR-up and ESR-down, significant up- and downregulation (more than twofold), respectively, of ESR genes; OxR, oxidative stress
response; OsR, osmotic stress response; FxR, fludioxoniol response; ER, endoplasmic reticulum; and ACK, activated Cdc42-associated kinase.
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FIG. 4. The Rasl signaling pathway is involved in oxidative and genotoxic stress responses in C. neoformans. Each C. neoformans strain
indicated below was grown overnight at 30°C in liquid YPD medium, serially diluted 10-fold (yielding 1- to 10*-fold dilutions), and spotted (in 3-ul
volumes) onto YPD agar containing the indicated concentrations of hydrogen peroxide (H,O,), the superoxide generator menadione, diamide, and
tBOOH (A), cadmium sulfate (B and C), and HU and MMS (D and E). Cells were incubated at 30°C for 72 h and photographed. (A, B, and D)
The WT H99 strain (MATw) and the rasIA (YSB53), acalA (YSBO6), gpalA (YSB83), caclA (YSB42), pkalA (YSBI188), pka2A (YSB194), and
pkalA pka2A (YSB200) mutant strains were used. (C and E) The WT KN99 strain (MATa) and the ras/A (YSB73), cacIA (YSB183), acalA
(YSB176), hogl A (YSBS81), acalA ras1A (YSB175), and caclA rasIA (YSB187) mutant stains were used.

sponse to antifungal drug treatment, osmotic stress, and/or
oxidative stress, we also examined the oxidative stress sensitiv-
ities of the rasIA and cAMP mutants by using a variety of
reactive oxygen species (ROS) and oxidative agents inducing
different cellular responses. In cells, toxic superoxide radicals
are rapidly converted into hydrogen peroxide (H,O,) by su-
peroxide dismutases. Either H,O, is detoxified into H,O by
catalases, or it modifies thiol groups of target proteins (as in
the formation of sulfenic/sulfinic acids and disulfide bonds),
which can be detoxified (reduced back to thiols) by thiore-
doxin, glutaredoxin, or sulfiredoxin systems. In contrast, an
alkyl hydroperoxide, such as tBOOH, is detoxified by thiore-
doxin- or glutathione-dependent thiol peroxidases. Diamide is
an exogenous oxidant reacting with thiol groups of proteins

and glutathione, which generates disulfide bonds or protein-
glutathionyl bonds. It is known that cellular responses to
diamide and H,0O, are quite different (see reference 44 for a
review).

The rasIA mutant was not sensitive to oxidative stress ex-
erted by H,O, and a superoxide (O, ) generator, menadione,
and indeed displayed slightly increased resistance to the oxi-
dative damage agents compared to the WT (Fig. 4A). In con-
trast, the gpalA, caclA, pkalA, pka2A, and pkalA pka2A mu-
tants showed almost WT levels of sensitivity to H,O, and
menadione (Fig. 4A). Notably, however, the ras/A mutant was
found to be extremely sensitive to diamide and rBOOH,
whereas the gpalA, caclA, pkalA, and pkalA pka2A mutants,
but not the pka2A mutant, exhibited hyperresistance to
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FIG. 5. The Rasl-mediated stress response is controlled by the Cdc24-dependent signaling pathway in C. neoformans. C. neoformans strains
(the WT H99 strain, the ras/A mutant [CBN45], the ras/A RAS1 complemented strain [CBN64], the ras2A mutant [MWCI12], the cdc24A mutant
[CBN32], and the cdc24A CDC24 complemented strain [CBN33]) were grown overnight at 30°C in liquid YPD medium, serially diluted 10-fold
(yielding 1- to 10*-fold dilutions), and spotted (in 3-pl volumes) onto YPD agar containing the indicated concentrations of either NaCl or KClI,
fludioxonil, Congo red and SDS, H,0O,, menadione, tBOOH, cadmium sulfate, HU, and MMS. Cells were incubated at 30°C for 72 h and

photographed.

diamide (Fig. 4A). In contrast to the ras/A mutant, the hogl A
mutant was highly sensitive to H,O, (10, 38) but resistant to
diamide (data not shown). These data indicate that Rasl,
cAMP, and Hogl pathways independently control oxidative
stress responses of C. neoformans.

In response to the heavy metal cadmium, the ras/A mutant
showed hypersusceptibility (Fig. 4B), which is also opposite the
phenotype of the hog/A mutant, which is hyperresistant to
cadmium (38). Interestingly, the gpalA, caclA, pkalA, and
pkalA pka2A mutants also showed greater cadmium sensitivity
than the WT strain, to the same extents. The acal A mutant was
slightly more sensitive to cadmium treatment than the WT but
less sensitive than the other cAMP mutants (Fig. 4B). This
finding indicated that the cAMP pathway plays some role in
the heavy-metal stress response. Additional mutation of the
RASI gene did not increase the cadmium sensitivity of the
caclA mutant and, indeed, slightly restored cadmium resis-
tance to the cac/A mutant (Fig. 4C), suggesting that Ras1 may
share a signaling pathway and cross talk with the cAMP path-
way to control resistance against the heavy metal cadmium.

Besides having a role as an oxidative stress agent, diamide is
known to be a radiosensitizer, which can delay or impair DNA
repair after DNA-damaging treatment (genotoxic stress), such
as X-irradiation (13). Cadmium is also a genotoxic agent (15).
Therefore, we further tested the role of Rasl in genotoxic
stress response by using other well-known DNA-damaging
agents, such as HU and MMS. HU inhibits DNA replication by
blocking ribonucleotide reductase, whereas MMS is a DNA-
alkylating agent that can induce mutagenesis by causing mis-
pairs that block DNA replication (39, 45). Both agents can
damage chromosomal DNA by inducing DNA double-strand
breaks. The rasIA mutant, but not any of the cAMP mutants,
was highly susceptible to the two genotoxic agents (Fig. 4D).
The acalA ras1A double mutant was more susceptible to both
MMS and HU than each single mutant (Fig. 4E), suggesting
that Acal may play a minor role in the genotoxic stress re-
sponse. Interestingly, the hog/A mutant exhibited increased
resistance to HU but not to MMS (Fig. 4D). These data indi-

cate that the Ras signaling pathway is uniquely involved in
oxidative and genotoxic stress responses, which are indepen-
dent of the HOG pathway.

Rasl-dependent stress control is mediated mainly by the
Cdc24-dependent signaling pathway. Based on the results de-
scribed above, the cAMP and HOG signaling pathways did not
appear to be involved in regulation of the stress-regulatory
function of the Rasl signaling pathway. Recently, Nichols et al.
identified a GEF, Cdc24, which mediates thermotolerance
downstream of Rasl (47). Therefore, we examined whether
the function of Ras1 in diverse stress responses is mediated by
the Cdc24-dependent signaling pathway (Fig. 5). The rasiA
mutant strain (CBN45) that was independently constructed by
researchers in the Andrew Alspaugh laboratory exhibited the
same stress-related phenotypes as the ras/A mutants that we
constructed with either a MATa or a MATa background, and
the rasIA RASI complemented strain exhibited WT stress phe-
notypes, which corroborated the role of Rasl in stress response
(Fig. 5). Here, we found that the cdc24A mutant exhibited
stress response phenotypes that are almost identical to those of
the rasI A mutants. The cdc24A mutant was as hypersensitive to
diamide, cadmium, HU, MMS, and tBOOH as the rasIA mu-
tant (Fig. 5), which suggested that the oxidative and genotoxic
stress responses by Rasl were mediated by Cdc24. During
exposure to osmotic stress (1.5 M NaCl or KCI), fludioxonil,
Congo red, or SDS, the cdc24A mutant exhibited greater sus-
ceptibility than the WT and the corresponding complemented
strain but was more resistant than the ras/A mutant. These
data indicated the function of Rasl in stress response to be
mediated mainly by Cdc24 but also controlled by an unknown
regulator(s). Interestingly, although the ras2A mutant showed
mostly WT levels of stress resistance, it exhibited slightly in-
creased sensitivities to fludioxonil and fBOOH (Fig. 5), which
indicated that Ras2 may play a minor role in stress response.

Identification of the Ras- or cAMP-dependent genes in C.
neoformans. Next, we further investigated individual Ras1- and
cAMP-dependent genes identified by our transcriptome anal-
ysis. Among the 161 selected Ras-dependent genes (those
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A

ce or kalA
W A C G P R Serotype D Serotype A SgCer;]ee EX:;I,A C%A Q%A Z%A r%“ Functional Description
S 180.m02965 CNAG_05939 None 0.24 0.23 0.26 0.28 1.11 None
181.m08330 CNAG_07367 None 045 0.29 0.40 0.36 1.04 Amino acid transporters
179.m00730 CNAG_03007 None 062 0.46 0.57 0.43 1.81 Multiple inositol polyphosphate phosphatase
185.m02463 CNAG_07856 None 062 0.37 0.46 0.39 293 None
167.m03502 CNAG_02182 GRE2 064 047 0.69 0.52 1.66 3-B-hydroxysteroid dehydrogenase
167.m03706 CNAG_02182 GRE2 0.31 0.17 0.26 .22 1.57 3-B-hydroxysteroid dehydrogenase
177.m03345 CNAG_03146 None 042 027 0.31 0.29 1.66 Alpha-amylase
180.m00212 CNAG_06576 None 0.40 0.18 0.23 0.25 1.52 Global transcriptional regulator
177.m03261 CNAG_03146 None 0.54 0.25 0.36 0.28  1.77 Alpha-amylase
179.m00655 CNAG_01654 CAS34 0.73 0.45 058 0.46  1.59 Cas34p
181.m08271 CNAG_00531 ENA1 0.77 0.49 0.59 0.59  1.42 ENA P-type ATPase 1
184.m04567 CNAG_05590 TCO2 0.69 0.41 0.50 0.49  1.70 Double hybrid sensor kinase
185.m02511 CNAG_04737 None 0.67 0.31 0.41 0.37 1.80 DUF323 domain-containing protein
177.m03264 CNAG_03143 HSP12 0.43 0.13 0.23 0.22  0.66 Small heat shock protein (HSP12 ortholog)
181.m07860 CNAG_00091 None 042 0.16 0.26 0.25 0.76 Nuclear pore complex
183.m01740 CNAG_06453 None 052 0.29 0.36 0.39  0.87 Peripheral-type benzodiazepine receptor
162.m02805 CNAG_04322 None 0.50 0.30 0.42 0.38 0.79 None
181.m08570 CNAG_00848 None 0.37 0.20 027 0.27 0.69 AAA ATPase
184.m04947 CNAG_04981 CAT1 058 0.25 0.39 0.40 1.03 Catalase A
164.m02173 CNAG_06220 None 0.36 0.07 0.09 0.10  1.02 allergen
185.m02681 CNAG_04903 None 0.85 0.45 0.56 0.53 0.96 AAA ATPase
162.m02977 CNAG_04436 None 041 044 0.44 0.60 1.74 FOG: RCC1 domain
184.m04628 CNAG_05657 None 0.69 0.56 0.98 0.44  2.36 Reductases
177.m03265 CNAG_03142 None 0.82 0.38 0.54 0.54 0.73 None
177.m03207 CNAG_03202 CAC1 1.18 0.06 1.16 1.14  1.59 adenylate cyclase
177.m03317 CNAG_03490 None 1.30 047 1.04 1.09 0.73 FOG: Predicted E3 ubiquitin ligase
181.m08765 CNAG_00396 PKA1 140 1.16 1.31 0.07 1.25 Catalytic subunit of protein kinase A
162.m02627 CNAG_04505 GPA1 122 125 0.09 1.09  1.44 GTP-binding protein a-subunit
% 176.m02403 CNAG_01929 None 166 3.98 0.51 265 525 None
| 167.m03252 CNAG_02463 None 3.35 1.73 0.70 1.80 0.98 UDP-glucuronosyl and UDP-glucosyl transferase
184.m04741 CNAG_05218 ACA71 0.05 1.00 1.05 1.05 1.15 adenylyl cyclase-associated protein
184.m05151 CNAG_05218 ACA1 0.02 0.97 1.05 1.09 1.17 adenylyl cyclase-associated protein
163.m06358 CNAG_06817 None 0.37 298 0.81 2.02 288 UAP1
162.m02476 CNAG_04442 None 045 0.83 1.09 069 0.61 None
167.m03668 CNAG_06876 None 1.82 2.07 2.66 1.97 1.65 dioxygenase
181.m08691 CNAG_00047 PKP1 2.06 1.95 2.03 1.73  1.53 Dehydrogenase kinase
181.m08692 CNAG_00047 PKP1 191 175 1.93 236 1.53 Dehydrogenase kinase
163.m06296 CNAG_01420 None 1.81 2.1 2.08 2.20  2.38 Uncharacterized conserved protein
167.m03666 CNAG_06874 None 1.76 1.62 2.05 1.89 1.95 HpcH/Hpal aldolase/citrate lyase family protein
163.m02628 CNAG_06947 None 2.64 231 1.88 1.56  3.32 Predicted MutS-related protein
180.m00074 CNAG_05835 None 1.88 1.80 2.09 1.95 0.90 Gluconate transport-inducing protein
183.m01673 CNAG_06374 None 3.91 3.18 3.68 3.49 0.77 malate dehydrogenase
177.m03213 CNAG_03194 None 1.99 245 2.70 2.45 0.60 saccharopine dehydrogenase
181.m07928 CNAG_00162 None 2.80 298 3.18 3.28 0.50 alternative oxidase
179.m00084 CNAG_01574 None 202 1.56 1.42 1.62 1.02 Glutamate-gated NMDA-type ion channel receptor
> 4.0-fold down > 4.0-fold up
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FIG. 6. Identification of cAMP signaling-dependent genes in C. neoformans. (A) Relative expression profiles of cAMP-dependent genes which

show more than twofold induction or repression in the acalA, gpalA, caclA, or pkalA pka2A mutant compared to the WT strain. The degree of
change (n-fold) is illustrated by color coding (see the color bar scale at the bottom of the graph), and the exact value for each gene is indicated
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identified by using a cutoff of twofold up- or downregulation),
a majority (101 genes [63%]) do not have any orthologs in
other fungi (see Table S4 in the supplemental material), which
indicated that C. neoformans contains a unique set of Ras-
dependent genes. Among the evolutionarily conserved Ras-
dependent genes, three genes, PXLI (identification number
03907), RDI1 (03316), and BEM3 (04832), whose orthologs are
known to be involved in the regulation of Rho-GTPase Cdc42
in S. cerevisiae, were notable since the Ras1-Cdc24 signaling
pathway has been reported to be controlled by one of three
Cdc42 homologs in C. neoformans (47). RDI1 and BEM3 en-
code a Rho-GDP dissociation inhibitor and a Rho-GTPase-
activating protein, respectively (52, 80). Rdil plays a key role in
controlling membrane localization and the normal function of
Cdc42 and is required for full virulence of C. neoformans (52,
80). Notably, in agreement with the role of Rasl in the geno-
toxic stress response of C. neoformans (Fig. 4), a number of
genes involved in the regulation of DNA damage repair were
identified as Ras-dependent genes. These include RNR2 and
RNR3 (identification numbers 01915 and 02208; encoding ri-
bonucleotide-diphosphate reductase), RAD3 (00572; encoding
DNA helicase, a subunit of nucleotide excision repair factor 3),
RAD14 (03449; encoding a subunit of nucleotide excision re-
pair factor 1), MSH6 (01916; encoding a protein required for
mismatch repair), MNDI1 (05364; encoding a protein required
for recombination and repair of DNA double-strand breaks),
and DNA2 (02138; encoding ATP-dependent nuclease). Fi-
nally, several genes, CHS2 (03326; encoding chitin synthase 2),
CHS5 (05818), CHS6 (00546), CHS7 (02217), CHS8 (07499),
CDA1I (05799; encoding chitin deacetylase 1), BGL2 (06336;
encoding glucan 1,3-B-glucosidase), and GSC2 (06508; encod-
ing glucan synthase), potentially involved in governing cell wall
integrity were also identified as Ras-dependent genes (see Ta-
ble S4 in the supplemental material), which further supported
the role of Rasl in maintaining the cell wall integrity of C.
neoformans.

The statistical comparison of transcriptome data obtained
from the cAMP mutants (the acalA, gpalA, caclA, and pkalA
pka2A strains) with that obtained from the WT strain (P <
0.05; ANOVA) identified 163 genes (Fig. 1C). Among these,
38 genes other than CAC1, ACAI, PKAI, and GPAI exhibited
more than twofold induction or reduction in the cAMP mu-
tants (Fig. 6). A majority of the cAMP-dependent genes (31
genes [81%]) do not have any known function in C. neoformans
or orthologs in S. cerevisiae, which indicated that, similar to the
C. neoformans Ras-dependent genes, the cAMP-dependent
genes in C. neoformans are a unique set. This observation
further corroborates the finding that C. neoformans cAMP
mutants have unique phenotypic characteristics that have not
been observed in other fungi. Five cAMP-dependent genes
(GRE2, ENAIL, HSP12, CATI, and PKPI) in C. neoformans
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appear to be evolutionarily conserved in other fungi. Interest-
ingly, the GRE2, ENAI, and HSPI2 genes in S. cerevisiae are
known to be transcriptionally regulated by environmental
stress. It has been reported recently that, in C. neoformans,
Enal not only controls osmotic stress under carbon starvation
conditions (38) but also is required for survival in alkaline pH
and for in vivo virulence (35). GRE2 (gene de respuesta a estrés
[stress-responsive gene]), a homolog of the mammalian 3-B-
hydroxysteroid dehydrogenase gene, is strongly induced in re-
sponse to a variety of stresses, including osmotic and oxidative
stresses, upon binding of the HOG-dependent Skol transcrip-
tion factor to CRE (cAMP response element) in the promoter
region in S. cerevisiae (23, 55). The heat shock protein encoded
by HSP12 (03143) is a small hydrophilic protein whose expres-
sion is also induced by diverse stresses and regulated by both
HOG and cAMP signaling pathways (71).

Another interesting observation was that 7CO2 (05590) was
downregulated in the acalA, gpalA, caclA, and pkalA pka2A
mutants but slightly upregulated in the ras/ A mutant (Fig. 6A).
Tco2 is a double-hybrid histidine kinase that is uniquely found
in C. neoformans and is one of the major sensor kinases up-
stream of the Cryptococcus HOG pathway. As Tco2 is a mostly
positive upstream regulator of the HOG pathway, it is involved
in resistance to a toxic metabolite, MG. Indeed, our MG sus-
ceptibility assay showed that the cAMP mutants that have
reduced levels of Tco2, but not the ras/A mutant, were hyper-
sensitive to MG treatment (Fig. 6B and C).

Inhibition of the Ras and cAMP signaling pathways in-
creased polyene sensitivity. Gre2 is involved in the regulation
of ergosterol biosynthesis genes, including ERG6, ERG10, and
ERG19/MVDI (74). Furthermore, GRE? is reported to be one
of six genes in S. cerevisiae whose expression increases with
resistance to AmpB (5). Therefore, we examined whether the
C. neoformans Ras and cAMP mutants are more susceptible to
AmpB treatment than the WT (Fig. 7). The rasIA mutant
showed greater susceptibility to AmpB than the WT, and the
acal A mutant exhibited slightly greater AmpB susceptibility
than the WT (Fig. 7A). The rasIA acalA double mutant ex-
hibited greater AmpB sensitivity than each single mutant (Fig.
7B), indicating that Rasl and Acal redundantly or indepen-
dently control AmpB sensitivity. Cdc24 appears to work down-
stream of Ras1 for regulation of polyene drug resistance since
the cdc24A mutant was as hypersensitive to AmpB as the ras/A
mutant (Fig. 7C). Interestingly, the ras2A mutant was also
slightly more sensitive to AmpB than the WT, indicating that
both Ras proteins control the resistance of C. neoformans to
polyene drugs.

Notably, the gpalA and caclA mutants showed much greater
AmpB sensitivity than the WT and even than the ras/A or
acalA mutant (Fig. 7A). The pkalA mutant, but not the pka2A
mutant, showed increased susceptibility to AmpB (Fig. 7A).

in the table to the right of the hierarchical clustering diagram. Sce, S. cerevisiae; Cne, C. neoformans; NMDA, N-methyl-p-aspartate. (B and C)
C. neoformans strains (the WT H99 strain and the corresponding ras/A [YSB53], acal A [YSB6), gpalA [YSB83], caclA [YSB42], pkalA [YSB18§],
pka2A [YSB194], and pkalA pka2A [YSB200] mutant strains [B] and the WT KN99 strain and the corresponding ras/A [YSB73], cac1A [YSB183],
acalA [YSB176), hogl A [YSB81], acalA rasiA [YSB175], and cacIA rasIA [YSB187] mutant strains [C]) were grown overnight at 30°C in liquid
YPD medium, serially diluted 10-fold (yielding 1- to 10*-fold dilutions), and spotted (in 3-pl volumes) onto YPD agar containing the indicated
concentrations of MG. Cells were incubated at 30°C for 72 h and photographed.
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FIG. 7. Perturbation of the Ras and cAMP signaling pathways increases polyene drug sensitivity independently of ergosterol biosynthesis. (A,
B, C, E, F, G, and H) Each C. neoformans strain indicated below was grown overnight at 30°C in liquid YPD medium, serially diluted 10-fold
(yielding 1- to 10*-fold dilutions), and spotted (in 3-pl volumes) onto YPD agar containing the indicated concentrations of AmpB, fluconazole,
ketoconazole, or itraconazole. Cells were incubated at 30°C for 72 h and photographed. (D) Verification of transcriptional activation of ERGS,
ERG25, and ERG11 in the Ras and cAMP pathway mutants by Northern blot analysis. (A, E, F, and G) The WT H99 strain and the ras/A (YSB53),
acal A (YSBO6), gpalA (YSBS83), caclA (YSB42), pkalA (YSBI18S8), pka2A (YSB194), pkalA pka2A (YSB200), hoglA (YSB64), hoglA caclA
(YSB156), and hogIA pkalA (YSB112) mutant strains were used. (B) The WT KN99 strain (MATa) and the rasIA (YSB73), cacIA (YSB183),
acal A (YSB176), hogl A (YSB81), acalA ras1A (YSB175), and caclA ras1A (YSB187) mutant stains were used. (C and H) The WT H99 strain,
the rasIA mutant (CBN45), the rasIA RASI complemented strain (CBN64), the ras2A mutant (MWC12), the cdc24A mutant (CBN32), and the

cdc24A CDC24 complemented strain (CBN33) were used.

Pkal is downstream of the Cacl adenylyl cyclase, strongly
indicating that the Gpal-Cacl-Pkal signaling cascade is one of
the signaling circuits that control polyene drug sensitivity. The
ras1A caclA double mutant exhibited even greater AmpB sus-
ceptibility than either single mutant (Fig. 7B), indicating that
the Ras and Gpal-Cacl-Pkal pathways are independently in-
volved in AmpB susceptibility. Independently derived ras/A
and rasIA caclA mutants of the KN99 strain with the MATa
background exhibited the same phenotypes (data not shown).

To address whether the involvement of the Ras and cAMP
pathways in polyene sensitivity is related to the levels of ergos-
terol biosynthesis, we checked expression levels of ergosterol
biosynthesis genes in the mutants by using our array data.
Interestingly, none of the ergosterol biosynthesis genes, except
ERG3 and ERG?25 (which exhibited changes of less than two-
fold), exhibited significant expression changes in the rasIA,
acal, gpalA, caclA, or pkalA pka2A mutant compared to the

WT (see Tables S3 and S5 in the supplemental material).
Northern blot analysis showed that expression levels of the
ERG25 gene in the mutants were not significantly different
from the level in the WT (Fig. 7D). The ERG3 transcript was
rarely detectable by Northern blot analysis (data not shown).
We also monitored ERGS expression patterns, although they
did not fulfill the statistical ANOVA criteria, because ERGS5
appeared to be slightly induced (1.4- to ~1.5-fold) in the
cAMP mutants. Expression levels of ERGS in the mutants
were almost equivalent to the level in the WT, although the
ras1A mutant appeared to have slightly lower ERGS5 expression
than the WT (Fig. 7D). We also assayed cellular ergosterol
contents in the Ras and cAMP mutants and found that they
were not significantly increased in these mutants compared to
the content in the WT but that the 20g/ A mutant had increased
ergosterol content (data not shown), as reported previously
(38). Furthermore, expression levels of ERGI11 in the rasIA
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and cAMP mutants were not significantly different from the
level in the WT (Fig. 7D). In support of this finding, the gpalA,
caclA, pkalA, pka2A, and pkalA pka2A mutants were nearly as
resistant to fluconazole (which targets the fungal cytochrome
P450 enzyme 14a-demethylase [Ergll] and inhibits the con-
version of lanosterol to ergosterol) as the WT strain (data not
shown). These data indicated that the Ras and cAMP signaling
pathways independently influence polyene sensitivity without
affecting ergosterol biosynthesis.

We recently reported that the HOG pathway controls ergos-
terol biosynthesis in C. neoformans under unstressed condi-
tions and that the HOG pathway mutants are hypersensitive to
AmpB but hyperresistant to fluconazole because of the in-
creased cellular ergosterol contents of the mutants (38).
Therefore, it is easily conceivable that the HOG and cAMP
pathways influence polyene sensitivity in different manners. In
support of this possibility, we found that the hoglA cacIA and
hoglA pkalA double mutants were even more sensitive to
AmpB than the hogIA, cacIA, or pkalA single mutant (Fig.
7E). Unexpectedly, the hoglA caclA double mutant also ex-
hibited hypersensitivity to various azole drugs, such as fluco-
nazole, ketoconazole, and itraconazole (Fig. 7F). Interestingly,
the raslA, acalA, gpalA, caclA, and pkalA mutants all showed
increased sensitivity to itraconazole (Fig. 7G). Furthermore,
the ras2A and cdc24A mutants were as hypersensitive to itra-
conazole as the ras/A mutant (Fig. 7H). Taken together, these
data indicate that the HOG pathway and the cAMP signaling
pathway independently control polyene and azole drug suscep-
tibility.

Characterization of the cAMP-dependent genes in C. neo-
Jormans. Among the cAMP-dependent genes identified by our
array analysis, we decided to further characterize the roles of
the genes that showed significant expression changes (>2.0-
fold; P < 0.05 [ANOVAY]) and are evolutionarily conserved in
other fungi but whose functions in C. neoformans have not
been studied. These included GRE2, HSP12, and PKP1 (Fig.
6A). Interestingly, C. neoformans contains another HSPI2 ho-
molog (01446), which exhibited expression patterns similar to
those of HSP12 based upon our array data (see Table S3 in the
supplemental material). Therefore, we named this gene
HSP122. First, we confirmed the gene expression patterns by
Northern blot analysis to verify DNA microarray data (Fig.
8A). Our array showed that the expression of both HSP12 and
HSPI122 was highly repressed (up to eightfold) in the caclA,
gpalA, and pkalA pka2A mutants but that it was slightly re-
pressed (up to twofold) in the acalA and ras/A mutants.
Northern blot data also confirmed the array data (Fig. 8A).
Notably, both HSP12 and HSP122 were highly expressed in the
WT C. neoformans strain even under unstressed, glucose-rich
conditions (Fig. 8A). In S. cerevisiae, HSPI2 is not expressed
under unstressed, glucose-rich conditions but is induced in
response to environmental stresses (51, 66). Based on microar-
ray data, GRE?2 expression was greatly reduced (3- to 6-fold) in
the cAMP mutants whereas it was minimally induced (1.5-fold)
in the rasIA mutant. Northern blot analysis confirmed the
expression patterns of GRE2 (Fig. 8A). In contrast to the
expression of HSPI12, HSP122, and GRE2, PKP1 expression
was slightly induced (1.5- to 2-fold) in both the ras/A and
cAMP mutants based on microarray data. Northern blotting
results demonstrated that PKPI expression in the gpalA,
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acalA, and pkalA pka2A mutants was slightly induced com-
pared to that in the WT, which was in agreement with the array
data (Fig. 8A). Interestingly, however, PKPI induction in the
caclA mutant did not appear to be obvious, indicating that
Gpal or Acal may regulate Pkal to repress PKPI by bypassing
Cacl. Taken together, these findings indicate that HSP12 and
GRE? are positively regulated but that PKPI is negative reg-
ulated by the cAMP signaling pathway.

We constructed gre2A, pkpI A, hsp12A, and hsp122A mutants
as described in Materials and Methods and analyzed their
phenotypes to identify the functions of the corresponding
genes in connection with the Ras and cAMP pathways. To
address whether Hsp12 and Hsp122 play redundant roles, the
hspI2A hsp122A double mutant was also constructed. For each
gene, at least two independent mutants with the H99 strain
background were constructed and characterized. First, we ex-
amined the abilities of the mutants to produce two virulence
factors, capsule and melanin, known to be controlled by the
cAMP pathway in C. neoformans. None of the mutants exhib-
ited any significant changes in capsule or melanin production
levels compared to the WT strain (see Fig. S6 in the supple-
mental material).

Next, we addressed the roles of the cAMP-dependent genes
in diverse stress responses and the antifungal drug susceptibil-
ity of C. neoformans, since in this study we discovered the
involvement of the cAMP pathway in these features (see Fig.
S7 to S9 in the supplemental material). Similar to the cAMP
mutants, all of the Asp12A, hsp122A, gre2A, and pkp1A mutants
showed WT levels of resistance to osmotic shock (1.5 M NaCl
or KCl), cell wall/membrane stress (Congo red or SDS), oxi-
dative stress (H,O,, diamide, or menadione), genotoxic stress
(HU or MMS), and fludioxonil. Furthermore, all of the gre2A,
hspI2A, hspl122A, and pkplA mutants exhibited WT levels of
sensitivity to MG and azole drugs. In response to cadmium, the
gre2A, pkplA, hsp12A, and hsp122A mutants exhibited slightly
greater sensitivity than the WT strain (see Fig. S8 and S9 in the
supplemental material). Most notably, the hspI2A and
hsp122A mutants exhibited greater susceptibility to AmpB
than the WT (Fig. 8B). The hypersensitivity of the 4sp/2A and
hsp122A mutants to AmpB appeared to be even more obvious
under minor osmotic conditions (in the presence of 0.5 M
NaCl) (Fig. 8B). The hAsp12A hsp122A double mutant showed
greater AmpB sensitivity than each of the hspI2A and hspI122A
single mutants and even than the cac/A mutant (Fig. 8B).
These data indicate that Hsp12 and Hsp122 play redundant
roles in defending against AmpB and that decreased expres-
sion of HSPI12 and HSP122 may contribute to hypersensitivity
of the cAMP pathway mutants to the polyene drug. In contrast,
the gre2A and pkpIA mutants exhibited WT levels of AmpB
sensitivity under normal or osmotic conditions (see Fig. S7 in
the supplemental material).

To further characterize the regulatory mechanism of Hsp12
and Hsp122, we performed Northern blot analysis to address
whether the HOG pathway modulates expression of the HSP12
and HSPI122 genes. Interestingly, our previous study showed
that both HSPI2 and HSPI2 may also be controlled by the
HOG pathway because their expression levels are considerably
low in the hogIA and sskIA mutants but not in the skn7A
mutant based on our previous microarray data (38). To con-
firm this, we performed Northern blot analysis and found that
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FIG. 8. The heat shock proteins, Hsp12 and Hsp122, are partly involved in polyene sensitivity and is coregulated by the cAMP and HOG
signaling pathways. (A) Northern blot analysis showing basal expression levels of GRE2, PKP1, HSP12, and HSP122 in the WT H99 strain and the
rasIA (YSBS1), acalA (YSBO6), gpalA (YSBS83), cacIA (YSB42), and pkalA pka2A (YSB200) mutants. (B) C. neoformans strains (the WT H99
strain and the ras/A [YSB53], cacIA [YSB42], hoglA [YSB64], hsp12A [YSB599 and YSB600], Asp122A [YSB603 and YSB604], and Aspl2A
hsp122A [YSB757 and YSB758] mutant strains) were grown overnight at 30°C in liquid YPD medium, serially diluted 10-fold (yielding 1- to
10*-fold dilutions), spotted (in 3-ul volumes) onto YPD agar containing the indicated concentration of AmpB with or without osmotic stress (0.5
M NaCl), incubated at 30°C for 72 h, and photographed. (C) Northern blot analysis showed basal expression levels of HSP12, HSP122, and GRE2
in the WT H99 strain and the hoglA (YSB64), ssk1A (YSB261), and skn7A (YSB349) mutants.

expression levels of both HSP12 and HSP122 were very high in
the WT and the skn7A mutant but were undetectable in the
hogl A and sskIA mutants (Fig. 8E). In S. cerevisiae, GRE?2 is
positively regulated by the HOG pathway (55). C. neoformans
GRE?2 was also found to be a HOG-dependent gene. Basal
expression levels of GRE2 were slightly reduced in the hoglA
and sskIA mutants but not in the skn7A mutant (Fig. 8E). All
these data strongly indicate that HSPI12, HSPI122, and GRE?2
are coregulated by the cAMP and HOG signaling pathways.

DISCUSSION

In this study, we performed a transcriptome analysis of the
C. neoformans raslA, gpalA, acalA, caclA, and pkalA pka2A
mutants compared to the WT strain to elucidate the functional
connections among the upstream regulators of the cAMP sig-
naling pathway, including Ras, Acal cyclase-associated pro-
tein, and the Gpal Ga subunit, and identify their downstream
target genes. The pathway is crucial for modulating the growth,
differentiation, morphology, and virulence of C. neoformans. In

general, the ras/A mutant exhibited transcriptome patterns
distinct from those of the other cAMP mutants as well as the
WT strain, whereas the acalA, gpalA, caclA, and pkalA pka2A
mutants showed mostly similar transcriptome patterns. These
results strongly indicate that the Rasl signaling pathway is
mainly independent of the Acal- or Gpal-dependent cAMP/
PKA signaling pathways. Genes regulated by the Ras signaling
pathway include those involved in signal transduction and cell
wall/membrane/envelope biogenesis, whereas genes regulated
by the cAMP signaling pathway include those involved in signal
transduction mechanisms, carbohydrate transport and metab-
olism, and amino acid transport and metabolism. Furthermore,
we have found several important features of the Ras and
cAMP signaling pathways that have not been reported previ-
ously. First, a number of C. neoformans ESR and CSR genes
(38) were modulated by the Ras and cAMP signaling pathways.
Here, we provided experimental evidence that the Ras and
cAMP signaling pathways were indeed involved in controlling
diverse stress responses. Second, the Ras and cAMP signaling
pathways were involved in resistance and susceptibility to poly-
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metabolites. Notably, small heat shock proteins, Hsp12 and Hsp122, are positively regulated by the cAMP signaling pathway and appears to affect
resistance against AmpB treatment. However, expression of HSPI2 and HSP122 is much more significantly regulated by the HOG pathway.

ene and azole drugs, which provides an opportunity to develop
a novel antifungal combination therapy. The proposed model
for the roles of the Ras and cAMP signaling pathways in stress
response is summarized in Fig. 9.

Roles of the Rasl and cAMP signaling pathways in stress
responses of C. neoformans. This study gives the first report of
the involvement of the Ras] signaling pathway in the osmotic
stress response and the oxidative/genotoxic stress response of
C. neoformans. The data presented in this study suggested that
the role of Rasl in stress response was mainly independent
from the HOG and PKC/Mpkl1 pathways, which are central
stress-activated signaling pathways in C. neoformans (7, 36, 38).
Previously, we have shown that the HOG pathway plays an
important role in controlling the osmotic stress response by
modulating the expression of the ENAI ATPase Na™/K* efflux
pump, which is critical for long-term adaptation to hyperos-
motic shock (38). However, the regulatory mechanism of Rasl
for osmotic stress response appeared to be distinct from that of
the HOG pathway for two reasons. First, the ras/A mutant
showed more dramatic osmosensitivity than the HOG mutants,
exhibiting sensitivity even under glucose-rich conditions
whereas the HOG and enalA mutants exhibited significant
osmosensitivity only under glucose starvation conditions (38).
Second, basal expression levels of ENAI were not reduced but
indeed slightly increased in the ras/A mutant. Therefore, it is
conceivable that osmosensitivity of the ras/A mutant may re-

sult from other indirect reasons, such as a cell wall integrity
defect. Maintaining cell wall integrity is likely to be important
for cells to survive under high osmotic pressure. This hypoth-
esis was further confirmed by the findings that the ras/A mu-
tant was hypersensitive not only to fludioxonil, which is ex-
tremely lethal to cells having cell wall integrity defects, such as
those with the mpklA mutation in the PKC pathway and the
cnalA mutation in the calmodulin/calcineurin pathway (8, 40),
but also to well-known cell wall integrity destabilizers, such as
Congo red and SDS. In addition, genes required for maintain-
ing cell wall integrity, CHS2, CHS5, CHS6, CHS7, CHSS,
CDAI, BGL2, and GSC2, were found to be Ras-dependent
genes. CHS1 (03099), CDA2 (01230), and CSR2 (07636; en-
coding chitin synthase regulator 2) were also differentially reg-
ulated in the rasIA mutant, although the differences in expres-
sion were less than twofold (see Table S4 in the supplemental
material). C. neoformans encodes eight chitin synthases (Chsl
to Chs8) and three chitin synthase regulators (Csrl to Csr3).
Among these, Chs3 and Csr2 are required mainly for main-
taining cell wall integrity and chitosan production (14). How-
ever, the chs5A, chs6A, chs7A, and chs8A mutants show in-
creased thermosensitivity at 40°C, albeit to a lesser extent than
the chs3A mutant, indicating that the corresponding chitin
synthases may play a role in maintaining cell wall integrity at
high temperature (14). Therefore, it is possible that some
chitin synthases and regulators play redundant roles in chitin
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production and the maintenance of cell wall integrity. Dele-
tions of combinations of these genes would answer this ques-
tion. C. neoformans encodes three functional chitin deacety-
lases (Cdal to Cda3) that play redundant roles in converting
chitin to chitosan and maintaining the cell wall integrity of C.
neoformans (12). Similarly, Rasl controls oxidative and geno-
toxic stress responses in a HOG-independent manner, since
the rasIA mutant exhibited oxidative and genotoxic stress re-
sponse patterns clearly distinct from those of the hog/A mu-
tant.

Similar to the Ras signaling pathway, the PKC pathway
controls thermotolerance, cell wall integrity, and osmotic and
oxidative stress responses. However, for the following reasons,
the two pathways appear to work independently to control
stress response. First, the pkcIA mutant exhibited more severe
defects in maintaining cell wall integrity than the ras/A mutant
(24) (Fig. 3E). Second, the pkcl A mutant was hypersensitive to
both H,O, and diamide whereas the ras/A mutant was hyper-
sensitive only to diamide (Fig. 4). Nevertheless, the possibility
that the Ras and PKC signaling pathways share cross talk
needs further study in the future.

We suggested that the Cdc24-Cdc42 signaling pathway may
work downstream of Rasl to control diverse stress responses.
Previously, it has been shown that the thermosensitivity of the
C. neoformans ras]A mutant results from alterations in actin
polarization and that, therefore, the ras/A mutant arrests as
unbudded cells (1, 75). Recently, it has been reported that a
GEF protein, Cdc24, mediates the thermotolerance governed
by Rasl in C. neoformans by directly interacting with Ras1 and
that the overexpression of CDC24 restores thermotolerance to
the rasIA mutant, indicating that Cdc24 works downstream of
Rasl in C. neoformans (47). Nichols and coworkers also dem-
onstrated that the overexpression of a Rho-like GTPase,
Cdc42, restores thermotolerance to the cdc24A and ras1 A mu-
tants, indicating that Cdc42 works downstream of Cdc24 (47).
Similarly, the S. cerevisiae ras2A mutant exhibits temperature-
sensitive growth defects accompanied by delocalized Cdc42
and a depolarized actin cytoskeleton (31). In S. cerevisiae,
however, the overexpression of Cdc42 is unable to suppress the
thermosensitivity of the ras2A mutant (31), further indicating
that the C. neoformans Rasl signaling pathway operates dif-
ferently from the S. cerevisiae Rasl signaling pathway. It is
highly likely that aberrant actin cytoskeleton regulation may
cause impaired cell wall integrity. The finding of genes in-
volved in Cdc4?2 regulation to be Ras-dependent genes, such as
PXL1, RDII, and BEM3, by our transcriptome analysis further
suggests that Rasl regulates stress responses in a Cdc24-
Cdc42-dependent manner.

The cAMP pathway was not as significantly involved in the
general stress response of C. neoformans as the Rasl or HOG
pathways but played some roles in responding to a heavy metal
(cadmium) and a toxic metabolite (MG). The role of Pka2 in
the osmotic stress response under glucose starvation condi-
tions is rather unexpected. Thus far, Pka2 has been considered
to be a minor PKA downstream of the cAMP pathway in the
serotype A H99 strain background, although it plays a major
role in the serotype D C. neoformans JEC21 background (9,
30). Notably, deletion of PKA1 restored WT osmosensitivity to
the pka2A mutant, indicating that Pkal and Pka2 may have
opposing roles under certain environmental conditions. The
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functional relationships between Pkal and Pka2 need to be
further elucidated in a future study.

Role of Acal in the stress response of C. neoformans. We
demonstrated that the acalA mutant exhibited transcriptome
patterns similar to those of the caclA mutant, which supported
the previous finding that Cacl is the major downstream effec-
tor of Acal (9). However, a minor group of genes was found to
be specifically Acal regulated, indicating that Acal signaling
may bifurcate into the Cacl/Pkal pathway and another un-
known signaling pathway. The unknown signaling pathway ap-
peared to be implicated in the maintenance of cell wall integ-
rity, potentially through actin cytoskeleton regulation. The
acalA mutant exhibited hypersensitivity to osmotic shock, flu-
dioxonil, and SDS, and such phenotypes are generally found in
mutants defective in cell wall integrity. In S. cerevisiae, CAP
(an Acal ortholog, also known as Srv2) plays an important role
in connecting Ras signaling to actin cytoskeleton regulation
since it has both Ras/adenylyl cyclase-binding sites at the N
terminus and F-actin/G-actin-binding sites between the middle
region and the C terminus (33). Therefore, the S. cerevisiae
ras2A mutant is rescued from thermosensitivity by the overex-
pression of CAP (22, 25). Recently, Gourlay and Ayscough
provided further evidence for a functional link between Ras
and CAP in S. cerevisiae (26). Actin stabilization triggers ag-
gregation of the adenylyl cyclase complex, including GTP-
bound active Ras and CAP, with F-actin, which hyperactivates
the cAMP signaling pathway so as to elevate ROS levels and
results in apoptosis (26). All of these data indicate that Ras
and CAP have a positive relationship in regulating the actin
cytoskeleton and activating the cAMP signaling pathway in the
model yeast. In C. neoformans, however, the Acal-specific
pathway that mediates stress response appears to be mainly
independent from Rasl and cAMP pathways for the following
reasons. First, none of the stress phenotypes observed in the
acalA mutant were observed in the other cAMP mutants, such
as the gpalA, caclA, and pkalA mutants. Second, the acalA
ras1A double mutant always exhibited more severe stress phe-
notypes than each single mutant, which implies that Acal and
Rasl control cell wall integrity independently. However, it
remains possible that Acal and Rasl may functionally interact
to maintain the cell wall integrity of C. neoformans. To obtain
further insight into this matter, characterization of Acal-spe-
cific target genes, such as those with identification numbers
04442 and 06817 (UAPI, encoding purine permease) and
06213, 02463, and 02584 (see Table S5 in the supplemental
material), is necessary in future studies.

Identification of Ras- and cAMP-dependent genes in C. neo-
Jormans. Among the cAMP-dependent genes identified by our
array analysis, we functionally characterized GRE2, PKPI,
HSPI12, and HSP122. We found that Gre2, Pkpl, Hsp12, and
Hsp122 are weakly involved in resistance to heavy metal. No-
tably, the isp12A and hsp122A mutants showed increased poly-
ene sensitivity, which is one of the cAMP-dependent pheno-
types that we discovered in this study. Hsp12 and Hsp122 are
orthologous to the small heat shock protein Hspl2 in S. cer-
evisiae and are predicted to comprise 83 and 70 amino acids,
respectively. S. cerevisiae has two small heat shock proteins,
Hsp26 and Hspl2, the former of which was not found in C.
neoformans. Interestingly, our study indicated that the regula-
tory mechanism of the small heat shock proteins in C. neofor-
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mans was distinct from that in S. cerevisiae. In S. cerevisiae,
HSPI2 expression is undetectable under unstressed, glucose-
rich conditions but is highly induced in response to a wide
range of environmental stresses, such as heat or cold shock,
osmotic shock, desiccation, and exposure to alcohol or oxida-
tive damage agents (51, 59, 66, 71, 72). Interestingly, even a
very low concentration of glucose (0.005%) can repress HSP12
expression (18). In C. neoformans, however, HSPI2 and
HSPI122 were highly expressed even under unstressed condi-
tions with abundant glucose (2%). Furthermore, S. cerevisiae
HSPI2 is regulated negatively by the cAMP signaling pathway
but positively by the HOG pathway (51, 71). Basal and induced
levels of HSPI2 expression in S. cerevisiae are increased by
inhibition of the cAMP signaling pathway, which is in stark
contrast to those in C. neoformans, in which basal levels of
HSPI12 and HSP122 expression were significantly reduced by
mutations affecting cCAMP signaling. The common finding for
S. cerevisiae and C. neoformans HSP12 genes is that both genes
are regulated positively by the HOG pathway. In fact, the
finding that the expression of HSP12 and HSPI22 in C. neo-
formans was nearly shut down in the HOG pathway mutants
strongly indicates that the HOG pathway plays a major role in
regulating the expression of HSP12 in the pathogen.

Although Gre2 and Pkp1 appeared to be dispensable for the
regulation of a number of cAMP signaling-dependent pheno-
types based on analyses of corresponding deletion mutants, it
is still possible that they may play some role in the cAMP
pathway. A similar case is that of the cAMP-regulated gene
SMG1, which encodes a multicopy suppressor of gpal mutant
phenotypes (such as melanin deficiency) and is one of the
genes whose expression is repressed in the gpalA mutant (20,
54). Unexpectedly, however, the smg/A mutant exhibits WT
levels of melanin (49), indicating that the role of Smgl may
overlap with those of other signaling components in the regu-
lation of the cAMP signaling pathway. Therefore, whether
overexpression of GRE2 or PKPI may suppress some of the
phenotypes of the cAMP pathway mutants needs to be ad-
dressed in future studies.

Roles of the Ras and cAMP pathways in antifungal drug
susceptibility of C. neoformans and novel combination antifun-
gal therapeutic methods. One of the key findings of this study
was that the Ras and cAMP signaling pathways control the
polyene drug susceptibility of C. neoformans. Both Rasl and
Ras2 appear to be involved in polyene susceptibility by using
Cdc24 as a downstream effector. Interestingly, the rasIA acal A
mutant was also hypersensitive to AmpB, indicating that Ras1
and Acal may play minor roles in susceptibility to polyene
drugs. It may be possible that the perturbation of actin cy-
toskeleton regulation and cell wall integrity by ras! and acal
mutations renders the cell more susceptible to polyene drugs.

The cAMP signaling pathway was even more significantly
involved in polyene sensitivity than the Ras signaling pathway.
Mutation of the GPAI, CACI1, and PKAI genes rendered C.
neoformans cells hypersensitive to polyene drugs, such as
AmpB. We recently reported that perturbation of the HOG
pathway also renders C. neoformans cells hypersensitive to
AmpB (38). However, the cAMP and HOG pathways appear
to work differently for modulation of polyene drug susceptibil-
ity. Inhibition of the HOG pathway, but not the cAMP path-
way, increases ergosterol biosynthesis, which enhances polyene
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drug susceptibility and azole drug resistance (38). Further-
more, the hogl A mutant exhibited greater sensitivity to AmpB
than the cAMP mutants.

Hypersensitivity of the cAMP mutants to the polyene drug
appeared to be partly contributed by decreased expression of
the heat shock proteins Hspl12 and Hsp122. In S. cerevisiae,
Hsp12 plays a role in stabilizing the plasma membrane as a cell
wall plasticizer and water replacement molecule (59, 62) and
therefore is involved in maintaining the cell wall integrity of S.
cerevisiae under stressful conditions (61). The S. cerevisiae
hsp12A mutant is unable to grow in the presence of a cell wall
destabilizer, Congo red (46). Perturbation of the cAMP sig-
naling pathway reduces basal levels of Hspl12 and Hsp122
expression, which subsequently weakens cell wall integrity and
membrane plasticity of C. neoformans. Similarly, repressed ex-
pression of HSPI12 and HSPI122 may be partly responsible for
the hypersensitivity of the HOG pathway mutants to polyene
drugs. However, it is still possible that other factors, except
ergosterol biosynthesis, may affect resistance of the cAMP
mutants to polyene drugs. In support of this, the hoglA caclA
and hogl A pkalA double mutants exhibited even greater poly-
ene drug sensitivity than each single mutant, which indicates
that the HOG and cAMP pathways play independent roles in
polyene drug susceptibility. Notably, the double mutation of
the HOGI and CACI genes renders C. neoformans cells hy-
persensitive to azole drugs, including fluconazole, ketocona-
zole, and itraconazole, for unknown reasons. In any case, mod-
ulation of each of the Ras, cAMP/PKA, and HOG signaling
pathways (or a combination of them) may provide a novel
antifungal therapeutic approach in combination with polyene
and azole drugs. Simultaneous inhibition of the cAMP and
HOG pathways and treatment with AmpB may be one of the
most powerful combination therapies for the treatment of
cryptococcosis.

Comparison of our transcriptome analysis with others. In
addition to this study, two transcriptome analyses of the cAMP
signaling pathway have been independently performed by oth-
ers (32, 54). Pukkila-Worley and colleagues performed a com-
parative transcriptome analysis by using the gpalA mutant and
discovered a number of Gpal-dependent genes, including
SMG1 and LAC2 (encoding laccase 2) (54). Hu and colleagues
used serial analysis of gene expression (SAGE) to examine the
transcriptomes of the pkalA and pkrIA mutants and discov-
ered a number of Pkal- or Pkrl-dependent genes, including
OVAI (encoding an OV-16 antigen precursor) (32). Similar to
us, Hu et al. found that the cAMP signaling pathway modulates
a number of stress response genes, including HSP122, in C.
neoformans. However, we found that the lists of cAMP-depen-
dent genes identified by others overlapped only minimally with
that identified in this study. The discrepancy among the find-
ings of this and other studies may result from the following
factors. First, the mutant strain sets for the comparative tran-
scriptome analyses were different. We used a greater number
of cAMP signaling mutants (gpalA, acalA, caclA, pkalA
pka2A, and rasI A mutants) than others. Therefore, the number
and kind of genes that fulfilled the statistical analysis criteria
may be different from those in other studies. Second, the RNA
isolation conditions were different. Pukkila-Worley et al. iso-
lated RNAs from cells that were grown in minimal yeast ni-
trogen base medium with or without glucose and incubated for
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1 h. Hu et al. used low-iron medium, which is a capsule-
inducing medium, for total RNA isolation for SAGE. In con-
trast, we isolated RNAs from strains that were synchronized by
being grown to the logarithmic phase in YPD medium. Second,
the transcriptome analysis methodologies were different. Puk-
kila-Worley et al. used microarray chips spotted with 111
known C. neoformans cDNAs or 6,144 PCR products gener-
ated from the H99 strain, and Hu et al. used SAGE. In con-
trast, we used serotype D 70-mer oligonucleotide microarray
slides. Therefore, some of the cAMP-dependent genes identi-
fied by others, including SMG1 and OVAI, were not identified
by our study. At the same time, however, some of the cAMP-
dependent genes, such as GRE2, PKP1, and HSPI2, which
were identified by our array and checked by Northern blot
analysis were not discovered by others. These factors indicate
that both the previous studies and the present study are com-
plementary to one another in identifying the cAMP signaling-
dependent genes.

In conclusion, our comparative transcriptome analysis re-
vealed novel roles for the Ras and cAMP signaling pathways in
C. neoformans in both stress response and antifungal drug
susceptibility. This study provides a unique opportunity to de-
velop novel antifungal therapeutic methods by modulating sig-
nal transduction cascades.
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