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by qRT-PCR under the same conditions as for the RNA ex-
tracted for microarray analysis. OST2, encoding a subunit of
the ER oligosaccharyl transferase complex, is a known UPR-
sensitive gene, was the second most abundant transcript up-
regulated in our microarray analysis at 4.1-fold that of the wild
type, and was found to be upregulated 2.83-fold (*0.45-fold)
by qRT-PCR under the same conditions. Likewise, SSS17, en-
coding a subunit of the ER translocase important for ER-
associated degradation was confirmed to be upregulated 2.34-
fold (£0.27-fold) by qRT-PCR. Other functional classes found
to be upregulated in the array data were transcripts encoding
proteins involved in nucleotide metabolism and the replication
stress response, as well as nuclear-encoded mitochondrial tran-
scripts.

As independent verification of UPR upregulation, we com-
pared the abundance of KAR2, a hallmark transcript of UPR
engagement that encodes the ER sensor of unfolded proteins,
which was not detected in the microarray analysis as being
significantly upregulated (17). Indeed, KAR2 was upregulated
modestly but reproducibly in the ccr4A mutant under the con-
ditions assayed in the microarray analysis, as determined by
qRT-PCR analysis, exhibiting an average of 1.68- + 0.17-fold
upregulation in the ccr4A mutant. The upregulation of OST2,
8881, and KAR?2 in the ccr4A mutant is consistent with the
hypothesis that the ccr4A mutant displays increased basal ac-
tivation of ER stress signaling.

To determine if the upregulation of these ER stress-respon-
sive transcripts in a ccr4A mutant would result in phenotypic
consequences consistent with ER stress response engagement,
we looked to studies of ER stress phenotypes in the model
yeast S. cerevisiae, which demonstrate that constitutive activa-
tion of the UPR is accompanied by resistance to tunicamycin
(4). The sensitivities to tunicamycin of the wild type and the
ccr4A mutant were compared using a spot plate assay. Indeed,
the ccr4A mutant exhibited resistance to tunicamycin, consis-
tent with constitutive activation of the UPR (Fig. 1A).

Our previous studies of the ccr4A mutant demonstrate a cell
integrity phenotype, as the ccr4A mutant is sensitive to a range
of cell integrity stress-inducing agents (24). Constitutive acti-
vation of the UPR is known to cause cell integrity defects in S.
cerevisiae, as induction of the UPR by overexpression of a
mutant form of carboxypeptidase Y, CPY*, results in cell in-
tegrity defects, as well as enhanced release of cell wall proteins
with mild DTT extraction and increased secretion of proteins
into the medium (26). To determine if the C. neoformans ccr4A
mutant exhibits enhanced release of cell wall proteins, 20
ODy, units of wild-type and ccr4A cells grown to either mid-
log phase or stationary phase was incubated in extraction buf-
fer overnight at 4°C with gentle rotation. Incubation at 4°C was
used to inhibit protein secretion through the secretory path-
way. The extraction products were concentrated equally, and
the protein contents were assessed by SDS-PAGE, followed by
SimplyBlue staining and imaging by IR fluorescence scanning.
The amount of protein extracted from 20 OD units of wild-type
C. neoformans cells was undetectable by SimplyBlue staining
after 24 h of exposure at 4°C (Fig. 1B). As would be expected
for a mutant with constitutive UPR signaling, multiple protein
bands were able to be extracted from the ccr4A mutant, with
more protein extracted from stationary-phase cultures than
from mid-log-phase cultures.
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FIG. 1. (A) Spot plate assay comparing the tunicamycin (TM) sen-
sitivities of the wild type, the ccr4A mutant, and a complemented
mutant (C-CCR4). The spots are 5 wl of a suspension at an ODy, of
1.0 and 4 serial 10-fold dilutions. The plates were incubated at 30°C for
3 days and photographed. (B) SDS-PAGE analysis of supernatants
from 20 ODy, units of cells from mid-log-phase (ML) or stationary-
phase (SP) cultures of the wild type and the ccr4A mutant incubated
overnight at 4°C in mild DTT extraction buffer. The gel was stained
and imaged on an Odyssey IR scanner (Li-Cor).

The cell wall of C. neoformans is composed of several dif-
ferent sugar polymers and mannoproteins, including two types
of beta-linked glucans, B-(1,3) glucan and B-(1,6) glucan.
Whereas B-(1,3) glucan is thought to be synthesized at the cell
surface, the production of 3-(1,6) glucan is dependent on the
function of the endoplasmic reticulum (28). To determine if
the ccr4A mutant exhibited defects in B-(1,6) glucan composi-
tion, we compared the levels of alkali-soluble B-(1,6) glucan/mg
protein extracted from whole cells of the wild type and the
ccr4A mutant using a polyclonal antiserum against B-(1,6) glu-
can (a generous gift of Frans Klis, University of Amsterdam,
Netherlands) (15). No significant difference was detected be-
tween cultures grown at 30°C for 24 h. However, the reactivity
of alkali-soluble cell wall extracts of the ccr4A mutant grown
for 24 h at 37°C to the B-(1,6) glucan antiserum was twice that
of the wild type (Fig. 2). An increase in 3-(1,6) glucan levels in
the ccr4A mutant is consistent with an upregulation in ER
function. Further, these results point to the ER as a regulator
of cell wall homeostasis that when perturbed results in cell
integrity defects and temperature sensitivity.

The ccr4A mutant exposes surface epitopes normally
masked in the wild type, consistent with a defect in cell wall
architecture (24). To investigate the localization of B-(1,6)
glucan in these cells, whole cells were stained using the same
B-(1,6) glucan antiserum and an Alexa Fluor 560-conjugated
secondary antibody and visualized by fluorescence microscopy.
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FIG. 2. Dot blot analysis of $-(1,6) glucan in alkali-extracted
whole-cell lysate from 10 ODy, units of wild-type and ccr4A mutant
cultures grown for 24 h in YPD broth at the indicated temperatures.
The dots represent 5 wl of alkali extraction from equivalent lysates
normalized by protein content. B-(1,6) Glucan was detected using a
rabbit anti-B-(1,6) glucan polyclonal antiserum, followed by an anti-
rabbit IRDye-700-conjugated secondary antibody and by imaging on a
Li-Cor Odyssey scanner. The bar graph represents the quantified in-
tensities of the dots * standard errors of the mean (SEM). The blot is
representative of at least 3 independent experiments.

30°C

37°C

As demonstrated in Fig. 3, -(1,6) glucan reactivity was limited
to bud necks and bud scars in wild-type C. neoformans at both
30°C and 37°C. In the ccr4A mutant, 3-(1,6) glucan staining
was similar to that of the wild type at 30°C but was aberrant at
37°C, the temperature at which the increased levels of alkali-
soluble B-(1,6) glucan were detected. After both 6 and 24 h at
37°C, B-(1,6) glucan staining appeared to span larger regions
of the cell wall and often included the distal wall of the daugh-
ter bud. This is similar to the staining pattern that we reported
previously for binding of serum mannan binding lectin (MBL)
to the ccr4A mutant (24). Control staining reactions eliminat-
ing the primary antibody exhibited no observable fluorescence
(data not shown).

In addition to a role in structural integrity, B-(1,6) glucan
represents the site at which glycosylphosphatidylinositol
(GPI)-anchored proteins are linked to the cell wall in fungi.
One such protein in C. neoformans is phospholipase B (Plb1)
(27). PIbl activity has been demonstrated to be cell wall asso-
ciated in wild-type C. neoformans, and secreted Plbl has been
demonstrated to contain covalently bound B-(1,6) glucan, sug-
gesting that the secreted Plb1 was once cell wall associated. We
hypothesized that a defect in B-(1,6) glucan production or
localization could interfere with the cell wall association of
PIbl. The enzymatic activities of Plbl measured in secretions
of the ccr4A mutant were nearly 10-fold that measured in
secretions from the wild type (Fig. 4). These data may suggest
that PIb1 linkage to cell wall B-(1,6) glucan is defective in the
ccr4A mutant. This is consistent with data from a recent study
in which deletion of the C. neoformans KRE genes involved in
B-(1,6) glucan synthesis perturbs the cell wall association of
PIbl (11). Further studies are needed to determine if the
PIb1-cell wall linkage was formed and subsequently broken or
if the linkage between Plbl and the cell wall was not formed.

Host temperature adaptation is accompanied by transient
engagement of the UPR. Constitutive upregulation of UPR
targets coupled with defects in host temperature adaptation in
the ccr4A mutant led us to hypothesize that ER stress signaling
may play a role in host temperature adaptation in wild-type C.
neoformans. To investigate a potential role of the UPR in
wild-type host temperature adaptation, the abundances of
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FIG. 3. Localization of B-(1,6) glucan on the surfaces of C. neofor-
mans wild type and the ccr4A mutant. Cells were grown overnight at
30°C or 37°C or shifted to 37°C for 6 h, formaldehyde fixed, and stained
with a rabbit polyclonal anti-B-(1,6) glucan antiserum, followed by an
Alexa Fluor 586-conjugated secondary antibody. The arrowheads in-
dicate the regions of the images expanded in the insets. DIC, differ-
ential interference contrast.
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OST2 and KAR?2 transcripts were assessed by Northern blot-
ting in a time course following a shift to 37°C. As demonstrated
in Fig. SA, both transcripts were found to be temperature
responsive, exhibiting upregulation at 30 min after the shift to
37°C and returning to preshift levels by 3 h postshift. In the
ccr4A mutant, these transcripts were upregulated as in the wild
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FIG. 4. Quantification of the activities of PIbl in secretions of the
wild type, the ccr4A mutant, and the complemented strain (C-CCR4).
PLB, phospholipase B; LPTA, lysophospholipid trans-acylase; LPL,
lysophospholipase; ENZ, purified enzyme as a positive control.

type but remained at elevated levels for the duration of the
time course. These results demonstrate that host temperature
adaptation in wild-type C. neoformans is accompanied by tran-
sient engagement of the UPR. In addition, these results sug-
gest that the host temperature adaptation defect in the ccr4A
mutant may stem from the inability of the ccr4A strain to
resolve ER stress signaling.

To investigate further the regulation of ER stress-responsive
transcripts during host temperature adaptation, we compared
the magnitudes of induction of SSS1, SECI16, OST2, KAR2,
and ALG7, the target of tunicamycin, in the wild type after
treatment with tunicamycin or DTT and during host temper-
ature adaptation relative to unstressed growth at 30°C. As
depicted in Fig. 5B, all of the ER stress transcripts were in-
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FIG. 5. (A) Northern blot time course of RNA from the wild type
and the ccr4A mutant harvested during a shift from 30°C to 37°C and
probed with KAR2 or OST2. rRNA was provided as a reference for
loading. (B) qRT-PCR analysis of SSS1, SEC16, ALG7, KAR2, and
OST?2 expression in response to 37°C (shifted for 1 h), DTT (10 mM
for 30 min), or tunicamycin (10 wg/ml for 30 min.). Each value is
normalized to matched, untreated controls. The error bars represent
SEM for triplicate reactions.

duced by both tunicamycin and DTT, as would be expected. In
addition, each transcript was induced in response to 37°C
growth, confirming that ER stress transcripts are responsive to
temperature at a magnitude similar to that of the ER stress-
inducing agents tunicamycin and DTT. ALG7 was induced to a
greater magnitude in response to tunicamycin treatment than
to temperature or DTT. This was not surprising, as the Alg7
protein is the direct target of tunicamycin (1). These data
provide further evidence that the response to host temperature
includes the induction of ER stress signaling.

ER stress transcripts are stabilized in a ccr4A mutant. The
role of Ccr4 in mRNA degradation led us to the hypothesis
that the defect in ER stress resolution could arise from a
failure to downregulate ER stress-inducible mRNAs at a post-
transcriptional level. To test this hypothesis, we assayed the
stability of ALG7, OST2, and KAR? transcripts in the wild type
and the ccr4A mutant 1 h after a shift to 37°C. As demon-
strated in Fig. 6, the rates of decay of KAR2, OST2, and ALG7
were lower in the ccr4A mutant than in the wild type, with the
OST?2 transcript exhibiting a degree of stabilization higher than
that of the KAR2 or ALG?7 transcript. The half-life of the KAR2
transcript increased from 26.6 min in the wild type to 47.4 min
in the ccr4A mutant. Likewise, the half-life of the OST2 tran-
script increased from 25.7 min in the wild type to 63.0 min in
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FIG. 6. Measurement of KAR2, OST2, and ALG7 RNA stability.
Cultures were shifted to 37°C for 1 h, after which 1,10-phenanthroline
(250 pg/ml) was added to stop transcription. Northern analysis was
performed on RNA harvested from a time course following transcrip-
tional shutoff and probed with KAR2 (A), OST2 (B), or ALG7 (C).
Log2 plots of normalized hybridization intensities were used to calcu-
late the mRNA half-life.

the ccr4A mutant. Finally, the half-life of the ALG?7 transcript
increased modestly from 17.8 to 24.0 min. These results sug-
gest that regulation of KAR2, ALG7, and OST2 transcript
stability is Ccr4 dependent. Attempts to measure the stability
of §§S1 and SECI6 transcripts in this assay were unsuccessful.
These data, taken with the phenotypic evidence of constitutive
ER stress engagement in the ccr4A mutant, suggest that the
appropriate resolution of the ER stress response during host
temperature adaptation requires Ccr4-dependent posttran-
scriptional regulation.

DISCUSSION

The control of gene expression is a complex process involv-
ing regulation of synthesis, degradation, and translation of
mRNAs. The response to temperature stress is coupled with
rapid destabilization of specific transcripts encoding function-
ally related proteins as reported in both S. cerevisiae and mam-
malian cells (8, 13). In our study, we demonstrated that the
inability to degrade specific mRNAs results in an inability to
downregulate the ER stress response during host temperature
adaptation. In light of our data and data from other systems,
we would expect that posttranscriptional regulation might play
a large part in the steady-state fluctuations in transcript abun-
dance seen in published microarray analyses in response to
various Stressors.

The pleiotropic phenotype displayed by the ccr4A mutant
suggests that posttranscriptional gene regulation affects multi-
ple cellular processes in C. neoformans. In this study, we de-
scribe a link between ER stress signaling and host temperature
adaptation in C. neoformans. Several aspects of the ccr4A phe-
notype are consistent with constitutive engagement of the ER
stress pathways, including cell integrity defects, tunicamycin
resistance, and upregulation of UPR target transcripts. This
led us to hypothesize that ER stress signaling may contribute to
host temperature adaptation in C. neoformans.

The signals that engage the mRNA degradation machinery
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in response to stress have not been elucidated. Our results
suggest that efferent signaling from the endoplasmic reticulum
could potentially activate the mRNA degradation machinery,
with the ER acting as the stress sensor. ER stress is known to
be activated by cell wall stress, secretory stress, and unfolded or
misfolded proteins in the ER, all of which can be modulated by
elevated temperature (17, 26). This raises the possibility that
the ER is a sensor of elevated temperature in C. neoformans.
Interestingly, a recent signature-tagged mutagenesis (STM)
study of systematic gene knockouts in C. neoformans revealed
that a mutant with the conserved UPR mediator IRE! deleted
was decreased an average of 10-fold relative to the input in the
STM screen, with the ire A strain exhibiting a growth defect at
host temperature (20). Our data suggest that /RE function is
intact in our ccr4A mutant, as ER stress transcripts are induced
during a shift to host temperature as in the wild type, again
suggesting that the role of Ccr4 is in the downregulation or
attenuation of the ER stress response. The ability of the ER to
appropriately retool in response to temperature stress appears
necessary for host temperature adaptation in C. neoformans.
Mutations that impair the induction of ER stress signaling, as
in the irel signature-tagged mutant, or mutations that impair
the attenuation of ER stress signaling, as in our ccr4A mutant,
also impair the ability of C. neoformans to adapt to host tem-
perature.

We have shown that three ER stress-responsive transcripts
were stabilized in the ccr4A mutant. OST2, encoding a subunit
of the ER oligosaccharyltransferase complex, was the second
most abundant transcript in our microarray analysis and exhib-
ited almost no decay over the 45-min assay. Transcripts from
KAR2, encoding a hallmark ER stress-responsive chaperone,
and ALG7, encoding the target of tunicamycin, were more
stable in the ccr4A strain than in the wild type, but not to the
extent of OST2. Interestingly, neither KAR2 nor ALG7 was
found to be significantly upregulated in our microarray analysis
at 10 min after a shift to 37°C.

Though our data support a role of ER stress signaling in host
temperature adaptation, we cannot rule out the role of Ccr4 in
the regulation of other stress responses that might impact
pathogenesis. Future studies will probe the Ccr4-dependent
regulation of other transcript classes that were upregulated in
the microarray analysis, such as the ribosomal protein genes,
for a role in modulating either ER stress signaling or host
temperature adaptation.

A study of the molecular mechanism by which the mRNA
degradation machinery is recruited to target transcripts in S.
cerevisiae revealed a role for the PUF family of mRNA binding
proteins (12). A PUF family member in C. neoformans, Puf4,
plays a role in host temperature adaptation, as a puf4A mutant
exhibits a temperature-sensitive growth phenotype and cell
integrity defects (10). This may suggest that Puf4 and Ccr4
cooperate to promote host temperature adaptation through
regulation of mRNA stability. This question will be addressed
in future studies that will determine the RNA binding proteins
that mediate posttranscriptional regulation of the ER stress
response and the full complement of transcripts, or RNA regu-
lons, bound by ER stress-responsive RNA binding proteins.

Transcripts that are coordinately regulated, or RNA regu-
lons (16), are largely unstudied in the pathogenic fungi.
Though the machinery involved in the degradation of these
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transcripts, such as the Ccr4 deadenylase and PUF mRNA
binding proteins, is conserved throughout eukaryotes, the spe-
cific functional classes of transcripts targeted by these media-
tors are highly divergent. For example, in Drosophila, the
Pumilio protein binds proteins involved in embryo patterning,
whereas the S. cerevisiae homologue, Puf3, binds nuclear-en-
coded mitochondrial transcripts (22). When cis elements were
compared among ascomycete fungi, PUF elements were found
to be conserved, but the functional classes of genes in which
they were found diverged substantially (9). The enrichment of
nuclear-encoded mitochondrial transcripts containing Puf3 el-
ements in fungi is lost along with fermentative capacity, sug-
gesting that the function of the Puf3 cis-trans module has
evolved while the structure remains unaltered (14). A recent
study demonstrated that the Candida albicans She3 RNA
transport protein, homologous to that of S. cerevisiae, She3p,
binds distinct sets of transcripts (40 in C. albicans and 24 in S.
cerevisiae), with only 2 transcripts bound by She3 in both spe-
cies (7). Importantly, She3-dependent regulation of RNA lo-
calization was found to be important for pathogenesis, as in-
vasive growth was diminished in the C. albicans she3A mutant.
These data add to a growing body of evidence that, although
there is conservation of cis elements and their respective trans-
acting factors, there is great divergence in the target genes in
which these regulatory elements are found across species.
Given the diversity in mRNA targets degraded by conserved
regulatory systems, investigating the RNA regulons in a patho-
genic fungus such as C. neoformans will enable us to discern
differences in stress-responsive cellular mRNA pool repro-
gramming, and therefore stress adaptation, between this im-
portant pathogen, the model yeast, and higher eukaryotes.
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