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SR-Like RNA-Binding Protein Slrl Affects Candida albicans

Filamentation and Virulence

Chaiyaboot Ariyachet,®* Norma V. Solis,® Yaoping Liu,” Nemani V. Prasadarao,© Scott G. Filler,”® Anne E. McBride?
Department of Biology, Bowdoin College, Brunswick, Maine, USA® Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center, Torrance, California, USA®;

Division of Infectious Diseases, The Saban Research Institute, Children’s Hospital Los Angeles, and Keck School of Medicine, University of
Southern California, Los Angeles, California, USAS; David Geffen School of Medicine at UCLA, Los Angeles, California, USA®

Candida albicans causes both mucosal and disseminated infections, and its capacity to grow as both yeast and hyphae is a key
virulence factor. Hyphal formation is a type of polarized growth, and members of the SR (serine-arginine) family of RNA-bind-
ing proteins influence polarized growth of both Saccharomyces cerevisiae and Aspergillus nidulans. Therefore, we investigated
whether SR-like proteins affect filamentous growth and virulence of C. albicans. BLAST searches with S. cerevisiae SR-like pro-
tein Npl3 (ScNpl3) identified two C. albicans proteins: CaNpl3, an apparent ScNpl3 ortholog, and Slr1, another SR-like RNA-
binding protein with no close S. cerevisiae ortholog. Whereas ScNpl3 was critical for growth, deletion of NPL3 in C. albicans
resulted in few phenotypic changes. In contrast, the sIr1A/A mutant had a reduced growth rate in vitro, decreased filamentation,
and impaired capacity to damage epithelial and endothelial cells in vitro. Mice infected intravenously with the slr1A/A mutant
strain had significantly prolonged survival compared to that of mice infected with the wild-type or slr1A/A mutant comple-
mented with SLR1 (slr1A/A+SLR1I) strain, without a concomitant decrease in kidney fungal burden. Histopathology, however,
revealed differential localization of slr1A/A hyphal and yeast morphologies within the kidney. Mice infected with slr1A/A cells
also had an increased brain fungal burden, which correlated with increased invasion of brain, but not umbilical vein, endothelial
cells in vitro. The enhanced brain endothelial cell invasion was likely due to the increased surface exposure of the Als3 adhesin
on slr1A/A cells. Our results indicate that Slr1 is an SR-like protein that influences C. albicans growth, filamentation, host cell

interactions, and virulence.

he opportunistic pathogen Candida albicans is a multimor-

phic fungus that is a leading cause of nosocomial bloodstream
infections in the United States (1). C. albicans can adopt at least
three morphologies, a budding yeast form and two filamentous
forms, hyphae and pseudohyphae, which result from polarized
cell growth. The ability of C. albicans to switch between yeast and
hyphal morphologies has been implicated in virulence in various
model systems (2, 3). Compared to C. albicans yeast cells, hyphae
have a greater capacity to adhere to and invade host cells (4).
Epithelial cell invasion leads to the establishment of mucosal in-
fections, as seen in oropharyngeal and vulvovaginal candidiasis,
whereas internal organ infection during disseminated disease re-
quires C. albicans cells to penetrate through the endothelial lining
of the vasculature. Given the link between the yeast-hyphal tran-
sition and virulence, many studies have explored changes in gene
expression during the switch to polarized hyphal growth and the
signaling pathways and transcription factors required for this
transition (5-9). To date, however, less attention has been focused
on posttranscriptional regulation of gene expression in C. albicans
morphological switching (10-13).

In numerous eukaryotic systems, posttranscriptional processes
are critical for establishing polarity and are frequently controlled
by mRNA sequences outside the open reading frame (14-16).
Transcriptome analysis of C. albicans recently revealed numerous
long 5" and 3’ untranslated regions (UTRs) and confirmed the
presence of more than 400 introns (7, 8, 17), which indicate op-
portunities for posttranscriptional regulation of gene expression.
Three proteins involved in mRNA decay have been linked to C.
albicans morphogenesis to date. Strains lacking the 5'-to-3" exo-
nuclease Kem1/Xrn1 display altered hyphal growth (10) and de-
fects in intermediate stages of biofilm formation (11). Deletion of
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the mRNA deadenylase components Ccr4 and Pop?2 also results in
filamentation defects (13). In addition, the She3 mRNA-binding
protein binds to and directs hyphal tip localization of specific
mRNAs, and absence of this protein affects filamentous growth on
solid media (12).

The SR (serine-arginine) family of RNA-binding proteins has
been implicated in many steps of mRNA metabolism across eu-
karyotes. First identified as constitutive and regulated splicing fac-
tors, SR proteins are now known to have multiple roles, including
linking transcription to splicing, nuclear mRNA export, and
translational regulation (18-20). Fungal genomes encode proteins
that are structurally similar to SR proteins, and the major SR-like
protein in Saccharomyces cerevisiae, Npl3, plays numerous roles in
mRNA metabolism (21-26). Interestingly, deletion of Npl3 causes
polarity defects—in diploid bud-site selection and in the switch
from budding to pseudohyphal growth in haploid cells (27, 28).
We therefore sought to identify SR-like proteins in C. albicans that
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might be involved in posttranscriptional processes that affect
morphogenesis. Our search for SR-like proteins similar to Npl3 in
C. albicans revealed that the protein most similar to S. cerevisiae
Npl3 contained only a single SR dipeptide (29). A second protein,
which we have named SR-like RNA-binding protein 1 (Slrl),
shows sequence similarity not only to Npl3 but also to the Schizo-
saccharomyces pombe SR protein Srp1 and to the Aspergillus nidu-
lans protein SwoK, the latter of which has been implicated in po-
larized growth (30).

Here we describe the characterization of Slr1 in C. albicans and
its importance for C. albicans growth, filamentation, and viru-
lence. Decreased growth and filamentation of cells lacking SIr1 in
vitro correlated with reduced virulence in a mouse model of dis-
seminated infection, yet this strain displayed a kidney fungal bur-
den equivalent to that for wild-type C. albicans, as well as a greater
fungal burden in the brain. The increased ability of cells lacking
Slr1 to invade brain endothelial cells in vitro and greater surface
exposure of the hypha-specific Als3 adhesin protein on slrIA/A
cells likely contributed to its increased brain tropism in mice.
These results indicate that Slrl is involved in processes that are
important for both filamentation and virulence of C. albicans in
the mammalian host.

MATERIALS AND METHODS

Strain construction. Genotypes of strains used in this study are found in
Table 1. All C. albicans strains in this study are derived from strain BWP17
and were created using a lithium acetate-based transformation protocol
(31). All strains used in growth and virulence studies were prototrophic
for arginine and histidine and contained the URA3 gene at its native locus
(32). Strain construction is described in the supplemental material and
important features of plasmids and oligonucleotides are found in Tables
S1and S2.

In vitro growth assays. To determine the maximal growth rate in
liquid culture, indicated strains (5 to 10 replicates, including indepen-
dently isolated mutant and reconstituted strains) were inoculated into 300
l yeast extract-peptone-dextrose (YPD) in a 96-deep-well plate and
grown overnight (23 to 27 h). Cells were diluted 1,000-fold into 150 .l
YPD in flat-bottom 96-well dishes, and growth was monitored in a Tecan
Sunrise (San Jose, CA) microplate reader. Cultures were shaken at 30°C or
37°C for 24 h, and optical density at 600 nm was monitored every 15 min.
Optical density data were exported to the Excel software program using
Magellan data analysis software and subsequently analyzed using growth
curve analysis software, kindly provided by Darren Abbey and Sven Berg-
mann. This Matlab script fits the logistic growth curve to the data for a
single well and then calculates the generation time for each sample at its
maximal growth rate based on this fit (33, 34). Mean generation times
were calculated for each strain.

To test for sensitivity to cell wall and cell membrane stressors, strains
were grown overnight in YPD broth (1% yeast extract, 2% Bacto peptone,
and 2% glucose), diluted into fresh YPD broth the following morning,
and plated after 6 h of growth. Cells were washed and resuspended in
phosphate-buffered saline (PBS), and 5 X 10* and 5 X 10> cells were
spotted onto YPD agar with or without 0.2% sodium dodecyl sulfate
(SDS) or 20 uM calcofluor white and grown for 1 day at 30°C.

Filamentation on solid medium was tested by plating 107 stationary-
phase cells on plates containing 2% agar and 5% fetal bovine serum or
1.5% agar and 1X RPMI 1640 medium (Invitrogen 31800 with r-glu-
tamine; pH adjusted to 7.5 with HEPES) or on solid Spider medium (data
not shown) (35). Colonies were photographed after 6 days of incubation
at 37°C. To test filamentation in liquid culture, cells from overnight cul-
tures grown in YPD broth at 30°C were washed, diluted to 10 cells/ml in
prewarmed RPMI 1640 medium without L-glutamine (Irving Scientific),
and added to sterile, 12-mm, gelatin-coated glass coverslips in a 24-well
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tissue culture plate. The cells were incubated in 5% CO, at 37°C for 1.5 or
3 h, fixed with 3% paraformaldehyde, and imaged by differential-inter-
ference contrast microscopy.

Host cells. The FaDu oral epithelial cell line was obtained from the
American Type Culture Collection and grown as recommended by the
supplier. Human umbilical vein endothelial cells (HUVECs) were har-
vested by the method of Jaffe et al. (36) and grown as described previously
(37). Human brain microvascular endothelial cells (HBMECs) were
grown as described previously (38, 39).

Host cell damage assay. The capacities of the different C. albicans
strains to damage the FaDu oral epithelial cell line, HUVECs, and
HBMECs were determined by a >'Cr release assay as previously outlined
(37). Briefly, the host cells were grown to 90% confluence in 96-well tissue
culture plates, loaded with SICr overnight, and then inoculated with yeast-
phase C. albicans cells. For experiments with FaDu cells, the inoculum was
1 X 10° C. albicans cells per well suspended in RPMI 1640 medium with-
out L-glutamine (Irvine Scientific), and the incubation period was 3 h. For
HUVEGCs, the inoculum was 4 X 10* C. albicans cells per well in RPMI
1640 medium, and the incubation period was 3 h (40). Because HBMECs
were resistant to C. albicans-induced damage, the inoculum was 1 X 10°
C. albicans cells per well in Ham’s F-12K medium, and the incubation
period was increased to 16 h. At the end of the incubation period, the
medium above the cells was collected, and the °'Cr content was deter-
mined by vy counting. Damage assays for each host cell type were per-
formed in triplicate on three separate occasions with the wild-type
(AMCS81), slrIA/A mutant (AMC82), and slr1A/A mutant complemented
with SLR1 (slr1A/A+SLRI) (AMC104) strains.

Endocytosis assay. Endocytosis by HUVECs and HBMECs of the dif-
ferent C. albicans strains was assessed using a differential fluorescence
assay as described previously (39). Each type of endothelial cell was grown
on fibronectin-coated glass coverslips in 24-well tissue culture plates and
then infected with 10° C. albicans yeast cells in RPMI 1640 medium. After
3 h of incubation, the cells were fixed with 3% paraformaldehyde, after
which the noninternalized cells were stained with anti-C. albicans rabbit
serum (Biodesign International) conjugated with Alexa 568 (Invitrogen).
Next, the endothelial cells were permeabilized in 0.1% (vol/vol) Triton
X-100 in PBS, and then both the internalized and noninternalized organ-
isms were stained with anti-C. albicans rabbit serum conjugated with Al-
exa Fluor 488 dye (Invitrogen). The coverslips were viewed using an epi-
fluorescence microscope (Axiovert 10; Carl Ziess, Inc.), and the number
of organisms endocytosed by the endothelial cells was determined by sub-
tracting the number of noninternalized organisms (which fluoresced red)
from the total number of organisms (which fluoresced green). More than
100 organisms were counted on each coverslip, and the experiments were
performed in triplicate on three separate occasions.

Virulence studies. The relative virulences of the various C. albicans
strains were determined using mouse models of hematogenously dissem-
inated candidiasis (HDC) (41) and oropharyngeal candidiasis (OPC) (42,
43) using male ICR mice (Taconics Farms). In the HDC model, eight mice
per strain were injected via the tail vein with 7.5 X 10° yeast and moni-
tored for survival over a 3-week period. Seven or eight additional mice
were similarly infected and sacrificed after 4 days, after which the fungal
burdens of the kidney, liver, and brain were analyzed by quantitative
culture as previously described (39). The histopathology of a kidney from
each mouse was examined by periodic acid-Schiff staining (44). A second
survival study was also performed with an sIr]A/A mutant generated from
an independent sIrIA/SLRI heterozygous strain and a corresponding re-
constituted strain, as well as the wild-type strain, using 10 mice per strain
and the same inoculum.

In the OPC model, 6 to 7 mice per C. albicans strain were immuno-
suppressed with cortisone acetate (200 mg/kg of body weight; Sigma-
Aldrich) administered subcutaneously on days —1, 1, and 3 relative to
infection. On the day of infection, the mice were sedated with ketamine
and xylaxine, after which a calcium alginate swab saturated with 10° C.
albicans yeast cells was placed sublingually for 75 min. After 5 days of
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TABLE 1 Strains used in this study

Parental strain

Strain Genotypes” or reference

AMCS npl3A::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG BWP17
NPL3 ura3A::Nimm434 arg4::hisG hisl::hisG

AMCI8 npl3A::HIS1 ura3A: :Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC37
npl3A::ARG4 ura3A::\Nimm434 arg4::hisG hisl::hisG

AMC20 npl3A::HIS1 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC38
npl3A::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG

AMC22 npl3A::HIS1: :NPL3 ura3A::\imm434::URA3-IRO1 arg4::hisG hisl::hisG AMCI18
npl3A::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG

AMC24 npl3A::HIS1::NPL3 ura3A::\imm434: :URA3-IRO1 arg4::hisG hisl::hisG AMC20
npl3A::ARG4 ura3A: :Nimm434 arg4::hisG hisl::hisG

AMC37 npl3A::HIS1 ura3A::Nimm434 arg4::hisG hisl::hisG AMCS

npl3A::ARG4 ura3A::Nimm434 arg4d::hisG hisl::hisG

AMC38 npl3A::HIS1 ura3A::Nimm434 arg4::hisG hisl::hisG AMCS
npl3A::ARG4 ura3A::\Nimm434 arg4::hisG hisl::hisG

AMC67 slrlA::ARG4 ura3A::\imm434 arg4::hisG hisl::hisG BWP17
SLR1 ura3A::Nimm434 arg4::hisG hisl::hisG

AMC68 slrlA::HIS1 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC90
slrlA::ARG4 ura3A::\Nimm434 arg4::hisG hisl::hisG

AMC70 slrlA::HIS1 ura3A::\Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMCS89
slrlA::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG

AMC71 slrlA::hisG npl3A::HIS1 ura3A::\Nimm434 arg4::hisG hisl::hisG AMC37
SLR1 npl3A::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG

AMC72 slrlA::hisG npl3A::HIS1 ura3A::Nimm434 arg4::hisG hisl::hisG AMC71

slrlA::hisG npl3A::ARG4 ura3A::\imm434 arg4::hisG hisl::hisG

AMCS81 ura3A::\imm434: :URA3-IRO1 arg4::hisG::ARG4 hisl::hisG::HIS1 BWP17
ura3A::Nimm434 arg4::hisG hisl::hisG

AMCS82 slrlA::HIS1 ura3A::\imm434::URA3-IRO1 arg4::hisG hisl::hisG AMCS89
slrlA::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG

AMCS83 slrlA::hisG npl3A::HIS1 ura3A::Nimm434::URA3-TIRO1 arg4::hisG hisl::hisG AMC72
slrlA::hisG npl3A::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG

AMC87 slrlA::HIS1 ura3A::Nimm434 arg4::hisG hisl::hisG BWP17
SLR1 ura3A::Nimm434 arg4::hisG hisl::hisG

AMCS89 slrlA::HIS1 ura3A::Nimm434 arqg4::hisG hisl::hisG AMCS87

slrlA::ARG4 ura3A::\imm434 arg4::hisG hisl::hisG

AMC90 slrlA::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG AMC67
slrlA::HIS1 ura3A::\imm434 arg4::hisG hisl::hisG

AMCI103 slrlA::ARG4::SLR1 ura3A::\Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMCS89
slrlA::HIS1 ura3A::Nimm434 arg4::hisG hisl::hisG

AMCI104 slrlA::ARG4::SLR1 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMCS89
slrlA::HIS1 ura3A::Nimm434 arg4::hisG hisl::hisG

AMC105 slrlA::ARG4::SLR1 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC90
slrlA::HIS1 ura3A::Nimm434 arg4::hisG hisl::hisG

(Continued on following page)
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TABLE 1 (Continued)

Parental strain

Strain Genotypes” or reference

AMCI110 slrlA::hisG npl3A::HIS1 ura3A: :Nimm434: :URA3-IRO1 arg4::hisG hisl::hisG AMC72
slrlA::hisG npl3A::ARG4 ura3A::Nimm434 argd::hisG hisl::hisG

AMCI111 slrlA::hisG::SLR1 npl3A::HIS1 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC72
slrlA::hisG npl3A::ARG4 ura3A::\imm434 arg4::hisG hisl::hisG

AMCI112 slrlA::hisG::SLR1 npl3A::HIS1 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC72
slrlA::hisG npl3A::ARG4 ura3A::\Nimm434 arg4::hisG hisl::hisG

AMCI113 slrlA::hisG npl3A::HIS1::NPL3 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC72
slrlA::hisG npl3A::ARG4 ura3A: :Nimm434 arg4::hisG hisl::hisG

AMCI114 slrlA::hisG npl3A::HIS1::NPL3 ura3A::Nimm434::URA3-IRO1 arg4::hisG hisl::hisG AMC72
slrlA::hisG npl3A::ARG4 ura3A::Nimm434 arg4::hisG hisl::hisG

BWP17 ura3A::Nimm434 arg4::hisG hisl::hisG 31
ura3A::\Nimm434 arg4::hisG hisl::hisG

DAY185 ura3A::\Nimm434 ARG4::URA3::arg4::hisG HIS1l::hisl::hisG 59

ura3A::\Nimm434 arg4::hisG

hisl::hisG

@ Boldface indicates differences from the parental strain, BWP17. For each strain, each gene is underlined and the two alleles of the gene are listed in the upper and lower rows.

infection, the mice were sacrificed, and then their tongues were harvested,
weighed, and homogenized. C. albicans cells in homogenized tissue were
quantified by culture on solid on Sabouraud dextrose agar containing 10
pg/ml chloramphenicol (34).

Flow cytometry. To assess the level of Als3 expression on the surface of
the various strains, the organisms were germinated for 90 min in liquid
RPMI 1640 medium containing 10% fetal bovine serum at 37°C. The
resulting germ tubes were fixed in 3% paraformaldehyde and blocked
with normal goat serum. Surface-exposed Als3 was detected by staining
with a polyclonal rabbit anti-Als3 primary antibody (37) followed by an
Alexa Fluor 488-labeled goat anti-mouse secondary antibody. The
amount of Als3 staining was quantified by flow cytometry.

Statistics. Differences in the generation times between different C.
albicans strains in vitro were determined by analysis of variance with a
Tukey posttest. Differences in the host cell interactions among the various
C. albicans strains in vitro were evaluated by analysis of variance. Differ-
ences in the survival of mice infected with the different strains were ana-
lyzed by the log rank test, and differences in organ fungal burden were
assessed using the Wilcoxon rank sum test.

RESULTS

Identification of SR-like proteins in C. albicans. A BLAST search
of the C. albicans genome with the ScNpl3 sequence revealed two
proteins with strong similarity to Npl3 (Fig. 1). The apparent C.
albicans Npl3 ortholog (CaNpl3) shares a core domain structure
with SpSrp2 and with ScNpl3: two RNA recognition motifs
(RRMs), followed by an arginine-rich domain (Fig. 1). Each pro-
tein, however, contains features not seen in the other two proteins.
ScNpl3 has an additional N-terminal domain that the other two
proteins lack. The arginine-rich domain of SpSrp2 is less repetitive
than those of the Npl3 proteins and is followed by a higher-com-
plexity C-terminal region not found in the Npl3 proteins.
Whereas the arginine-rich domains of SpSrp2 and ScNpl3 contain
multiple serine-arginine (SR) or arginine-serine (RS) dipeptides,
CaNpl3 has only a single SR dipeptide, which is found at the C
terminus of the protein in the heptapeptide RERSPTR.

The S. cerevisiae genome contains no apparent ortholog of the
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S. pombe SR-like protein (SpSrpl) gene SRPI (45), but
ORFI19.1750 in C. albicans encodes an SR-like protein with a do-
main structure similar to that of SpSrp1: a single RRM followed by
a long arginine-rich region (Fig. 1). Reciprocal BLASTP searches
of the C. albicans and S. pombe proteomes using the RRM se-
quences from each protein indicate a strong sequence similarity in
these regions. Based on this similarity, we have named
ORF19.1750 SR-like RNA-binding protein 1 (SLRI). Both the
SpSRP1 and C. albicans SLR1 (CaSLR1) genes contain introns, and
thelocation of the 5’ splice site for the first intron is the same in the
two genes, occurring 44 nucleotides downstream of the final
codon of the RNP-2 motif within the RRM, suggesting an evolu-
tionary relationship between these genes. BLASTP searches with
the RRM domains of CaSIr1 and SpSrp1 revealed similar proteins
in numerous fungal lineages, but no apparent orthologs were
found in Zygosaccharomyces rouxii, Vanderwaltozyma polyspora,
or Saccharomyces species.

ScNpi3 {  HEGGITEHEGE R-rich RERSPTR
* * *k Kk * * *

CaNpI3 RRM , RRW’ R-rich RER§PTRF
SpSrp2 RRM RRM R-rich
*kk *k k kk *
Casirt AT YT N, - SRSPERY
* *kkk * %
SpSrp1

*khkkkkkkk

FIG 1 C. albicans proteins similar to S. cerevisiae and S. pombe SR-like pro-
teins. In domain comparison of two SR-like proteins in Saccharomyces cerevi-
siae, Schizosaccharomyces pombe, and Candida albicans, RNA recognition
motifs (RRM) and arginine-rich (R-rich) domains, as well as nonconserved N-
and C-terminal domains, are shown. Asterisks indicate locations of SR/RS
dipeptides. The second domain of the C. albicans Npl3-like protein (RRM")
has sequence similarity with the other two atypical RRMs in ScNpl3 and
SpSrp2 but is not recognized as an RRM by protein signature recognition
searches (InterProScan). GenBank accession numbers for these proteins are as
follows: NP_010720.1 (ScNpl3), XP_715038.1 (CaNpl3), NP_594570.1
(SpSrp2), CAA22007.1 (CaSIrl), and NP_596398.1 (SpSrpl).
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Although CaSIr1 has these structural similarities to SpSrp1, its
sequence reveals distinct differences from SpSrpl. Similar to
SpSrp2, SpSrp1 contains an additional domain C-terminal to the
arginine-rich region (Fig. 1). The amino acid composition of
the arginine-rich region of Slrl more closely resembles those of
the Npl3 proteins than that of SpSrp1. In addition, the C terminus
of CaSIrl (RSRSPER) resembles that of ScNpl3 and CaNpl3
(RERSPTR) (identical residues are underlined) (Fig. 1), a known
target for SCNpl3 serine phosphorylation (46, 47). In contrast to
the Npl3 proteins, however, most of the SR/RS peptides in Slr1 are
grouped in a 16-residue region at the C terminus.

SIr1 is more important for C. albicans growth than Npl3. To
investigate the roles of SR-like proteins in C. albicans, strains that
lacked Npl3, SIrl, or both proteins were constructed. Wild-type
copies of each gene were then reintegrated at their native loci in
the homozygous deletion mutants to create reconstituted,
heterozygous control strains. In contrast to the importance of
Npl3 and Srp2 for growth of S. cerevisiae and S. pombe, deletion of
CaNPL3 only slightly slowed growth of C. albicans in rich medium
at 30°C, and the generation time at maximal growth rate for
npI3A/A strains was not significantly different from that of a wild-
type strain at 37°C (Fig. 2A; see also Fig. S1A in the supplemental
material). Deletion of SLR1, however, did increase the generation
time in YPD broth at both temperatures, with a greater difference
from that of the wild type at 37°C (Fig. 2A). C. albicans was viable
in the absence of both SR-like proteins, and the absence of Npl3
slowed growth of slrIA/A cells at both temperatures (npl3A/A
slr1A/A versus slr1A/A: 30°C, P < 0.01; 37°C, P < 0.05). In addi-
tion to altering the maximal growth rate, deletion of SLRI in-
creased the lag phase at 37°C but not at 30°C (see Fig. S1B).

To determine whether SR-like proteins affected the stress
sensitivity of C. albicans, cells were grown at low (16°C) tem-
perature and in the presence of cell membrane and wall stres-
sors, sodium dodecyl sulfate (SDS) and calcofluor white, re-
spectively. Growth of both npI3A/A and slr1A/A mutant strains
was reduced at low temperature (see Fig. S2 in the supplemen-
tal material), as is seen with many S. cerevisiaze mutants with
defects in RNA processing (48). The npl3A/A mutant did not
display increased sensitivity to SDS or calcofluor white,
whereas slr1A/A cells were extremely sensitive to both of these
stressors (Fig. 2B). The double mutant strain was slightly more
sensitive to SDS than the slrIA/A strain. Reconstitution of the
double mutant strain with either SLRI or NPL3 resulted in a
phenotype equivalent to that of the single mutant strains. Thus,
Slrl is more important than Npl3 for growth of C. albicans in
vitro, particularly during cell wall and membrane stress.

SIr1 is required for normal hyphal formation. SR-like pro-
teins have been implicated in polar growth of fungi, including the
budding yeast S. cerevisiae (27, 28) and the filamentous fungus A.
nidulans (30). We therefore tested the ability of C. albicans cells
lacking SR-like proteins to filament under different inducing con-
ditions. On solid medium, deletion of SLRI decreased filamentous
colony growth. Wild-type and npI3A/A cells formed colonies with
peripheral filaments on serum and RPMI agar plates, whereas
these radiating filaments were absent from slrIA/A colonies
(Fig. 3). Cells lacking both SR-like proteins formed colonies sim-
ilar to slrIA/A colonies on these media (Fig. 3), and reconstitution
with wild-type copies of NPL3 or SLRI restored the WT or single
mutant phenotypes (Fig. 3).

Filamentation in liquid culture allows the relative speed and
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form of filamentation to be compared among strains. Although
slrIA/A cells showed slower filamentation after incubation in
RPMI at 37°C for 1.5 h (Fig. 4A), by 3 h, all strains formed hyphae
(Fig. 4B). Cells lacking NPL3 formed hyphae similar to those of
wild-type cells under both conditions (Fig. 4). Thus, Slrl has a
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FIG 4 Cells lacking SIrl can form hyphae in liquid RPMI. Overnight YPD
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and 5% CO,. Paraformaldehyde-fixed cells were imaged by differential inter-
ference contrast (DIC) microscopy. Scale bars = 5 pum.
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stronger effect than Npl3 on C. albicans filamentation in vitro, and
this effect is more pronounced on solid medium.

Deletion of SLR1 reduces C. albicans damage to host cells in
vitro. Given the effects of SLRI and NPL3 deletion on filamenta-
tion, we tested whether these genes also affected interaction of C.
albicans with the FaDu oral epithelial cell line and HUVECs (49,
50). Whereas the epithelial cell damage caused by npI3A/A cells
was slightly but not significantly greater than that induced by
wild-type or reconstituted npI3A/A+NPL3 cells, deletion of SLR1
significantly decreased the capacity of C. albicans to damage oral
epithelial cells in vitro (Fig. 5A). The epithelial cell damage defect
of with sIr1A/A was so great that it was not possible to determine if
deletion of both SLRI and NPL3 caused a further reduction in
damage. C. albicans-induced damage to HUVECs was also de-
creased by deletion of SLRI (Fig. 5B). On both epithelial and en-
dothelial cells, mutants in which SLRI was deleted grew as a mix-
ture of short true hyphae and pseudohyphae (data not shown).
This defect in hyphal formation likely contributed to the reduced
damage caused by the slr]A/A mutants. Collectively, these results
indicate that SLRI but not NPL3 is required for C. albicans to
cause maximal damage to host cells in vitro.

SLR1 is important for maximal C. albicans virulence during
OPC and HDC. The defects of the sIrIA/A mutant in damaging
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FIG 6 Effects of deletion of SLR1 on C. albicans virulence in the mouse model
of OPC. Immunocompromised mice were infected orally with the wild type
(AMCB81), the slrIA/A mutant (AMC82), or the slrIA/A mutant comple-
mented with SLRI (AMC104). The oral fungal burden was determined after 5
days of infection for 6 or 7 mice per strain. Each symbol represents the results
for an individual mouse, and the horizontal lines indicate the median values. *,
P = 0.02 compared to results for the wild-type strain.

oral epithelial cells and HUVECs suggested that this mutant
would have attenuated virulence in animal models of infection
(41). To test this hypothesis, the virulence of the wild-type strain,
the slrIA/A mutant, and the slrIA/A+SLRI reconstituted strain
was tested in mouse models of OPC and HDC. In the OPC model,
the median oral fungal burden of mice infected with the sirIA/A
mutant was more than 10-fold lower than that of mice infected
with either the homozygous SLR1/SLRI wild-type strain or the
slrIAJA+SLRI reconstituted strain (Fig. 6). However, this reduc-
tion in oral fungal burden in the mice infected with the slirIA/A
mutant was statistically significant compared with that of mice
infected with the wild-type strain (P = 0.02) but not the slrIA/
A+SLRI reconstituted strain (P = 0.07). The oral fungal burden
in mice infected with wild-type and reconstituted strains was not
significantly different (P = 0.48).

In the HDC model, the median survival of mice injected with
the slrIA/A mutant was more than twice as long as that of mice
infected with either the wild-type strain or the slrIA/A+SLRI re-
constituted strain (Fig. 7A). Therefore, SLR1 is necessary for max-
imal virulence during HDC. To verify this finding, we repeated the
survival experiment with a second, independent pair of sir1A/A
mutant and sir]A/A+SLRI reconstituted strains and obtained
similar results (see Fig. S3 in the supplemental material). These
data indicate that the presence of SIrl affects expression of genes
that are important for virulence during HDC.

To determine whether the attenuated virulence of the slIrIA/A
mutant in the HDC model was solely due to slow growth in vivo,
the organ fungal burden was determined 4 days postinfection.
Although the slIrIA/A mutant grew slower than the wild-type
strain in vitro (Fig. 2A), the kidney and liver fungal burdens of
mice infected with the slrIA/A strain were similar to those of mice
infected with the wild-type strain (see Fig. S4 in the supplemental
material). Therefore, the virulence defect of the slr1A/A mutant
did not appear to be the result of impaired growth in vivo.

Next, we performed histopathologic analysis of thin sections of
the infected kidneys from three mice to determine effects of SLR1
deletion on C. albicans filamentation. As expected, the wild-type
cells formed extensive filaments in both the renal pelvis and renal
tubules (Fig. 7B). In contrast, although the slIrIA/A cells formed
some filaments in the renal pelvis, they grew as large aggregates of
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FIG 7 Deletion of SLRI affects C. albicans virulence, filamentation, and in-
trakidney localization during disseminated candidiasis. (A) Survival of mice
injected intravenously with the wild type (AMC81), the slrIA/A mutant
(AMCS82), or the slr]A/A mutant complemented with SLRI (AMC104). Each
strain was injected into 8 mice, and host survival was monitored over a 3-week
period. *, P < 0.0001 versus results for other strains. (B) Histopathology of
kidney sections after 4 days of infection with the indicated strains. Sections
were stained with periodic acid-Schiff stain. Scale bar = 20 pwm.

yeast in the renal tubules. The morphology of C. albicans cells
containing a single reintroduced copy of SLR1 was intermediate to
that of the wild-type strain and the slr]A/A mutant. These results
indicate that SLRI influences the capacity of C. albicans to form
hyphae within the renal tubules but not within the renal pelvis.

The slr1A/A mutant had increased tropism for the brain. In-
terestingly, the brain fungal burden of mice infected with the
slrIA/A strain was significantly higher than that of either the wild
type or the reconstituted strain (Fig. 8A). This result suggested
that deletion of SLRI might increase the interaction of C. albicans
with the unique endothelial cells that line the blood vessels of the
brain. We therefore compared the capacity of the slrlA/A mutant
to invade HBMEC:s, representative of brain endothelial cells, and
HUVEG:s, representative of systemic endothelial cells. We found
that the slr1A/A mutant had significantly increased invasion of
HBMECs compared to that of the wild-type and reconstituted
strains (Fig. 8B). In contrast, the sir]A/A mutant had significantly
impaired invasion of HUVECs. Thus, it is probable that the in-
creased capacity of the sIr1A/A mutant to invade brain endothelial
cells contributed to the elevated brain fungal burdens in mice
infected with this strain.

Interestingly, although the slrIA/A mutant had enhanced in-
vasion of HBMECGs, it still caused significantly less damage to these
endothelial cells than the wild-type and reconstituted strains
(Fig. 8C). These results suggest that brain endothelial cell invasion,
rather than damage, is an important determinant of brain tropism.

We have found previously that a vps5IA/A mutant also has
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FIG 8 Deletion of SLRI increases brain tropism of C. albicans. (A) Deletion of SLRI increases fungal burden in the brain. Brain fungal burdens of mice 4 days
after intravenous inoculation with the wild-type (AMC81), slr1A/A (AMC82), or slr1A/A+SLRI (AMC104) strain are shown. Each symbol represents the results
for an individual mouse, and the horizontal lines indicate the median values. *, P < 0.005 compared to results for the wild-type and reconstituted strains. (B and
C) The strains in panel A were tested for invasion of HBMECs and HUVEC:s after 3 h of incubation (B) and for their capacity to cause HBMEC damage after 16
h of infection (C). Results are the means * SD for 3 experiments, each performed in triplicate. *, P = 0.02 versus results for the wild-type and reconstituted
strains. (D) Level of surface expression of Als3 for the indicated strains as assessed by flow cytometry. Abbreviations: orgs, oganisms; HPF, high-powered field.

increased capacity to invade HBMECs in vitro and traffic to the
brain in the mouse model of HDC. This enhanced trafficking is
due in part to increased expression of the Als3 invasin on the
surface of the vps51A/A mutant (39). Interestingly, flow cytomet-
ric analysis revealed that sIrIA/A germ tubes also had greater sur-
face expression of Als3 than those of the wild-type and reconsti-
tuted strains. This enhanced expression of Als3 likely contributes
to the increased trafficking of the slr1A/A mutant to the brain.

DISCUSSION

To date, studies of how gene expression influences C. albicans
hyphal development and function have focused primarily on tran-
scriptional and posttranslational signaling mechanisms (9). The
prevalence of posttranscriptional processes that control polar
growth in other eukaryotic systems (14-16) led us to examine the
roles of two RNA-binding proteins encoded in the C. albicans
genome, Npl3 and Slr1. Orthologs of NPL3 had previously been
identified as essential genes in S. cerevisiae and S. pombe (51-53),
and a transposon mutagenesis screen for S. cerevisiae genes re-
quired for the switch from budding to pseudohyphal growth im-
plicated NPL3 in polar growth (28). In contrast, we found that C.
albicans cells lacking NPL3 grew as robustly as wild-type cells at
37°C and displayed wild-type hyphal formation. These results
were consistent with those of Bonhomme and colleagues: deletion
of NPL3 did not affect hyphal formation on RPMI agar, in liquid
Lee’s medium, and under embedded conditions (54). The absence
of SLR1, however, slowed growth at 37°C, increased sensitivity to
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cell wall and membrane stresses, altered filamentation on both
serum and RPMI agar medium, and retarded germ tube elonga-
tion in liquid medium. Although the S. cerevisiae genome does not
encode an apparent ortholog of SLRI, SLR1I gene structure and the
predicted Slr1 RNA recognition motif sequence suggest an evolu-
tionary relationship with Srp1, a nonessential SR-like protein in S.
pombe, and SwoK in the filamentous fungus A. nidulans. SwoK
was identified in a screen for cells with a “swollen” phenotype
upon conidial germination at the restrictive temperature, indicat-
ing a switch from the polarized growth required for mycelium
formation to isotropic growth (30). The filamentation phenotypes
of slrlIA/A C. albicans cells and the swoKI A. nidulans mutant
suggest the importance of this family of RNA-binding proteins for
polar growth in multiple fungi.

Previous studies in C. albicans have linked filamentous growth
to RNA-binding proteins involved in mRNA turnover and trans-
port. Similar to Slrl, the 5’-to-3" exonuclease Kem1, which de-
grades mRNAs following decapping, the deadenylase complex
proteins Ccr4 and Pop2, and the mRNA-binding protein She3,
which helps localize multiple mRNAs to the hyphal tip, are all
required for peripheral filaments to form around colonies grown
on solid Spider medium (10, 12, 13). Although hyphal formation
has been linked to virulence, a recent large-scale study of strains
with deletions in 674 genes has shown that almost half of all strains
with attenuated infectivity in a mouse model of hematogenously
disseminated candidiasis have no in vitro proliferation or filamen-
tation defect on Spider medium (55). Conversely, two-thirds of
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the mutant strains with the strongest morphology defects in vitro
still infected mice as well as the wild-type strain (55). Therefore,
filamentation defects in vitro do not necessarily result in virulence
defects in vivo. We found that the sIrIA/A mutant had attenuated
virulence in the mouse model of HDC. A ccr4A/A mutant also has
attenuated virulence in this model system (13), whereas a she3A/A
mutant has normal virulence in mice (12). Although the kemIA/A
mutant has not been tested in this model, this mutant does have
lower virulence in a Galleria mellonella model of infection (56).

The attenuated virulence of the sIrIA/A mutant was likely mul-
tifactorial. This strain had impaired capacity to damage both en-
dothelial and epithelial cells in vitro, a phenotype that has been
associated with virulence defects in mouse models of candidiasis
(40,41). Itis probable that the filamentation defect of slr1 A/A cells
in the kidney also contributed to its attenuated virulence. Further-
more, there were interesting differences in the localization of this
mutant within different regions of the kidney. There was a greater
number of slrIA/A yeast cells than wild-type cells in the renal
tubules and a smaller number of slrIA/A hyphae than wild-type
cells in the renal pelvis (Fig. 7B). Reconstituted cells with a single
copy of SLR1 showed an intermediate phenotype. The high den-
sity of slrIA/A yeast in the tubules also raises the question of
whether these yeast-form slrIA/A cells might be retained in the
tubule or otherwise unable to progress to the renal pelvis. A sim-
ilar phenomenon—equivalent kidney fungal burdens compared
to those for wild-type cells with differences in morphology and
intrakidney localization—was seen for C. albicanslacking the Rsr1
GTPase, which plays a role in hyphal tip orientation (57).

Although the slr1A/A mutant grew slowly in vitro, the kidney
fungal burden of mice infected with this strain was similar to that
of mice infected with the wild-type strain. Noble and colleagues
similarly found that numerous mutants with growth defects in
vitro achieved normal fungal density in the kidney when inocu-
lated into mice (55). Therefore, the impaired growth of the
slrIA/A mutant likely played a minor role in its reduced virulence
in the mouse model of HDC. However, in the mouse model of
OPC, the slrIA/A mutant achieved a lower oral fungal burden
than did the wild-type strain. Based on our in vitro data, the im-
paired virulence of the slr]A/A mutant was likely due a combina-
tion of slower growth in the oropharynx and a reduced capacity to
damage oral epithelial cells.

An unexpected finding was that the absence of SLRI led to an
increased fungal burden in the brain. This tropism suggests that
Slr1 might affect the expression of genes involved in interactions
with brain endothelial cells. Indeed, whereas deletion of SLR1 de-
creased the endocytosis of C. albicans by HUVECs, it significantly
increased endocytosis by HBMECs. Recently, a similar tropism
was found for C. albicans lacking the putative vacuolar sorting
protein Vps51 (39). In the mouse models of HDC, the brain fungal
burden of mice infected with a vps51A/A mutant was significantly
greater than that of mice infected with a wild-type strain. In addi-
tion, although vps51A/A cells were poorly endocytosed by
HUVECSs, they were endocytosed more avidly than wild-type cells
by HBMECs. Endocytosis of C. albicans by brain endothelial cells
was found to be mediated in part by the binding of cell-wall-
associated Als3 to heat shock protein gp96 on host cells; the brain
tropism of the vps51A/A mutant resulted from greater exposure of
Als3 on the C. albicans cell surface (39). We found that deletion of
SLR1 also resulted in increased surface exposure of Als3, thus provid-
ing a potential mechanism for the brain tropism of sir1A/A cells.
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Whereas studies of other fungal RNA-binding proteins indi-
cate that numerous posttranscriptional steps in gene expression
can affect polar growth and cell surface processes (12, 13, 16, 58),
the mechanism(s) whereby Slr1 directly or indirectly affects fila-
mentation and interactions with host cells remains to be deter-
mined. Future work to understand how Slrl impacts C. albicans
hyphal growth and virulence will focus on identifying its mRNA
targets and how it influences their expression and localization
during hyphal growth.
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