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The regulatory subunits of CK2 complex
mediate DNA damage response and virulence
in Candida Glabrata
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Abstract

Background Candida glabrata which belongs to normal microbiota, has caused significant concern worldwide due
to its high prevalence and drug resistance in recent years. C. glabrata has developed many strategies to evade the
clearance of the host immune system, thereby causing persistent infection. Although coping with the induced DNA
damage is widely acknowledged to be important, the underlying mechanisms remain unclear.

Results The present study provides hitherto undocumented evidence of the importance of the regulatory subunits
of CgCK2 (CgCkb1 and CgCkb?2) in response to DNA damage. Deletion of CgCKBT or CgCKB2 enhanced cellular
apoptosis and DNA breaks and led to cell cycle delay. In addition, deficiencies in survival upon phagocytosis were
observed in Ackb1 and Ackb2 strains. Consistently, disruption of CgCKBT and CgCKB2 attenuated the virulence of C.
glabrata in mouse models of invasive candidiasis. Furthermore, global transcriptional profiling analysis revealed that
CgCkb1 and CgCkb2 participate in cell cycle resumption and genomic stability.

Conclusions Overall, our findings suggest that the response to DNA damage stress is crucial for C. glabrata to survive
in macrophages, leading to full virulence in vivo. The significance of this work lies in providing a better understanding
of pathogenicity in C. glabrata-related candidiasis and expanding ideas for clinical therapies.
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Background

The incidence of candidiasis infections has increased
progressively in recent decades. As the second most
frequent pathogenic yeast associated with candidiasis,
Candida glabrata has several unique biological features,
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of 30% [2]. Moreover, reduced susceptibility to azoles and
acquired cross-resistance during clinical treatment have
been observed in C. glabrata. C. glabrata has caused sig-
nificant health concerns worldwide based on increasing
evidence of its high prevalence and associated drug resis-
tance [3, 4].

As part of the normal flora, C. glabrata often causes
superficial skin and mucosal infection and even leads to
life-threatening invasive infections, especially in immu-
nocompromised patients. C. glabrata is an opportunis-
tic pathogen with secretory hydrolytic and proteolytic
enzymes and adhesion and biofilm formation abilities
[5, 6]. In contrast with C. albicans, C. glabrata lacks
many virulence factors but is highly evolved for interac-
tion with the host. C. glabrata is a pathogen that induces
a moderate immune response to prolong the disease
course [7, 8]. Both innate immune and adaptive immune
responses contribute to the host defenses of C. glabrata.
Encountering phagocytic cells and further survival within
them is crucial for keeping C. glabrata shielded from
immune attack [9]. After being phagocytized, C. glabrata
is confronted with several challenges. DNA damage
under a series of phagocytic stress factors (such as reac-
tive oxygen species and cytokines) has been documented
within 2 h of phagocytosis. C. glabrata induces chroma-
tin remodeling to manage the stress of DNA damage and
even replicates inside macrophages after adapting to the
hostile environment to cause stubborn infections [10].
Responses to DNA damage including cell cycle check-
points and DNA repair pathways are crucial for main-
taining genetic integrity and are highly diverse in fungi
[11].

CK2 is a conserved ubiquitous serine/threonine kinase
protein complex and is a heterotetramer composed of
two catalytic subunits (Ckal and Cka2, a and « sub-
unit) which bind to the dimer of regulatory subunits
(Ckbl and Ckb2, B subunits) [12]. CK2 participates in
various activities such as cell cycle regulation, cell stress
response, and apoptosis [13]. In addition to the holoen-
zyme, the functions of individual subunits have been
confirmed [14]. It has been reported that CK2 was rec-
ognized as a key director in DNA repair process of both
single-strand break (SSB) and double-strand break (DSB)
[15, 16]. Moreover, DNA damage repair pathways could
be blocked by the inhibitors of CK2 [17]. Many recent
studies have found that ScCK2 can directly phosphory-
late downstream proteins and is involved in histone
phosphorylation [18, 19]. The B subunit of ScCK2 in
S. cerevisiae has a zinc finger structure, which may be
related to the structural stability of the CK2 complex
[20, 21]; the C-terminal of B subunits plays an important
role in the interaction with catalytic subunits and other
kinases, and may also be related to the recruitment of
downstream target proteins [13]. The deletion of ScCKBI
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and ScCKB2 results in the cells’ inability to recover or
adapt to DSB [12]. In C. albicans, CaCkal and CaCka2
have been observed to govern virulence and azole drug
resistance, but the significance of the regulatory subunits
of CK2 remains unknown [22]. Overall, the C. glabrata
CK2 complex has been largely understudied over the past
few years, warranting further research.

In the present study, the phenotypes of CgCKBI and
CgCKB2 null mutants in relation to stress survival and
virulence were examined. In addition, global transcrip-
tome profiling was performed by RNA-seq to investigate
the molecular regulations in CgCkbl and CgCkb2. We
show for the first time that in C. glabrata, the p subunits
of CK2 are crucial in DNA damage response possibly by
maintaining a normal cell cycle. Moreover, our data sug-
gest a link between genome integrity and survival upon
phagocytosis, which is important for full virulence of C.
glabrata in vivo.

Results

C. glabrata Ckb1 and Ckb2 are phylogenetically closely
related to S. cerevisiae Ckb1 and Ckb2

Although being the most common pathogens of can-
didiasis, C. albicans and C. glabrata are from differ-
ent evolutionary clades. C. albicans belongs to the CTG
clade, which includes pathogens like C. parapsilosis, C.
dubliniensis and C. auris. However, C. glabrata belongs
to the Nakaseomyces clade, which has a higher inter-
specific affinity for S. cerevisiae than C. albicans. There-
fore, we used the Saccharomyces cerevisiae Ckb1/Ckb2
protein sequences to retrieve the Ckb1l/Ckb2 protein
sequences in BLASTP for various fungi, including C.
glabrata. Phylogenetic trees of these protein sequences
were constructed to show the sequence homology of the
Ckb1/Ckb2 proteins across species (Fig. 1). For Ckbl
(CAGL0A00275g) and Ckb2 (CAGL0I00946g) of C. gla-
brata, the S. cerevisiae Ckbl and Ckb2 were identified as
closest orthologs respectively. The amino acid sequence
of the Ckb1/Ckb2 protein from C. glabrata was highly
similar to that of S. cerevisiae (Ckb1 76.3%, Ckb2 79.2%).
The close relationship between C. glabrata Ckbl/ Ckb2
and ScCkb1/ScCkb2 suggests that the B subunit of CK2
of C. glabrata may have similar phenotypes as in S.
cerevisiae.

CgCKB1 and CgCKB2 genes are essential in response to
DNA damage

DNA damage reagents MMS (Methyl Methane Sulfo-
nate) or 4-NQO (4-Nitroquinoline-1-oxide) were sup-
plemented to YPD plates to examine the DNA repair
ability of WT, Ackbl, and Ackb2 strains. The CgCKBI or
CgCKB2 null mutants exhibited increased susceptibili-
ties to DNA damage reagents than WT strains, and these
differences became more obvious as the concentration
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Fig. 1 Phylogenetic trees of fungal Ckbland Ckb2. (A) and (B) A phylogenetic tree constructed based on fungal Ckb1 or Ckb2 protein sequences to show
the sequence homology of Ckb1 or Ckb2 proteins across species. The human Ckb1 or Ckb2 protein sequence was used as the root, and the maximum
likelihood method was used for calculation and comparison by MEGA (V11.0.13). (C) Overview of amino acid identity between the C. glabrata and S.

cerevisiae Ckb1 and CKb2.

of reagents increased (Fig. 2A). In contrast, no differ-
ences were observed in WT strains lacking CgCKAI or
CgCKA2 genes encoding catalytic subunits of the CK2
complex (Fig. 2A).

In addition, growth curves of WT, Ackbl, and Ackb2
strains cultivated with different media revealed similar
results with spot assays (Fig. 2B). Under the treatment
of 0.01% MMS or 4 uM 4-NQO, the Ackbl and Ackb2
strains grew slowly and reached significantly lower ODg,
(Optical density) values in the plateau phase than WT.
In contrast, Ackal and Acka2 exhibited similar growth
patterns with WT. Consistent results were observed in
RPMI 1640 medium (Figure S1). These results suggest
that the regulatory subunits of the CK2 complex might
participate in the response to DNA damage.

Deletion of CgCKB1 or CgCKB2 increases cellular apoptosis
and DNA breaks

Given that DNA damage induces certain changes in
genome integrity, we detected the apoptosis and DNA
fragmentation of CgCKBI and CgCKB2 null mutants in
the presence of DNA damage reagents. Annexin V-FITC
was used to investigate the phosphatidylserine (PS) mol-
ecules exposed outside the cell membrane to identify

apoptotic cells. PI (Propidium Iodide) was used to detect
necrotic cells. After treatment with 0.01% MMS and
4uM 4-NQO for 2 h, the apoptosis and necrotic cells
were detected by flow cytometry in each group. Larger
amounts of apoptotic and necrotic cells were observed
in CgCKBI1 and CgCKB2 null mutants than in WT when
cultured in the RPMI 1640 medium. Consistent results
were observed in the presence of DNA damage stress
(Fig. 3A and B). This finding suggests that C¢CKBI and
CgCKB2 null mutants are more prone to apoptosis in
response to DNA-damaging agents.

Furthermore, a TUNEL assay was conducted to detect
DNA fragmentation by fluorescence microscope and
flow cytometry. CgCKB1 or CgCKB2 null mutant cells
displayed a higher abundance of TUNEL-positive nuclei
than WT cells upon 0.01% MMS and 4uM 4-NQO treat-
ment (Fig. 3C). Consistently, the proportions of TUNEL-
positive cells significantly increased both in AckbI and
Ackb2 strains when treated with DNA damage reagents
(Fig. 3D). Additionally, the degree of chromosome agglu-
tination by fluorescence intensity was observed by DAPI
(Diamidino-phenylindole). In the presence of DNA-
damaging reagents, blue fluorescence became brighter in
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Fig. 2 CgCKB1 and CgCKB2 genes are essential in response to DNA damage. (A) Strains were diluted serially in 10-fold to being grown on YPD contain-
ing different concentrations of DNA damage reagents (MMS, methyl methane sulfonate and 4-NQO, 4-Nitroquinoline-1-oxide) at 30°C for 2 days. WT,
wildtype. (B) Growth curves of each strain after treatment with different concentrations of DNA damage reagents. The OD600 values were obtained by
BioTek plate reader every 15 min at 30 °C for 48 h. Data were representative of three independent experiments. All the growth curves were repeated at

least three times.

CgCKBI or CgCKB2 mutant cells than in WT cells, which
indicated more agglutination of chromosomes (Fig. 3C).

Cell cycle delay occurs in CgCKB1 and CgCKB2 null mutants
Since deletion of CgCKBI or CgCKB2 increases the sen-
sitivity to DNA damage agents, apoptosis and DNA frag-
mentation in C. glabrata, we wondered whether the cell
cycle of CgCKBI and CgCKB2 null mutants was altered.
A carbon starvation strategy was used to synchronize
C. glabrata cells at the G1 phase. After being released
in the 2% glucose YPD medium with or without 0.01%
MMS or 4uM 4-NQO, we used flow cytometry to ana-
lyze the distribution of cell cycles once an hour. In the
YPD medium, similar cell cycle patterns were observed
in WT, Ackbl and Ackb2 strains. DNA replicated from 1
to 2 C gradually within 3 h. S phase cells slightly accumu-
lated in Ackbl and Ackb2 at 4 h. In the MMS or 4-NQO-
containing YPD medium, both WT and null mutants
slowed down DNA replication obviously. In contrast with
the YPD culture, a larger proportion of the population
remained at the S phase at 2 h under DNA damage stress
in both null mutant cells. After 3 h, parts of WT cells
completed DNA replication gradually; however, AckbI

and Ackb2 cells remained at the S phase and failed to
replicate DNA within 4 h (Fig. 4 and S2). Taken together,
these data demonstrated that regulation of the cell
cycle is disrupted in Ackbl and Ackb2, and CgCkbl and
CgCkb2 are crucial in maintaining a normal cell cycle
upon DNA damage stress.

CgCKB1 and CgCKB2 null mutants have defects in
replication in macrophages

Dysregulation of CgCKBI or CgCKB2 genes leads to
defects in response to DNA damage and cell cycle delay
in C. glabrata. We assessed cell survival upon phagocy-
tosis to further explore whether CgCKBI and CgCKB2
play essential roles in interacting with the host immune
system. PMA (Phorbol 12-myristate 13-acetate) -induced
human monocytic cell line THP-1 and mouse leuke-
mia macrophage cell line RAW 264.7 were used in this
study. Similar numbers of WT, Ackbl and Ackb2 cells
were engulfed after co-incubated with macrophages for
2 h. Nevertheless, WT cells yielded 4.90 -fold and 6.66-
fold higher replication rates after cocultured with THP-1
and RAW 264.7 cells for 24 h, respectively (Fig. 5A). In
contrast, CgCKBI or CgCKB2 null mutants exhibited
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Fig. 3 Deletion of CgCKBT or CgCKB2 increases cellular apoptosis and DNA breaks. (A) Cells were treated with 0.01% MMS or 4 uM 4-NQO or left untreated
for 2 h and stained with Annexin V-FITC and PI. The Fluorescence intensity was detected by BD Fortessa Flow cytometer. Q1 (Annexin V-/Pl+): dead cells;
Q2 (Annexin V+/Pl+): necrotic cells; Q3 (Annexin V+/PI-): apoptotic cells; Q4 (Annexin V-/PI-): live cells. (B) The percentages of each strain that are apoptotic
(black bars) and death (gray bars) were obtained. The relative cell ratio was compared with WT in RPMI 1640 medium (set at 1.0) (C) Representative fluores-
cence micrographs showing DNA fragmentation and unusual chromosome agglutination. Cells were incubated in RPMI 1640, 0.01% MMS or 4 uM 4-NQO
for 12 h at 30 C and then stained with DAPI and FITC. The DNA fragmentation was visualized with FITC (green fluorescence) and unusual chromosome
agglutination was visualized with DAPI (blue fluorescence). Data were representative of three independent experiments. (D) The TUNEL-positive cells
were quantified. DNase | treatment was used as the positive control. The percentages of TUNEL-positive cells were presented as mean =+ SD and assessed
for statistical analysis by one-way ANOVA followed by Tukey test; * p <0.05, ** p <0.01, *** p<0.001, **** p <0.0001.

only a 1.53- or 1.60-fold increase in replication in THP-1
cells (p<0.0001) and 1.34-fold or 1.25-fold (p<0.0001)
increase in RAW?264.7 cells (Fig. 5B). These results sub-
stantiated that Ackbl and Ackb2 strains induced dysregu-
lated macrophage replication, and CgCKBI and CgCKB2
are required for intracellular survival in macrophage.

In addition, we evaluated the adhesion ability to epithe-
lial cells Caco-2 and biofilm formation in WT, Ackb1, and
Ackb2 strains. The adhesion rates of Ackbl and Ackb2
strains were slightly reduced, although the difference was
not statistically significant (p>0.05) (Fig. 5C). Moreover,
Ackbl and Ackb2 strains displayed similar biofilm forma-
tion abilities to WT (Fig. 5D).

CgCKB1 and CgCKB2 are important in the virulence of
systemic candidiasis mouse model

We used a systemic candidiasis mouse model through tail
vein injection to investigate the importance of CgCKBI
and CgCKB2 for virulence. In the survival assay, immuno-
compromised ICR mice were injected with equal doses of
C. glabrata and observed for up to 14 days. Mice infected
with WT strains exhibited 50% mortality within 3 days,
and only 25% percent of mice survived at the end of the

experiment on day 14 (Fig. 6A). In contrast, C¢CKBI and
CgCKB2 null mutants exhibited significant differences in
survival curves with the wild-type strain (p<0.05). Infec-
tion with CgCKBI and CgCKB2 knock-out strains only
caused 25% and 41.7% mortalities, respectively, and most
mice recovered from infection (Fig. 6A).

Fungal burden was also measured 3 days post-infection
in immunocompromised ICR mice. The mean num-
ber of wildtype yeast cells colonies (1.9x10° CFUs/g)
in the spleen (Fig. 6B) was significantly higher than in
CgCKBI null mutants (5.6x10® CFUs/g, p<0.001) and
CgCKB2 null mutants (3.4x10° CFUs/g, p<0.001).
Moreover, the fungal burden in the liver (Fig. 6C) was
significantly higher in wildtype (9.9x10* CFUs/g)
than in AckbI (1.1x10* CFUs/g, p<0.0001) and Ackb2
(5.5x10® CFUs/g, p<0.0001). In addition, fungal burden
in the kidney (Fig. 6D) was significantly higher in wild-
type (3.1x10* CFUs/g) than in Ackbl (2.3x10% CFUs/g,
p<0.01) and Ackb2 (1.6x10° CFUs/g, p<0.01).

Moreover, histological analysis confirmed these find-
ings (Fig. 6E). Yeast colonies were observed in PAS (Peri-
odic Acid-Schiff) stained kidney sections of WT-infected
mice but were barely found in AckbI and Ackb2-infected



Ni et al. BMC Microbiology (2023) 23:317

Page 6 of 15

YPD 0.01% MMS 4uM 4-NQO
WT Ackb1 Ackb2 WT Ackb1 Ackb2 WT Ackb1 Ackb2
Ao | | bl A | | | u l
" "‘»J\ .“ : ‘\:"1 | L\ A (‘1“‘f"\ i JI J‘If“‘d “ ‘IU; (“
0 » i i A
o) 1h Al Al al i WA
O A [V JL | [ |
\46 L U . 7 L i PR N S A
= ;
81 on " ¥ 1
i f i A A M A M i .
e ‘A./‘\ ‘\ N {‘5 “.‘"u‘ !\l “‘f;\/“' ‘,w“ ‘l“: u(‘)‘ A ‘/ 3 \'\-\_‘ "‘/\‘ i\l
é \ / \ / | Ji “\ : | :
.‘3 | r /
' g / j ;
St i /) \ 2 4 (
V) A i [ \ fi | [
i \ f
4h A /1 {1 iy /A /| /
adl \ . / /A /A /A
WAL DL /S J N i iX — St N N
1C2C 1C2C 1C2C 1C2C 1C2C 1C 2C 1C 2C
>

Fluoresence intensity

Fig. 4 The cell cycle is delayed in CgCKBT and CgCKB2 null mutants. Yeast cells were synchronized in YP (carbon starvation condition) and released to
YPD either in the absence or presence of 0.01% MMS or 4 uM 4-NQO and collected once an hour. Flow cytometry was used to measure DNA content.

mice. In summary, the fungal burden is significantly
decreased in Ackbl and Ackb2 strains and CgCKBI and
CgCKB2 are required for organ colonization in the sys-
temic candidiasis mouse model.

Global transcriptional profiling analysis of Ackb7 and
Ackb2 strains

To obtain a better understanding of molecular mecha-
nisms underlying the DNA damage response in Ackbl
and Ackb2 mutants, transcriptome analyses were per-
formed between W'T, Ackbl, and Ackb2 strains. Strains
treated with 0.01% MMS for 1 h or untreated in YPD were
analyzed (Fig. 7A). The transcriptome data revealed that
Ackbl and Ackb2 strains showed similar transcriptional
profiles for YPD and YPD supplemented with 0.01%
MMS (Fig. 7B C). The data also indicated that compared
with WT, about 200 genes were up or downregulated in
Ackbl and Ackb2 strains with or without treatment with
0.01% MMS (Fig. 7D and E; Supplementary Table S2 and
S3). This finding suggests a certain degree of overlap in
the functions of ckbl and ckb2 in C. glabrata.

To functionally characterize the transcriptional phe-
notypes, the differential genes found both in Ackb1 and
Ackb2 (compared with WT under the same treatments)
were analyzed by GO (Gene ontology) enrichment to
identify key molecular processes. GO analysis highlighted

that the differentially expressed genes in AckbI and Ackb2
were marked enriched in the processes related to the
programmed formation of DNA double-strand breaks
(DSBs), recombination, and DNA repair coordination of
the meiotic cell cycle. In contrast to WT, the processes
mentioned above were altered in Ackbl and Ackb2 strains
(Fig. 7F; Supplementary Table S4 and S5). It should be
noted that after the deletion of CgCKBI and CgCKB2,
the expression of many genes related to the meiotic cell
cycle was upregulated, and these differences were magni-
fied in the presence of 0.01% MMS (Fig. 7G). These genes
included early meiotic genes SPO11, meiotic recombina-
tion-related gene MSH4, reciprocal meiotic recombina-
tion-related gene REC104 and REC114, which have been
associated with the repair of DSB of meiosis both in S.
cerevisiae and C. albicans [23-26]. These findings sug-
gested that CgCKBI and CgCKB2 may maintain genome
integrity, affecting the DNA damage response through
certain pathways, such as cell cycle regulation.

The role of CgCkb1 and CgCkb2 in C. glabrata intracellular
survival

As the first defense line of the host against microbial
invasion, macrophages recognize and engulf C. glabrata
and then produce ROS (reactive oxygen species) or other
active substances to induce DNA damage of C. glabrata.
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Fig. 5 Effect of CgCKBT and CgCKB2 on interaction with host cells. (A) After co-incubation of fungi with RAW264.7 macrophages or PMA-treated THP-1
cells for 2 h, the cells were lysed with 0.05% Triton X-100 to release the fungi, and the phagocytosis rate was defined as the number of fungi phagocytosed
by macrophages after 2 h to the number of fungi before co-incubation. (B) After cocultured with macrophages for 24 h, survival upon phagocytosis was
measured as described above. The ratio of the intracellular yeast cells after 24 h of coculture to that after 2 h coculture was defined as fold replication. (C)
Epithelial Caco-2 cells were cocultured with CgCKBT or CgCKB2 null mutants, respectively. Aepal which exhibited deficient adhesion ability was used as
a control. (D) Log-phased yeast cells were seeded in a 24-well plate for biofilm formation assay. Crystal violet [0.4% (w/v)] was used for staining mature
biofilms. The destaining solution was measured for absorbance at 595 nm. Wells without yeast cells were used as background. CBS138 was the used as
the WT and the knockout strains were generated using CBS138 as the parent. Experiments were performed three times. Error bars show standard devia-
tion. Comparisons were performed using one-way ANOVA followed by Tukey test, and asterisks indicate statistically significant differences (*** p<0.001,

06 ) £ 0,0001).

The role of CgCkbl and CgCkb2 in intracellular survival
of C. glabrata in macrophages and their involvement in
DNA damage stress, led us to compare the genes regu-
lated by CgCkb1l and CgCkb2 under control conditions
or MMS treated with the activated genes of C. glabrata
upon phagocytosis [10].

A total of 55 genes overlapping were found, includ-
ing MSH4, IME1, MAM1, MEKI, REDI, which involved
in DNA DSB formation, DNA recombination and DNA
repair processes (Fig. 8A; Supplementary Table S6 and
S7). Based on the report of Rai.et al [10], 38 of 55 genes
were down-regulated and 17 were up-regulated in mac-
rophage-engulfed C. glabrata compared with control
conditions. Interestingly, we noticed that a major part
of these genes (34/38 and 9/17) exhibited the opposite
expression patterns in ACkbI and ACkb2. These observa-
tions indicated the importance of CgCkbl and CgCkb2
for C. glabrata in maintaining survival in macrophages.

What is more, GO analysis indicated that these genes are
involved in biological processes such as meiotic cell cycle,
homologous recombination, and reactive oxygen spe-
cies metabolism, which is consistent with our previous
analysis (Fig. 8B; Supplementary Table S8). Therefore,
these results suggesting that the response to DNA dam-
age stress and the maintenance of genomic stability are
crucial for intracellular survival of C. glabrata.

Discussion

Antifungal resistance associated with C. glabrata has
become a research hotspot in recent years; however, the
pathogenicity of this life-threatening fungus remains
unclear. Casein kinase 2 (CK2), a conserved ubiqui-
tous serine/threonine kinase protein complex, has been
extensively studied in many species and is advocated as
a potential drug target for cancer. Nonetheless, no study
has hitherto reported CK2 in C. glabrata. Herein, we
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burden assays were performed using ICR mice (n=6).ICR mice were immunosuppressed with 200 mg/kg cyclophosphamide on day —3 and were further
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sue homogenates were diluted, plated onto YPD agar, and incubated at 30°C for 2 days. CFUs were calculated and analyzed. Error bars show standard de-
viation. Comparisons were performed using one-way ANOVA followed by Tukey test, and asterisks indicate statistically significant differences (**: p <0.071;
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identified roles for CgCkbl and CgCkb2 as the regula-
tory subunits of CK2 and revealed their functions in
response to DNA damage and maintaining a normal cell
cycle. Moreover, we highlighted an association between
genome integrity and virulence.

DNA damage is universal in life. DNA damage response
is composed of DNA breaks repair and DNA damage

checkpoint. In eukaryotic cells, broken DNA ends are
detected and initiate DNA repair process. Meanwhile, a
checkpoint is activated to delay cell cycle progression. In
S. cerevisiae, receptors receive the signal of DNA damage
and transfer it to central effectors through transduction
factors [27]. The sensor kinase Mecl recruits and phos-
phorylates the effector kinase Rad9 finally leading to the



Ni et al. BMC Microbiology (2023) 23:317 Page 9 of 15

A YPD ackb1 YPD ackb2 MMS ackb1 MMS ackb2

= I 1 Z2 I 1 = % I 1

2150 — 3 150 .. 2 150 T 2,150 -

g (I 8 [ K (I £ T

« & i & <

g 100 s} g 100 T £ 100 L g 100 i

D o =t D . .

S 50 o 9 50 e e A I 3 50 .

; g I . 3 50 ) T »
0.'..“;.'_.7. o.,_-..,.m_,_ wearn o NI bl O o o o= RBMAE ., . .
-50 -25 00 25 50 -50 -25 00 25 50 50 -25 00 25 50 -50 -25 00 25 50

Log2(Fold Change) Log2(Fold Change) Log2(Fold Change) Log2(Fold Change)

D E

YPD ackb2  MMS ackb1

o
Z Score

L NS

© 3 © W
S & ¢
YPD 0.1 % MMS
treated 1h

y=0.001264+0.9818x YPD MMS
B meiotic cell cycle ® ® .
meiotic nuclear division - ° ® EeneRatlo
oz reproductive process . ® ) ° 8?
®s reciprocal meiotic recombination ° [ : 8;8
‘5‘,% homologous recombination - ° ° p a&just
ﬁ s synaptonemal complex organization . e ¥
g2 chromosome organization ... { 883
S g regulation of meiotic cell cycle 4 . 0.02
ascospore wall assembly ° ° 0.01
cell wall assembly - . ©
ascospore formation | .
meiotic chromosome segregation L] °
. multi-organism process [ )
Ackb1 log2ratio nuclear division ° °
G (no MMS/MMS) regulation of meiosis I {
sexual sporulation - ° °
organelle fission [ °
cellular response to silver ion | . .
o MAM1 1 0 meiotic cell cycle checkpoint{
2 REC104 0 3 carbohydrate metabolic process { @
< REC114 ‘3 cellular component assembly... { o .
% gﬁg 1 1 hexose transmembrane transport | .
11 reproductive process in single—celled .| . °
H MEC1 NAD transport | “ .
= bmcC1 sporewall| e
= ZIP2 condensed nuclear chromosome - ® °
-‘E’ MEK1 condensed chromosome °
S RED1 external encapsulating structure { o
&’ SP0O22 synaptonemal complex | ° .
< MSH4 prospore membrane | e
3 MND1 intracellular immature spore { e
SPO13 ascospore-type prospore |
n MER2 synaptonemal complex assembly ‘| .
T IME1 homologous chromosome seg... .
@ GMC2 synapsis - .
< PFS1 DNA recombination - °
E AMA1 response to silver ion .
ECM11 mRNA modification .
mRNA methylation .
°\$<\ q’é\ @é ,]Sé\ coenzyme transport o
OF 6(9 343’ 0@ protein sumoylation °
4 v v > dolichol metabolic process - .

YPD 0.1 % MMS
treated 1h

Fig. 7 (See legend on next page.)



Ni et al. BMC Microbiology (2023) 23:317 Page 10 of 15

(See figure on previous page.)

Fig. 7 Transcriptional analysis in WT, Ackb1, and Ackb2 strains. Log-phase yeast cells were inoculated into fresh YPD medium either with 0.01% MMS
added or left untreated, total RNA was extracted and further sequenced. (A) Volcano plot of RNA seq transcriptome data displaying the gene expres-
sion pattern. The values of gene expression in each group were compared with those of WT strain under the same conditions. Significantly differentially
expressed genes (FDR, p<0.05) are highlighted in red (upregulated) or blue (downregulated). (B) Heatmap plot of DEGs (Differential expression genes)
displaying the pattern of gene expression. The gene expression value is normalized and converted to Z score. (C) Scatterplot where each gene is rep-
resented by a dot and its "no MMS/MMS" log2 ratio for Ackb1 is plotted on the x axis and the ratio for Ackb2 is plotted on the y axis. (D and E) Venn plot
comparing the upregulated DEGs (URGs) and downregulated DEGs (DRGs) of Ackb 1 and Ackb2 under all culture conditions. The differential genes of each
group were compared with WT strain under the same conditions. (F) Gene ontology (GO) terms in the biological processes describing the upregulated
and downregulated genes in each condition. The differential genes both in Ackb1 and Ackb2 (compared with WT under the same conditions) were clus-
tered to GO analysis. (G) Heatmap of RNA-seq data for meiotic genes in AckbT and Ackb2 strains compared with WT under all culture conditions, including

programmed formation of DNA double-strand breaks (DSBs), recombination, and DNA repair coordination of the meiotic cell cycle.

recruitment and phosphorylation of Rad53 [28]. The
activated Rad53 can target multiple biological processes
and is triggered upon DNA damage to promote cell cycle
arrest and the transcription of DNA repair related genes
[29]. Our RNA seq data indicated that the expression lev-
els of MECI in Ackbl and Ackb2 significantly increased
compared to WT either in YPD or under 0.01% MMS
treatment. The evidence allows us to assume that Ckbl
and Ckb2 may be involved in the DNA damage response
mediated by Mecl in C. glabrata.

An increasing body of evidence suggests that cell cycle
checkpoint and DNA repair pathways contribute to cop-
ing with DNA damage, and appropriate response to
DNA damage is related to genome integrity and is vital
for adaptation to surroundings [30, 31]. In S. cerevi-
siae, Spoll forms a subcomplex with Ski8, Rec102, and
Rec104, which promotes the formation of DSB together
with the subcomplex formed by Recl14, Recl107, and
Mei4, and then triggers the cells to enter the meiotic
recombination process [24]. Studies in mammals, S.
cerevisiae, and plants have found that Zip2 and Msh4
can promote the formation of synaptonemal complexes
in meiosis [25]. Our study observed a delayed cell cycle
in CgCKB1 or CgCKB2 null mutants. Meanwhile, the
expression levels of SPO11, REC102, REC104, REC114,
MEI4, MSH4 and ZIP2 were altered significantly in these
strains. It has been established that these genes are func-
tionally conserved and essential to cell cycle resump-
tion and genomic stability. Accordingly, it is reasonable
to infer that CgCkb1 and CgCkb2 might regulate the cell
cycle through the above components. In the presence
of DNA damage stress, eukaryotic cells trigger intricate
DNA damage checkpoint programs to slow down the
S-phase and prevent cell division [32, 33]. In S. cerevisiae,
the cell cycle is governed by the expression level of tran-
scription factor PHO4 [34]. Our RNA seq data showed
that the expression level of CgPHO4 does not decrease
in Ackbl and Ackb2 strains either in YPD or under DNA
damage stress. Based on these findings, we hypothesize
that the CK2 regulatory subunits do not regulate the cell
cycle by inhibiting the transcription level of PHO4 in
C. glabrata. Nonetheless, more research is required to

elucidate the specific mechanism of Ckb1/2 in cell cycle
regulation in C. glabrata.

Although C. albicans has been studied comprehen-
sively, there is still a knowledge gap on the virulence and
infection processes of other non-C. albicans yeast, such
as C. glabrata. In C. albicans, the catalytic subunit Cka2
of CK2 has been documented to play important roles in
interactions with endothelial and oral epithelial cells in
vitro and virulence in the murine model of oropharyngeal
candidiasis [22]. There is no relevant report on the role
of regulatory subunits (Ckb1/2) in virulence in Candida
species currently. It is widely acknowledged that macro-
phages represent the first line of defense against infec-
tions. It has been stated that C. glabrata is a successful
pathogen without promoting a robust immune response.
It can replicate within macrophages to cause recalcitrant
infections [7, 9]. Hence, protecting against DNA dam-
age stress induced by macrophages might be essential for
C. glabrata to adapt to the microenvironment. Rai et al.
found that C. glabrata mutants defective in DNA repair
(Artt107, Asgsl) exhibit attenuated virulence and C. gla-
brata remodeled its chromatin when interacting with
macrophages, including chromatin structure modified,
altered epigenetic signature, decreased protein acetyla-
tion, and so on [10]. In the present study, we examined
the survival of CK2 mutant strains upon phagocytosis
in THP-1 and RAW 264.7 cells. Contrary to W'T, Ackbl
and Ackb2 exhibited significant deficiencies in replication
inside macrophages, which indicated weakened adaption
to the host and easier elimination of yeasts. The virulence
of Ackbl1 and Ackb2 was also attenuated in the candidiasis
model. In addition, comparison the differential genes reg-
ulated by CgCKBI and CgCKB2 with the activated genes
of C. glabrata upon macrophage engulfment revealed
that response to DNA damage is crucial for intracellu-
lar survival of C. glabrata. Overall, these observations
provide compelling evidence that the response to DNA
damage is essential for interaction with host immune and
pathogenicity.

Some studies have reported the abnormal expression
of CK2 in tumor cells, given that inhibitors of CK2 are
widely thought of as potential drugs against cancer [35,
36]. There is evidence that CK2 inhibitors can effectively
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inhibit growth, hypha formation, and biofilm formation
in Candida species [37, 38]. Based on the poor viability
and attenuated virulence of Ackbl and Ackb2, inhibi-
tion of B subunits of CK2 in C. glabrata provides a novel
approach for antifungal treatment.

Conclusions

This is the first study to corroborate that CgCkbl and
CgCkb2 are required to respond to DNA damage and
maintain a normal cell cycle. Moreover, CgCkbl and
CgCkb2 are crucial for the survival of engulfed C. gla-
brata and yield full virulence in the mouse model of inva-
sive candidiasis. Our findings suggest that CgCkb1 and
CgCkb2 might promote cellular recovery and adaptation
of DSB and genomic stability, thereby maintaining the
pathogenicity of C. glabrata. This study contributes to a
better understanding of the interaction between C. gla-
brata and the host and paves the way for more efficient
antifungal therapies.

Materials and methods

Strains and growth media

All strains used in this study were constructed from C.
glabrata CBS138 and are listed in Table 1. CgCKBI,
CgCKB2, CgCKAI and CgCKA2 genes were disrupted
using a recyclable, nourseothricin resistance marker
through a homologous recombination strategy as
described before [39]. The CEN/ARS episomal plas-
mid PCU-PDCI1-GFP was used to construct CgCKBI,
CgCKB2, CgCKA1I and CgCKA2 complemented strains.
Briefly, genes were amplified form WT strains includ-
ing the promoter and terminator regions and digested
by Sacl/Xhol. pCU-PDC1-GFP was digested by Sacl/
Xhol to remove GFP expression cassette. The residual

plasmid backbone was ligated to digested gene fragments
respectively to generate complemented plasmids. Plas-
mids were further transformed into CgCKB1, CgCKB2,
CgCKA1 and CgCKA2 null mutants respectively using
the lithium acetate method. Positive transformants grew
on SD Medium-URA plates (synthetic medium contain-
ing 2% glucose and 2% agar without uracil, Solarbio,
China) were picked and further verified. To exclude the
potential effects of auxotrophic strain in cell and ani-
mal experiments, Ura+phenotype CBS138 was used as
wildtype, and the mutant strains were generated from
CBS138 through a homologous recombination strategy.
Primers used are listed in supplementary Table S1.

Strains were cultured in YPD medium (Becton, Dickin-
son and Company, USA) composed of 1% yeast extract,
2% peptone, and 2% glucose, and gene-disrupted yeast
transformants were selected on YPD plus 100 pg/mL
nourseothricin (Sigma Aldrich, USA) as appropriate.
Uracil auxotrophs were selected on YNB plates (Becton,
Dickinson and Company, USA) composed of 0.67% yeast
nitrogen base, 2% glucose, and 2% agar with amino acids
and 0.1% 5-fluoroorotic acid (5-FOA, Sigma Aldrich,
USA).

Spot assays

Exponential phase WT, Ackbl, and Ackb2 cells were
washed with phosphate-buffered saline (PBS, Gibco,
USA) and diluted to a series of concentrates from 107 to
10> CFU/mL [40]. 5uL dilutions were spotted on YPD
plates containing DNA damage reagents methyl meth-
anesulfonate (MMS, Sigma Aldrich, USA) or 4-Nitro-
quinoline-1-oxide (4-NQO, Sigma Aldrich, USA) then
cultured at 30°C. Photos were taken 48 h later.
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Table 1 strains used in this study
Strain Parent Genotype
CBS138 / /

Description
Wildtype
strain; used for
cell assays and
animal models
Wildtype
strain with
URA3 knock
out; used for
spot assays,
cell apoptosis
assays, TUNEL
assays, cell
cycle analysis
and RNA-seq
Used for spot
assays, cell
apoptosis
assays, TUNEL
assays, cell
cycle analysis,
and RNA-seq
Used for spot
assays, cell
apoptosis
assays, TUNEL
assays, cell
cycle analysis,
and RNA-seq
Used for spot
assays

WT CBS138  CBS138/ura3/\:SATI-FLIP

/\ckbl WT ura3/\ckb1/\:SAT1-FLIP

/\ckb2 WT ura3/\ckb2 /\:SATI-FLIP

/\ckal WT ura3/\ckal/\:SAT1-FLIP

/\cka? WT ura3/\cka2 /\:SAT1-FLIP Used for spot

assays
Used for spot
assays
Used for spot
assays
Used for spot
assays

/\ckb1:CKB1

/\ckbl ura3/\ckb1/\:SATI-

FLIP:pCU-CKB1
ura3/\ckb2 /\:SAT1-
FLIP:pCU-CKB2
ura3/\ckal /\:SAT1-
FLIP:pCU-CKAT
ura3/\cka2 /\:SAT1-
FLIP:pCU-CKA2
ckb1/\:SATI-FLIP

/\ckb2:CKB2  /\ckb2

/\ckal:CKA1 /\ckal

/\cka2:CKA2

/\cka2 Used for spot

assays

/\ckbl CBS138 Used for cell
assays and ani-

mal models

/\ckb2 CBS138 ckb2/\:SATI-FLIP Used for cell
assays and ani-

mal models

Used for cell
assays

Nepal CBS138 epal /\:SATI-FLIP

Growth curve assay

Overnight inocula of WT, Ackbl and Ackb2 in YPD
medium were washed in PBS and diluted to ODg, of
0.02 in 200 pL YPD medium with 0.01% MMS or 4uM
4-NQO added, respectively. Dilutions were inoculated in
a flat-bottomed 96-well plate, and the ODy, values were
obtained by BioTek plate reader every 15 min at 30 °C
[41]. Experiments were repeated at least three times and
analyzed by GraphPad Prism Software.
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Cell apoptosis assay and TUNEL assay

WT, Ackbl and Ackb2 were cultured to exponential
phase in RPMI 1640 medium and diluted to an ODg,
of 0.2 and were either treated with 0.01% MMS or 4
UM 4-NQO for 2 h or left untreated. Then cells were
collected and washed with PBS three times. Annexin
V-FITC apoptosis detection kit (Beyotime Biotechnology,
China) was used. Cells were double stained with Annexin
V-FITC and PI (Propidium Iodide, Thermo Fisher Sci-
entific, USA). Fluorescence intensity was detected by
BD Fortessa Flow cytometer and data were analyzed by
FlowJo software [42].Briefly, forward scatter area (FSC-
A) vs. side scatter area (SSC-A) gate was used to gate
out obvious debris. Then single cells were identified by
side scatter area (SSC-A) vs. side scatter height (SSC-
H) gate. The quadrant gates of Annexin V FITC-A vs.
PI-A showed the non-apoptotic cells (Annexin V-FITC-/
PI-), apoptotic cells (Annexin V-FITC+/PI-), necrotic
cells (Annexin V-FITC+/PI+) and dead cells (Annexin
V-FITC-/PI+), respectively.

The one-step TUNEL detection kit (Beyotime Bio-
technology, China) was used for the TUNEL assay [43].
Briefly, log phase cells were treated with 0.01% MMS or
4 uM 4-NQO for 12 h at 30C. Cells were digested with
10U Zymolyase 20T (Seikagaku Biobusiness, Japan) at
35°C for 30 min and then fixed with 4% paraformalde-
hyde. Cells were incubated in a permeabilization solution
for 5 min. For positive control, cells were treated with
2000 U DNase I for 30 min at 37°C. The cells were fur-
ther incubated with a TUNEL reaction mixture and were
observed under fluorescence microscopy or analyzed by
flow cytometry. As for negative control, the TdT enzyme
in TUNEL reaction mixture was replaced by ddH2O. The
same strategies were applied to gate out obvious debris
and identify single cells as described above. The propor-
tions of TUNEL +cells were determined by the quantifi-
cation of fluorescence intensity.

Cell cycle analysis

2x10% CFU/mL of WT, Ackbl, and Ackb2 yeast cells
were synchronized in YP (1% yeast extract and 2% pep-
tone) for 24 h, respectively. Then yeast cells were released
to YPD with or without 0.01% MMS at 30°C, 200 rpm,
and collected once an hour. After being washed with PBS,
aliquots were fixed with 70% pre-cold ethanol and stored
at -20°C overnight. Samples were further resuspended in
1 mL 0.2 M Tris-HCI, sonicated, and treated with RNase
(Thermo Fisher Scientific,c USA) at 37°C overnight.
After being washed with 0.2 M Tris-HCl, samples were
stained with 0.05 mg/mL PI at 0°C for 15 min, finally pel-
leted and resuspended in 0.2 M Tris-HCI with 0.01 mg/
mL PI added. At least 50,000 events were analyzed by
flow cytometry using BD Fortessa, and data were ana-
lyzed by FlowJo software [44]. The same strategies as in
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cell apoptosis assay were used to discard cell debris and
identify the single cells. DNA content was measured by
the PI histogram plot. The DNA content of G2 phase
cells (2 C) is twice that of G1 phase cells (1 C). G1 and G2
phases cells were distinguished by different fluorescence
intensity. G2 phase cells displayed approximately twice
brighter fluorescence than G1 phase cells.

Survival upon phagocytosis and adhesion assays

Human monocyte THP-1 cells (ATCC TIB-202) were
cultured in RPMI1640 medium supplemented with 10%
fetal bovine serum and 100 U/ml penicillin, and 100 pg/
mL streptomycin (Thermo Fisher Scientific, USA )
at 37°C, 5% CO,. First, THP-1 cells were seeded into
24-well plates at a density of 5x10° cells per well with 50
ng/mL of phorbol 12-myristate 13-acetate (PMA, Sigma
Aldrich, USA) added. After 18 h, a fresh medium without
PMA was replaced, and cells were cultured for another
18 h. Mouse leukemia macrophages RAW?264.7 (ATCC
TIB-71) were cultured in complete Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 2 mM
L-Glutamine, 100 U/ml penicillin, and 100 ug/mL strep-
tomycin (Thermo Fisher Scientific, USA) at 37°C under
a 5% CO, atmosphere. Afterward, C. glabrata cells were
cocultured with THP-1 or RAW264.7 cells at MOI 1:10.
2 h later, supernatants were removed, and cells were
washed with PBS three times. 300 pL 0.05% Triton X-100
(w/v) was added into per well to lyse macrophages, and
the lysates were diluted and plated on YPD to calculate
the number of yeast cells phagocyted by macrophages
[45]. As for C. glabrata survival upon phagocytosis,
THP-1 or RAW?264.7 cells were cultured for 24 h after
being washed with PBS and then lysed with the same
method. Survival rates were calculated by the ratio of
24 h to 2 h yeast cell numbers. Experiments were per-
formed three times.

As described before, adhesion assays were performed
using human colorectal adenocarcinoma cells (Caco-2
ATCC HTB-37) and were repeated three times [39].
Aepal was verified as deficient in adherence and was
used for control.

Biofilm formation

5x10” Log-phased yeast cells in YPD were collected and
seeded in a 24-well plate, followed by a 37°C incubation
for 90 min. RPMI 1640 medium with 10% FBS contained
was added to each well after being washed with PBS
twice. Then the plate was incubated at 37°C for 24 h and
replaced with the fresh medium to incubate for another
24 h. Unattached yeast cells were washed with PBS three
times. After 30 min of staining with crystal violet [0.4%
(w/v)], 95% ethanol was used for destaining. The destain-
ing solution was measured for absorbance at 595 nm.
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Wells without yeast cells were used as background [46].
Three biological replicates were performed.

Animal candidiasis models

The virulence of WT, Ackbl and Ackb2 strains were
evaluated by mouse models of invasive candidiasis [47,
48]. Both survival curves of mouse and fungal burdens
were assessed. Female outbred ICR mice (5—-6 weeks old,
24-26 g) were obtained from Charles River Company,
China. As for survival assays, 200 mg/kg cyclophos-
phamide (Sigma Aldrich, USA) was intraperitoneally
injected per mouse on day —3 and every fourth day later.
Mice were randomly designated into groups according to
the random number table method, with a total of 12 mice
in each group. Then 1x 108 yeast cells in 200 uL in 0.9%
(w/v) saline were injected through the tail veil on day 0.
The survival conditions were monitored and recorded.
Mice in the agonal stage were humanely euthanized by
cervical dislocation. Experiments were terminated on day
14. As for fungal burden assays, groups of 6 mice were
immunosuppressed with 200 mg/kg cyclophosphamide
on day —3 and were further injected with 5x10 yeast
cells through the tail veil on day 0. Mice were sacrificed
on day 3 post-infection, and organs (spleen, liver, and
kidney) were weighed and transferred to ice-cold PBS.
Tissue homogenates were diluted, plated onto YPD agar,
and incubated at 30°C for 2 days. CFUs were calculated
and analyzed. Evaluation of histology was performed by
kidney tissue sections stained with hematoxylin-eosin
(HE) and periodic acid-Schiff (PAS) (Servicebio Technol-
ogy company, China).

RNA sequencing

Log phase WT, Ackbl, and Ackb2 cells were inoculated
into fresh YPD medium either with 0.01% MMS added
or left untreated. After 1 h of incubation, yeast cells were
harvested, and total RNA was extracted by the acid phe-
nol method [49]. Three biological replicates were per-
formed per condition. RNA was frozen at -80°C and
sent to Shanghai Majorbio Bio-pharm Technology Co.,
Ltd (Shanghai, China) for further sequencing by Illu-
mina novaseq6000 PE150. Quality-filtered RNA-seq
reads were aligned to the C. glabrata genome (http://
www.candidagenome.org) by STAR software (version
2.7.4). Gene expressions were obtained and normalized
by StringTie (V2.1.2) and DESeq2 (V1.20). Significantly
expressed genes were screened based on a 2-fold cut-off
and p-value<0.05.
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