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Summary

The RNA interference (RNAI) mediated by homology-dependent degradation of the target mMRNA
with small RNA molecules plays a key role in controlling transcription and translation processes
in a number of eukaryotic organisms. The RNAi machinery is also evolutionarily conserved in a
wide variety of fungal species, including pathogenic fungi. To elucidate the physiological
functions of the RNAI pathway in Cryptococcus neoformans that causes fungal meningitis, here
we performed genetic analyses for genes encoding Argonaute (AGO1 and AGO2), RNA-
dependent RNA polymerase (RDP1), and Dicers (DCR1 and DCR2) in both serotype A and D C.
neoformans. The present study shows that Agol, Rdpl, and Dcr2 are the major components of the
RNA. process occurring in C. neoformans. However, the RNAi machinery is not involved in
regulation of production of two virulence factors (capsule and melanin), sexual differentiation, and
diverse stress response. Comparative transcriptome analysis of the serotype A and D RNA.
mutants revealed that only modest changes occur in the genome-wide transcriptome profiles when
the RNAI process was perturbed. Notably, the serotype D rdpl4 mutants showed an increase in
transcript abundance of active retrotransposons and transposons, such as T2 and T3, the latter of
which is a novel serotype D-specific transposon of C. neoformans. In a wild type background both
T2 and T3 were found to be weakly active mobile elements, although we found no evidence of
Cnl1 retrotransposon mobility. In contrast, all three transposable elements exhibited enhanced
mobility in the rdp14 mutant strain. In conclusion, the RNAi pathway plays an important role in
controlling transposon activity and genome integrity of C. neoformans.
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1. Introduction

The RNA interference (RNAI) pathway that is mediated by homology-dependent
degradation of the target MRNA with small RNA molecules is a central regulatory
mechanism controlling transcription and translation in eukaryotic organisms. In this process,
a double stranded RNA (dsRNA) produced by RNA-dependent RNA polymerase (RARP) is
first processed into small interfering RNA (siRNA) duplexes of 21-28 nucleotides by the
RNase-111-like Dicer and enters the canonical pathway (Bernstein et al., 2001). The siRNA
is incorporated into a nuclease complex, the RNA-induced silencing complex (RISC),
containing an Argonaute protein with slicer (RNA degrading) activity, and the bound siRNA
is then unwound. Next, single stranded siRNA-guided RISC targets homologous mRNAs
and confers the silencing activity either by cleaving target mMRNAS or by blocking
translation.

The RNAIi machinery is evolutionarily conserved in a wide variety of fungal species, but not
all fungi (Nakayashiki, 2005). In Saccharomyces cerevisiae and Ustilago maydis, none of
the RNAI components are present, strongly implicating that the RNAI pathway is
dispensable for basic metabolism and growth of at least some fungi. In fungi, the RNA
silencing phenomenon has been first reported in Neurospora crassa. N. crassa has a process
called quelling , which is a post-transcriptional gene silencing (PTGS) guided by siRNAs
(Romano and Macino, 1992). Quelling occurs during vegetative cell growth and can be
triggered by introduced transgenes, whose spliced transcripts are specifically degraded by
action of the RdRP, Dicer, and Argonaute-containing RISC complex. The physiological
roles of quelling appear to be as a defense against viruses and in silencing of active
transposons (Cogoni and Macino, 1999a). N. crassa also has another RNA silencing
mechanism, called meiotic silencing of unpaired DNA (MSUD) (Shiu et al., 2001). During
meiosis of N. crassa, MSUD plays a role in silencing genes that are not paired with its
homologous chromosomal partner. MSUD utilizes a distinct set of silencing components
from those in the quelling process, and yet the silencing mechanisms are quite similar
(Nakayashiki, 2005; Nakayashiki et al., 2006).

RNA silencing has been also discovered in the fission yeast, Schizosaccharomyces pombe,
and yet its physiological role is rather different from N. crassa. Argonaute and Dicer are
required for heterochromatin assembly at centromeres and the mating type locus of S. pombe
(Noma et al., 2004; Sigova et al., 2004; Verdel et al., 2004; Volpe et al., 2002). Defective
centromeric heterochromatin formation observed in the agol14, dcrl4, and rdpl4 mutants
results in aberrant chromosome segregation in S. pombe. However, the RNA silencing
components of the quelling pathway in N. crassa are not involved in maintenance of
centromeric heterochromatin assembly (Chicas et al., 2004; Freitag et al., 2004), strongly
indicating that the physiological roles of the RNAi components appear to be diverse between
fungal species. Notably, some of the S. pombe RNAi components play an siRNA-
independent role. In S. pombe, Agol and Dcrl, but not RdRP, regulate cell cycle
progression and govern cell survival from DNA damage conferred by genotoxic agents
through Cdc2-dependent activation of the DNA damage checkpoint (Carmichael et al.,
2004b). The S. pombe Agol interacts with 14-3-3 proteins to regulate the cyclin-dependent
kinase Cdc2 (Stoica et al., 2006). Interestingly, heterologous expression of the human Agol
homolog can complement the loss of Agol function in S. pombe, strongly suggesting that
the siRNA-independent roles played by Agol-like proteins are evolutionarily conserved
even in more complex eukaryotes.

Recent analysis reveals that some budding yeasts, which had been presumed to lack the
RNAI pathway, indeed have siRNAs and utilize non-canonical Dicer proteins to control
Argonaute-like proteins without RARP. Saccharomyces castellii contains a single Argonaute
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and a non-canonical Dicer. The S. castellii Dicer, Dcrl, contains an RNaselll domain, but
lacks the N-terminal helicase and DEAD or DEAD-like domains that are generally found in
canonical Dicers, such as the human and S. pombe Dicers (Drinnenberg et al., 2009).
Therefore, the RNAI pathway appears to be widely conserved in the fungal kingdom.

Human fungal pathogens, including Candida albicans, Cryptococcus neoformans, and
Aspergillus fumigatus, also retain the RNAi components although their physiological
functions are largely unknown. Fungal genome database analyses independently performed
by others identified a number of Argonaute, Dicer or Dicer-like proteins, and RARPs in the
pathogens (Drinnenberg et al., 2009; Nakayashiki et al., 2006; Nakayashiki and Nguyen,
2008). Similar to S. castellii, C. albicans contains a single Argonaute and a non-canonical
Dicer protein, but not RARP (Drinnenberg et al., 2009). The filamentous fungus Aspergillus
fumigatus contains genes encoding two homologs of Argonaute, Dicer, and RdRP. C.
neoformans, which causes fatal meningoencephalitis (Idnurm et al., 2005; Lin and Heitman,
2006), also contains Argonaute, Dicer, and RdRP. However, several interesting features
were discovered in the Cryptococcus RNAI machinery. First, serotype A C. neoformans
(H99 strain) contains a single Argonaute whereas serotype D C. neoformans (JEC21 strain)
contains two Argonaute proteins (Nakayashiki et al., 2006; Nakayashiki and Nguyen, 2008).
Second, C. neoformans Dicer proteins do not carry the N-terminal DEAD/DEAH box
helicase domain, which is a typical signature of canonical Dicer protein (Nakayashiki and
Nguyen, 2008). However, the physiological roles of the RNAI pathway in the human fungal
pathogens have been poorly understood. In Mucor circinelloides, which causes invasive
maxillofacial zygomycosis (Khan et al., 2009), mutation of dicer-like gene (dcl-1) does not
affect siRNA-mediated gene silencing, but causes reduced growth and defective hyphal
growth (Nicolas et al., 2007), which could potentially modulate the virulence of the
pathogen.

In this study we aimed to characterize the role of the RNAI pathway in growth,
differentiation, stress response, and virulence factor regulation of human fungal pathogens
by employing C. neoformans as a model system since it has a full suite of the RNAI
components. To elucidate the physiological functions of the RNAi pathway in C.
neoformans, here we performed genetic analyses for genes encoding Argonaute, RdRP, and
Dicers in both serotype A and D C. neoformans, and also employed comparative
transcriptome analysis using the RNAI mutants to gain insights into the global regulatory
circuit governed by the RNAI pathway. Therefore, this study can improve our understanding
of the role of the RNAI genes in human fungal pathogens including C. neoformans.

2. Materials and methods

2.1. Strains and media

The strains used in this study are listed in Table S1. Each strain was cultured in YPD (yeast
extract-peptone-dextrose) medium unless indicated. Agar-based DME (Dulbecco modified
Eagle) medium for capsule production, V8 mating medium containing 5% V8 juice
(Campbell s Soup Co.), Niger seed or L-DOPA medium for melanin assay were prepared as
previously described (Alspaugh et al., 1997;Bahn et al., 2004;Granger et al., 1985;Hicks et
al., 2004).

2.2. Disruption of the AGO1, RDP1, DCR1 and DCR2 genes

The genes described in this report were deleted in both serotype D and A C. neoformans
strains. For disruption of the AGO1, AGO2, RDP1, DCR1, and DCR2 genes in the serotype
D strain background, the JEC43 strain (Wickes and Edman, 1995) was transformed with a
disruption allele constructed by overlap PCR as previously described (Moyrand et al., 2004).
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The primer sequences used are provided in Table S2. The tagged plasmids, pNATSTM and
pHYGSTM, used to amplify the selectable marker were kindly provided by Dr. Jennifer
Lodge (Saint Louis University School of Medicine). The AGO1, RDP1, DCR1, and DCR2
genes in the serotype A strain background were disrupted in the congenic C. neoformans
serotype A MATa (H99) and MATa (KN99) strains by overlap PCR with primers listed in
Table S2 and biolistic transformation as described previously (Bahn et al., 2005; Davidson
et al., 2002). To screen mutant strains, diagnostic PCR was performed by analyzing the 5'-
or 3'-junction of disrupted alleles with screening primers listed in Table S2. Screened
transformants were further confirmed by Southern blot analysis with genomic DNA digested
with appropriate restriction enzymes and each gene-specific probe amplified by PCR with
primers listed in Table S2.

2.3. Mating assays

All strains for mating assays were grown on YPD medium for 16 hr at 30°C. Four
microliters of cell culture was mixed in an equal volume and spotted onto V8 mating
medium. Strains of opposite mating type were co-cultured on V8 mating medium and
incubated at 25°C for up to 8 weeks at room temperature in the dark. Mating mixtures were
monitored weekly by observing colony and filamentation morphology using a differential
interference contrast (DIC) microscope at 100x magnification.

2.4. Capsule and melanin assay

All strains assayed for capsule and melanin production were initially incubated on YPD
medium at 30°C for 16 hr. Qualitative and quantitative measurement of capsule and melanin
production were performed as described previously (Bahn et al., 2004; Kim et al., 2010).

2.5. Stress and antifungal drug sensitivity test

To assess stress and antifungal drug sensitivity, cells grown overnight at 30°C in YPD
medium were 10-fold serially diluted (1 to 10* dilutions) in distilled, sterilized H,0. Then
cell suspensions (4 ul) of each strain were spotted onto solid YPD agar medium containing
indicated concentrations of NaCl and KCI (high salt and osmotic stress), hydrogen peroxide
(H205) and diamide (oxidative stress), hydroxyurea (HU) and methylmethane sulfonate
(MMS) (genotoxic stress), thiabendazole (TBZ), methylglyoxal (toxic metabolite stress),
cadmium sultate (CdSQO,) (heavy metal stress), and amphotericin B, fluconazole,
ketoconazole, itraconazole, and fludioxonil (antifungal drug sensitivity). Plates were
observed after 2-4 days of incubation at 30°C and photographed.

2.6. DNA microarray and data analysis

To obtain total RNA for DNA microarray analysis of the serotype D wild-type [NE519
(MATa) and NE520 (MATa)] and rdpl4 mutant [NE517 (MATa) and NE518 (MATa)]
strains, cells were grown in YPD liquid medium to a density of 5 x 107 cells/ml. RNA was
extracted with TRIZOL Reagent (Invitrogen) following the manufacturer s instructions.
Total RNA of the wild-type (WT) and the rdpl4 mutant strains of each mating type was
used for Cy3 and Cy5 labeling, respectively. To obtain total RNA for DNA microarray
analysis of the serotype A WT H99 strain and agol14 (YSB299) and rdp14 (YSB467)
mutant strains, cells were grown in 50 ml YPD medium at 30°C for 16 h. Then 5 ml of the
overnight culture was inoculated into 100 ml of fresh YPD medium and further incubated
for 4 h at 30°C to an optical density at 600 nm (ODggg =1.0). The 100 ml culture was split to
two 50 ml culture, washed two times with sterilized H,O, resuspended in either 50 ml of
YPD (glucose-rich condition) or YP (glucose-starved condition) medium, and further
incubated for 2 h at 30°C. Then the culture was frozen in liquid nitrogen and lyophilized
overnight. Three independent cultures for each strain were prepared for total RNA isolation
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as biological replicates. The total RNA were isolated using the TRIZOL reagent (Molecular
Research Center) as described before (Ko et al., 2009). The concentration and purity of total
RNA samples were measured by ODygq and gel electrophoresis. For control total RNA, all
total RNA prepared from WT and ago14 and rdp14 mutant cells grown under the conditions
described above were pooled as reference RNA and used for Cy3 labeling. Each RNA
sample was used for Cy5 labeling. C. neoformans serotype D 70-mer microarray slide
containing 7,936 probes (Duke University) was used. The cDNA synthesis, Cy5/Cy3
labeling, hybridization, washing, scanning and data analysis were performed as described
previously (Kim et al., 2010; Ko et al., 2009; Maeng et al., 2010). Three independent DNA
microarrays with three independent biological replicates were performed, including one dye-
swap experiment. Expression profiles for some of genes identified by microarray data were
confirmed by Northern blot analysis as described previously (Ausubel et al., 1994). All
microarray data generated by this study (Table S3) was submitted to the Gene Expression
Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) and can be accessed under number
GSE21178.

2.7. Southern analysis for monitoring transposon activity

Each strain was streaked on YPD medium and incubated for 3 days at 30°C. Three colonies
from each was then used to inoculate three flasks of 10 ml of YPD liquid medium and
grown for one day at 30°C with agitation. In the next day, 1 ml of this culture was used to
inoculate 10 ml of fresh YPD medium. This procedure was repeated ten-times for a period
of 10 days. Then, each culture was streaked on YPD medium and incubated for 3 days at
30°C. Ten colonies per culture (total 30 colonies from three cultures) were used for genomic
DNA extraction and Southern blot experiment analysis with probes of T2 and T3
transposons and Cnl1 retrotransposon generated by PCR with primers listed in Table S2. For
quantitative analysis of transposition events, transposition frequency per each culture was
calculated as the following: [(a total number of new transposition events, including hop-in
and pop-out events of transposons, from each independent culture)/10-independent colonies]
x 100. Then average transposition frequency was calculated from three independent cultures
with standard deviation. Transposition events occurring at the identical position of multiple
colonies from a single culture were counted as a single event since they may represent the
same transposition event between siblings during subcultures. Statistical analysis of
transposition frequency was performed by student t-test.

3. Results and Discussion

3.1. Identification of RNAi components in Cryptococcus neoformans

Analysis of Cryptococcal genome databases revealed that C. neoformans contains a full
array of candidate genes potentially encoding the RNAi machinery. The serotype D C.
neoformans genome contains two paralogous genes for Argonaute (named AGO1 and
AGO?2) and Dicer (hamed DCR1 and DCR2), and a single gene for RdARP (named RDP1). In
contrast, the serotype A C. neoformans genome contains single genes for Argonaute (AGO1)
and RdRP (RDP1), and two paralogous genes for Dicer (DCR1 and DCR2). The serotype A
Agolp protein sequence is more similar to the serotype D Agol than Ago2 and was named
accordingly.

When compared with Argonaute and RARP in other fungi, C. neoformans (Cn) Agol1/2 and
CnRdp1 contain evolutionarily conserved domain structures (Fig. S1). Based on Pfam
protein domain analysis (http://pfam.sanger.ac.uk/), both CnAgol and CnAgo2 proteins
contain PAZ and PIWI domains similar to other fungal Argonaute proteins, which belong to
the PAZ-Piwi Domain (PPD) family of proteins that is evolutionarily conserved in a wide
variety of multicellular eukaryotes and fungi, but not in S. cerevisiae or bacteria. The PAZ
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(~100 amino acid) and Piwi (~300 amino acid) domains are found at the N- and C-termini of
the PPD proteins, respectively. The Piwi domain is also involved in Dicer binding
(Hammond et al., 2000). CnRdp1 has an RdRP domain, which is common to all other fungal
RdRPs (Fig. S1). In contrast, the domain structure of CnDcrl1/2 is rather different from those
of other fungal Dicer proteins. Canonical Dicers, such as S. pombe (Sp) Dcrl and N. crassa
(Nc) Dcl2, contains Reslll, Helicase C, dsSRNA bind, and Ribonuclease 3 domains. N.
crassa Dcll has the DEAD box domain instead of the ReslIl domain at the N-terminus.
Non-canonical Dicer proteins, such as S. castellii (Sc) Dcrl, contain only Ribonuclease 3
and double-strand RNA binding motif domains and are much smaller in size than canonical
Dicer proteins. Interestingly, however, CnDcrl/2 proteins have structural characteristics
different from those of known canonical and non-canonical Dicers (Fig. S1). First, CnDcrl/2
carries dsRNA binding and Ribonuclease domains, but not Helicase C and DEAD or
DEAD-like (Reslll) domains. Second, CnDcrl and CnDcr2 are smaller in size than SpDcrl
and NcDcl1/2, but bigger than ScDcrl (Fig. S1).

3.2. Therole of Ago1/2, Rdp1, and Dcr1/2 in RNAI

To characterize physiological functions of the RNAi-related genes in C. neoformans, we
constructed gene deletion mutants for each gene by using overlap PCR and biolistic
transformation. In the serotype D MATa JEC21 strain background, we deleted the AGO1,
AGO2, RDP1, DCR1, and DCR2 genes using different dominant selectable marker
containing cassettes as described in the Material and Methods. Each MATo mutant strain
was then backcrossed with the MATa JEC20 strain and four progeny strains containing the
WT or the mutant gene in both mating type background were isolated for each gene. We
also constructed an agol4 ago24 double mutant strain to test if two argonaute proteins have
any redundant roles. No alteration of the growth rate was observed in the RNAi mutants at
30 or 37°C on complete or minimal medium.

First, we examined whether the potential RNAi components, Ago1/2, Rdpl, and Dcrl/2, are
required for the RNAI process by using the RNAi mutants. RNA interference was already
shown to be functional in C. neoformans. In their pioneer study, Liu et al. used an episomal
plasmid expressing a chimeric hairpin RNA to knock-down the capsule gene CAP59 and the
ADE?2 gene simultaneously (Liu et al., 2002). Here a hairpin RNA to knock-down the ADE2
gene was integrated into the genome of a serotype D strain because episomal plasmids are
unstable in C. neoformans. After transformation, red colonies were chosen and streaked on
YPD medium. One transformant displaying the reddest colony-color was chosen for further
study (strain NE535). We verified by PCR amplification that the native ADE2 gene was not
mutated (data not shown) and demonstrated by back crossing with a ura5 mutant strain that
the red phenotype was genetically linked with the URAS marker. Quantitative RT-PCR
confirmed that the ADE2 gene was knocked-down to ~5% of the WT ADE2 expression level
(Fig. 1C). We note that the red phenotype was not completely stable, as small sectors of the
colonies reverted back to the white WT phenotype (possibly due to recombination between
the inverted repeats of the integrated plasmid). Thus, the level of expression of the ADE2
gene measured here probably underestimates the extent of repression by RNA..

Ade2-suppressed NE535 mutant strain was then crossed with the different serotype D RNAI
mutant strains. The rdpl4 mutation completely reversed the red phenotype induced by the
presence of the ADE2 specific hairpin RNA (Fig. 1B). Consistently, the expression levels of
the ADE2 gene were restored to the WT level (Fig. 1C), indicating that the RNAi pathway
induced by a hairpin RNA is nearly completely blocked in the rdp14 mutant strain. Agol
and Dcr2 also appeared to be involved in the RNAI pathway, albeit to a lesser extent than
Rdp1, in the RNAI pathway. As shown in Figure 2, agol4 and dcr24 mutations completely
suppressed the color phenotype associated with the ADE2-knockdown. However, the
expression levels of ADE2 in the ago14 and dcr24 genetic backgrounds were only partially
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restored (Fig. 1C). Finally, deletion of AGO2 or DCR1 had no influence on the red color
phenotype of the ADE2-knockdown strain (Fig. 1B). Quantitative RT-PCR experiments
confirmed that these genes have little influence in the RNAI pathway induced by a hairpin
RNA (Fig. 1C). However, the ADE2-expression levels in the agol4 ago24 double mutant
strain were higher than those in the ago14 or ago24 single mutants, suggesting that AGO2
might play a minor role in the RNAI pathway.

These results are in good agreement with other independent findings that Agol, Rdp1, and
Dcr2 play a major role in transgene-mediated co-suppression (termed sex-induced silencing,
SIS) in serotype A C. neoformans (personal communication, Yen-Ping Hsueh and Joseph
Heitman). Heitman and colleagues demonstrated that Dcr2 is the major dicer protein for
controlling SIS triggered by a tandem insertion of multiple copies of a transgene (SXI2a-
URADb), and yet Dcrl plays only a minor role. Taken together, Agol, Rdpl, Dcr2 are the key
RNAIi components in C. neoformans.

3.3. The role of the RNAi components in virulence factor production and mating of C.

neoformans

Because we confirmed the role of the Agol, Rdpl, and Dcr2 in the RNAI process, we next
examined other possible physiological and cellular functions of RNAI in C. neoformans. To
investigate the roles of the RNAi components in the serotype A C. neoformans strain, we
also isolated the ago14, rdp14, dcrl4, and dcr24 mutants in the H99 strain background as
described in Materials and Methods.

First, we investigated whether the RNAi machinery plays a role in controlling biosynthesis
of the antiphagocytic polysaccharide capsule and the antioxidant melanin, which are two
major virulence factors of C. neoformans (Lin and Heitman, 2006). We analyzed the capsule
size of the serotype D RNAIi mutants as previously described (Janbon et al., 2001) but no
difference was observed to be associated with any of the mutations generated, including
rdpl4 or agol4 ago24 double mutation. Similarly, dot blot analysis of the capsule structure
using anti GXM antibodies (Moyrand et al., 2007) did not reveal any difference between the
RNAI mutants and WT strains (data not shown). Similarly the serotype A agol4, rdp14, and
dcr24 mutants appeared to produce WT levels of capsule (Fig. 2A). Next we examined the
role of the RNAI mutants in melanin production by visual inspection of melanin
accumulation in cells on L-DOPA or Niger seed agar medium. The serotype D and A C.
neoformans RNAI mutants produced WT levels of melanin (data not shown and Fig. 2B).
Taken together, we conclude that the RNAi machinery is not involved in capsule and
melanin production of both serotype A and D C. neoformans strains.

Second, we examined the role of the RNAi components in morphological differentiation of
C. neoformans. In the bilateral mating cross between the serotype A MATo and MATa
agol4, rdpld4, or dcr24 mutants, no obvious mating deficiency was observed and hyphae
with clamp connection, basidia, and spores were observed (Fig. 2C). Similarly, the serotype
D RNAI mutants, including agol4 ago24 or rdpl4 mutants, also exhibited WT levels of
mating efficiency (data not shown). Furthermore, the dcrl4 mutant was as normal in
virulence factor production and mating as the WT strain (data not shown). All of these data
suggest that the RNAI machinery is not involved in sexual differentiation of C. neoformans,
but additional studies to examine mating in further detail are clearly warranted.

3.4. The role of the RNAi components in diverse stress responses of C. neoformans

Next we tested whether the RNAi machinery play any roles in survival of C. neoformans
under diverse environmental conditions. In response to osmotic and salt shock, high
temperature (37~40°C), cell wall/membrane destabilizing agents, oxidative stress, heavy

Fungal Genet Biol. Author manuscript; available in PMC 2011 December 1.



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

1duasnuey Joyiny vd-HIN

Janbon et al.

Page 8

metal, and antifungal drug treatment, the serotype A C. neoformans agol14, rdp14, and
dcr24 mutants exhibited WT levels of resistance or sensitivity as opposed to rasl4, hogl4,
and cacl4 mutants which were used as controls since these strains were reported to display
differential sensitivity to diverse environmental stresses and antifungal drugs (Ko et al.,
2009; Maeng et al., 2010) (Fig. 2D and Fig. S2). We also observed that the serotype D
RNAI mutants, including rdp14 or ago1l4 ago24 mutants, were as resistant as the WT strain
to most of stresses we tested here (data not shown).

In the fission yeast S. pombe, ago1™ and dcrl* are essential for initiation and/or
maintenance of the DNA replication and damage checkpoints. Therefore, the S. pombe
agol4, decrld, and rdpla4 mutants exhibit hypersensitivity to the microtubule-destabilizing
drug TBZ (thiabendazole) and the DNA damaging agent HU (hydroxyurea) (Carmichael et
al., 2004a). In the filamentous fungus N. crassa, RNA interference pathways are also
involved in DNA damage repair (Cogoni and Macino, 1999b; Lee et al., 2009; Nolan et al.,
2008). In contrast to the case in S. pombe and N. crassa, the serotype A C. neoformans
RNAI mutants did not exhibit increased sensitivity to TBZ, HU, or MMS (Fig. 2D).
Similarly, the serotype D C. neoformans RNAI mutants did not show any increased
sensitivity to TBZ or HU (data not shown). Deletion of DCRL1 did not affect cellular stress
response to any of environmental stresses we tested (data not shown). Taken together, we
conclude that the RNAi machinery is not involved in survival or proliferation of C.
neoformans in response to a variety of environmental stresses.

A lack of any obvious phenotypes in the RNAi mutants has been also reported in the
budding yeast S. castellii (Drinnenberg et al., 2009). Deletion of AGO1 and DCR1 genes
does not result in any defects in viability on rich or minimal media at a range of
temperatures, mating, sporulation, or chromosome stability of S. castellii (Drinnenberg et
al., 2009). Furthermore, the S. castellii ago14 and dcrl4 mutants do not show any altered
sensitivity to HU and TBZ, similar to the C. neoformans RNAIi mutants, strongly indicating
that the role of Argonaute and Dicer proteins in DNA replication and cell cycle progression
is limited to certain fungi such as S. pombe and N. crassa.

3.5. Transcriptome analysis of the serotype D RNAi mutant strains

A lack of any obvious phenotype in both serotype A and D RNAI mutants prompted us to
look at the genome-wide transcript profiles of the mutants by using DNA microarray
analysis. We performed transcriptome analysis on four progeny generated from back-
crossing of the original rdp14 mutant serotype D strain with the WT strain. Comparison was
made in MATa and MATa backgrounds. As a first analysis, we considered genes that were
regulated similarly in both mating types.

As shown on the Table 1 and Table S4, very little modification was observed and most of
the RDP1-dependent regulation appeared to be negative ones. Actually, no change was
observed with the marked exception of transposable elements. As shown in Table 1, nine
independent tags present in the serotype D arrays and specific for different paralogous
hypothetical genes encoding putative transposases that yielded a much stronger signal when
probed with the rdp14 cDNAs than with the WT ones. These genes encode hypothetical
proteins possessing a Mule transposase domain (pfam10551). Analysis of their genomic
environments revealed a transposon-like structure and the presence of a 144 bp long
terminal inverted repeat (Fig. 3). As the T1 and T2 DNA transposons have been already
identified in C. neoformans (unpublished data, Cruz and Heitman) and annotated in
Genebank (accession numbers AY 145838 and AY 145839 respectively), we named this new
transposon T3. Interestingly, another gene in this transposon family exhibited higher
transcript levels in the rdpl4 mutant strains. This gene encodes a putative protein showing
no homology to any known proteins and it is transcribed from the opposite strand of the
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transposase gene. Northern analysis confirmed higher transcript levels for both T3 genes
(TPO1 and XP_568503/4) in the rdpl4 mutant compared to the WT strain (Fig. 3). Five
completely identical copies of the T3 transposon and 2 copies containing one gap were
identified in the JEC21 genome (Table S5). Blastn analysis revealed the presence of 6
additional partial versions of T3. In the serotype A C. neoformans genome, the T3-like
transposon appeared to be missing. Furthermore, none of the serotype A C. neoformans
genes exhibited significant homology to the two serotype T3 genes. However, a serotype A
gene, CNAG_02253.2 (80 amino acids), showed partial homology to the Mule transposable
domain of the TPO1 (XP_572854, 932 amino acids). CNAG_02253.2 was the only serotype
A gene that shows partial homology to the Mule transposable domain. Based on the serotype
A microarray data, however, transcript levels of CNAG_02253.2 were not significantly
higher in the serotype A rdpl4 mutants than the WT strain (Table S3).

Another family of genes appeared to be abundant in the serotype D rdpl4 mutant strains.
These genes encode proteins showing no homology with any proteins of known function.
The tags specific to these genes were included in a transposon named T2 in strain C20F2
(Cruz et al, unpublished data). In the genome of JEC21 this transposon exists as a long and a
short version (Fig. 3). Both versions have the same 17 bp TIR sequences. The short version
does not contain any putative gene. The 5’ ends of both versions are identical over 270 bp.
At the other end the sequence is degenerated between the two versions although 73%
identity over 441 bp does exist. Four almost identical copies of the longer version are
present in the JEC21 genome and Blastn analysis revealed the presence of six additional
truncated or degenerated copies (Table S6). Four identical copies of the short version are
present in the JEC21 genome and Blastn analysis revealed the presence of three additional
truncated or degenerated copies (Table S6). The serotype A C. neoformans appears not to
contain any T2-like transposons in its genome.

A third class of transposons affected by the rdpl4 mutation included a gene encoding
protein sharing similarity to an RNA-dependent DNA polymerase (SLACS 132 kDa protein
ORF2). Its transcript levels increased about fourfold in the rdpl4 mutant strains compared
to the WT. This gene was annotated as part of the non-LTR retrotransposon Cnl1 (C.
neoformans LINE-1) (Goodwin and Poulter, 2001). Blastn analysis revealed the presence of
eight very similar copies of this gene and 17 partial ones. Most, but not all, of these are
located at subtelomeric regions (Table S7). The tBlastn analysis revealed a number of
additional related retrotransposons, mostly located close to telomeres and to the mating
locus (data not shown) (Loftus et al., 2005). The serotype A C. neoformans contains eleven
genes sharing minor homology to the SLACS, but only one gene, CNAG_06863.2 that
shares the highest homology to the serotype D SLACS, was found to be slightly
overexpressed in the serotype A agol4 (~twofold) and rdp14 (~1.5-fold) mutants (Table
S3).

One last family of transposons affected by the rdp14 mutant was represented by the
XM_769017 gene (1681.seq.118), of which expression levels were more than fourfold
increased in the rdpl4 mutant compared to the WT strain. This gene encodes a putative
tyrosine recombinase, which is part of the previously identified Crypton transposable
element Cnl (Goodwin et al., 2003), and is present in two copies in the JEC21 genome. Two
serotype A C. neoformans genes (CNAG_02719.2 and 04497.2) exhibit only limited
homology to the XM_769017.

Other genes overexpressed in the rdpl4 mutants encode proteins sharing homology with
proteins implicated directly in transposable element metabolism. A protein encoded by the
gene XM_567974 (184.m05148 and 163.m06565), which is more than sixteenfold
overexpressed in the rdpld mutant strains compared to the WT strains, contains a
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transposase family Tnp2 domain. Although it is similar to the transposase gene from
Schistosoma mansoni TRC1 transposon (DeMarco et al., 2006), we found no evidence of
conserved inverted repeats flanking this gene. A serotype A C. neoformans gene,
CNAG_00878.2, exhibits only limited homology to XM_567974. Finally, a gene encoding a
protein homologous to proteins belonging to the DDE superfamily of integrases/
endonucleases was shown to be nearly threefold overexpressed in the rdpl4 mutant strain.
These proteins have been shown to be involved in the integration/transposition of most LTR
retrotransposons and many DNA transposons (Kulkosky et al., 1992).

Transcripts of two other genes appear to be abundant in the rdp41 mutants. One encodes a
putative divalent metal ion transporter and the other a ubiquitin-like conjugating enzyme.
Finally, a gene encoding a protein homologous to a Pifl helicase is about threefold more
expressed in the rdpl4 mutant strain. Although no direct link between this activity and
transposon metabolism has been ever demonstrated, this activity plays an essential role in
the replication of both nuclear and mitochondrial DNA of S. pombe (Pinter et al., 2008).

The increase in transposon- or retrotransposon-transcript levels in RNAi mutants has also
been reported in other organisms. In Trypanosoma brucei, deletion of the gene encoding
Argonaute protein Agol leads to an increase in transcript abundance of retrotransposons,
such as Ingi and SLACS, at both the transcriptional and post-transcriptional levels (Shi et
al., 2004). Furthermore, a recent transcriptome analysis of the WT, agol14, and dcr14 strains
of S. castellii by using high-throughput sequencing of polyadenylated RNA revealed that
transcripts for two ORFs, the Y subtelomeric repeats and Ty transposable elements, were
significantly enriched in the agol4 and dcrl4 mutants whereas any changes in transcript
abundance for other S. castellii ORFs were minimal (Drinnenberg et al., 2009).

3.6. The role of the RNAi machinery in mobility of transposable elements

In the serotype D background, most of the transcriptome modifications are related to
transposon metabolism. Thus, the high transcript levels of different transposases suggest that
some transposons might be more active in the RNAi mutant strains. We analyzed the
transposition events of Cnl1 retrotranposon and T2/T3 transposons after prolonged cultures
of WT and rdp14 strains by Southern blot (see Material and Methods). As shown in Figure
4, the transposons T2 and T3 were found to be weakly mobile in the wild type strain as only
one transposition event per transposon was identified out of total 30 colonies tested from
three independent cultures. In contrast, mobility of T2 and T3 transposons (particularly T3)
appeared to be much enhanced in the rdp14 mutant (Figure 4). The Cnl1 retrotransposon we
tested did not move at all in the wild-type strain as no transposition event was observed in
any of the colonies tested. In contrast, in the rdpl4 mutant strain changes in the
retrotransposon hybridization patterns after prolonged growth were numerous in all three
independent cultures (Figure 4), suggesting that mobility of the Cnl1 retrotransposon is
much enhanced in the rdp14 mutant background. Quantitative measurement of transposon
mobility events showed that transposition frequency of T3 transposon and Cnl1
retrotransposon was significantly higher in the rdpl4 mutant than the wild-type strain (Table
3). All these data suggest that the RNAI pathway control the mobility of transposons and
retrotransposons in serotype D C. neoformans.

3.7. Transcriptome analysis of the serotype A RNAi mutant strains

To gain further insight into the role of the RNAi machinery in C. neoformans, we also
performed comparative transcriptome analysis of the agol4 and rdpl4 mutants of the
serotype A strains by using DNA microarray analysis. From a total of 7,936 spots we

monitored on the serotype D DNA microarray chips, 966 genes displayed differential

expression patterns compared to the WT strain H99 at statistically significant levels
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(ANOVA test, P <0.05). Both the ago14 and rdp14 mutants exhibited similar transcriptome
patterns to those of the WT strains in both normal and no-glucose conditions (Fig. S3),
demonstrating that the RNAi machinery does not greatly affect transcriptome patterns that
are regulated by glucose-starvation stress.

Under unstressed, glucose-rich conditions, basal expression levels of a total of 72 genes
were changed statistically significantly in the agol4 and rdpl4 mutants compared to the
WT under normal growth conditions, whereas expression levels of 54 genes were changed
significantly in the ago14 and rdp14 mutants compared to the WT under no glucose
conditions (Fig. S3). Similar to the results from the transcriptome analysis of the serotype D
RNAI mutants, only a small number of genes (18 genes) exhibited more than a twofold
induction or reduction in the ago14 or rdpl4 mutants (Table 2). A majority of them appear
to encode proteins of unknown functions in C. neoformans, which did not have any
orthologs in other fungi. Among these, expression of two genes, CNAG_01256.2 and
CNAG_07505.2, was found to be reduced more than fourfold (six- and eightfold,
respectively) in both the agol4 and the rdpl4 mutant. Both genes appear to encode proteins
of unknown functions. Furthermore, transcript levels of these two genes were not abundant
in the serotype D rdpl4 mutant (Table 2). We performed Northern blot analysis to verify
expression patterns of CNAG_01256.2 and 07505.2. Transcript levels of CNAG_07505.2
were almost undetectable even after long exposure (data not shown). Similarly,
CNAG_01256.2 appeared to be expressed at a very low level and yet its expression levels
were found to be slightly lower in the agol4 and rdpl4 mutants than the WT strain (Fig.
S4), which is in agreement with the microarray data.

In conclusion, the present study aimed to identify and functionally characterize the
components of the RNAi machinery, including Ago1/2, Rdp1l, and Dcr1/2, in C. neoformans
by analyses of gene-deletion mutants and their transcriptome profiles. Agol, Rdp1, and
Dcr2 were found to play a major role in the RNAI process in C. neoformans and yet were
not involved in cell viability at a range of temperatures, nutritional conditions, and stress
conditions, production of virulence factors such as capsule and melanin, and mating.
Furthermore, only modest changes were observed in the genome-wide transcriptome
patterns of C. neoformans when the RNAI process was perturbed. The only notable
difference was an increase in transcript-abundance of several endogenous transposons such
as T2 and T3 (newly identified in this study) in the rdpl4 mutant of serotype D C.
neoformans. Although the T2 and T3 transposons were both active in the wild type
background, their mobility was further enhanced when Rdp1l is missing. Moreover, whereas
the Cnl1 retrotransposons do not appear to be mobile in the wild-type background, the
impairment of the RNAI pathway results in a dramatic increase in the number of
transposition events. Therefore, it is clear that the RNAI machinery plays very important
roles in limiting transposon- and retrotransposon-activity, thus maintaining genome
integrity. In future studies, the small number of RNAi-dependent genes uniquely found in C.
neoformans through DNA microarray analysis needs to be further characterized to explore
the as yet unknown physiological roles of the RNAi machinery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The role of the argonaute-, RARP-, and Dicer-like genes in the RNA interference process of
C. neoformans. (A) Map of the pRNAI plasmid used to transform C. neoformans. (B)
Coloration of the different mutant strains after 4 days on YPD agar medium at 30°C. (C)
ADE2-specific mRNA levels as measured by quantitative RT-PCR. An ade2 knockdown
strain was constructed by integration of the pRNAI plasmid (GeneBank HM352736, kindly
given by T. Doering) in its genome. This strain (control, strain name) produced red colonies
on complete medium and the levels of ADE2-specific mMRNA were fiftyfold lower in the
control strain than in the WT strain. To test the importance of each putative RNAI-
component on the silencing of ADE2, the control ADE2-knockdown strain was crossed with
different single and double RNAi mutant strains. As shown here, RDP1 was the only gene
completely necessary for ADE2-silencing. AGO1 and DCR2 also play a major role whereas
the deletion of either DCR1 or AGO2 appeared to have a very limited impact on silencing. *
Student t-test P value <0.001.** Student t-test P value<0.05
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The role of the RNAi components in virulence factor production, mating, and stress
response of C. neoformans. (A) Capsule synthesis levels of the following strains were
quantitatively measured by using hematocrit as previously described (Kim et al., 2010): the
serotype A MATa WT strain (KN99) and cacl4 (YSB79), hogl4 (YSB81), agolA
(YSB300), rdp14 (YSB306), and dcr24 (YSB305) mutant strains. The Y axis indicates the
relative capsule volume, which is percent ratio of length of packed cell volume phase versus
length of total loading volume phase. (B) Melanin production of the following strains was
visualized on L-DOPA or Niger seed medium: the serotype A MATa WT strain (KN99) and
cacl4 (YSB79), hogl4 (YSB81), agol4 (YSB300), rdpla (YSB306), and dcr24 (YSB305)
mutant strains. The hogl4 and cac14 mutants were used as positive and negative controls,
respectively, in both capsule and melanin production (Bahn et al., 2004; Bahn et al., 2005).
(C) Each serotype A o mating type strain [WT H99, ago14 (YSB299), rdp14 (YSB624),
and dcr24 (YSB304)] was cocultured with a mating type strains [WT KN99, agol14
(YSB300), rdp14 (YSB307), and dcr24 (YSB305)] on V8 medium (pH 5.0) at room
temperature in the dark. Representative edges of the mating patches were photographed at
100x magnification after 21 d incubation. (D) Each C. neoformans strain (the WT KN99
strain and ras14 [YSB73], cacl4 [YSB79], hogl4 [YSB81], agol4 (YSB300), rdpl4
(YSB306), and dcr24 (YSB305)) was grown overnight at 30°C in liquid YPD medium, 10-
fold serially diluted (1 10~ dilutions), and spotted (3 pl of dilution) on YPD agar medium
containing the indicated concentrations of KCI, NaCl, fludioxonil, Congo red, hydrogen
peroxide (H,0,), amphotericin B, itraconazole, hydroxyurea, methylmethane sulfonate
(MMS), or TBZ. Cells were incubated at 30°C for 72 h and photographed.
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Fig. 3.

Increased transcript levels of transposable elements in the serotype D rdpl4 mutants.
Northern blot analysis showed basal expression levels of T2 and T3 transposons in the
serotype D WT [NE519 (MATa) and NE520 (MATa)] and increased levels in rdpl4 mutant
[NE517 (MATa) and NE518 (MATa)]. Diagrams of T3 and T2 (long and short versions)
transposons are depicted at the right panel.
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Fig. 4.

Mobility of T2 and T3 transposons and Cnl1 retrotransposon in the WT (MATa) and rdpl4
mutant strain backgrounds. Analysis of the transposition events by Southern blot analysis
was conducted with genomic DNA isolated after prolonged cultures (10 subcultures) of the
serotype D WT strain (NE520) and rdpl4 mutant (NE518) and compared to the reference
strain (C, before subculture). Ten colonies per each culture were analyzed. From each
independent culture (10 colonies), only novel transposition events were indicated as arrows.
“Hop-in” and “pop-out” events of transposons were indicated as red and blue arrows,
respectively. Transposition events occurring at the identical position of multiple colonies
from a single culture were counted as a single event since they may represent the same
transposition event between siblings during subcultures. Genomic DNA was cleaved with
Pstl for T2, Xhol for T3, and Pstl for Cnl1, separated on 0.8% agarose gel, transferred to
Nylon membranes, and hybridized with each specific probe generated by PCR with primers
listed in Table S2.
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Table 3

Transposition frequency in the rd1p4 mutant compared to the wild-type strain.

Probe Strain | Transposition frequency (%)2 | P valueP
WT 3.33#5.77
T2 0.0955
rdpl4 33.33+11.55
WT 3.3345.78
T3 (TPO1) 0.0026
rdpl4 56.67+11.55
WT 0
Cnl1 retrotransposon 0.0034
rdpl4 56.67+15.28

aLI'ransposition frequency (%) was calculated as the following: [average of a total number of new transposition events (sum of total number of red
and blue arrows in Figure 4 in a single culture) per 10-independent colonies from each independent culture]x100 + standard deviation.

b .
P value was obtained by student t-test.
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