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Casein Kinase 1 Regulates Sterol Regulatory Element-binding
Protein (SREBP) to Control Sterol Homeostasis™
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Background: SREBP transcription factor controls sterol homeostasis.
Results: Fission yeast casein kinase 1 (CK1) binds and accelerates degradation of active SREBP, inhibiting expression of target

genes and decreasing ergosterol.

Conclusion: CK1 controls nuclear SREBP stability to regulate sterol homeostasis in fission yeast.
Significance: CK1 is the first kinase shown to regulate fungal SREBP and functions in the control of SREBP and sterol homeostasis.

Sterol homeostasis is tightly controlled by the sterol regula-
tory element-binding protein (SREBP) transcription factor that
is highly conserved from fungi to mammals. In fission yeast,
SREBP functions in an oxygen-sensing pathway to promote
adaptation to decreased oxygen supply that limits oxygen-de-
pendent sterol synthesis. Low oxygen stimulates proteolytic
cleavage of the SREBP homolog Srel, generating the active tran-
scription factor SrelN that drives expression of sterol biosyn-
thetic enzymes. In addition, low oxygen increases the stability
and DNA binding activity of SrelN. To identify additional sig-
nals controlling Srel activity, we conducted a genetic overex-
pression screen. Here, we describe our isolation and character-
ization of the casein kinase 1 family member Hhp2 as a novel
regulator of SrelN. Deletion of Hhp2 increases SrelN protein
stability and ergosterol levels in the presence of oxygen. Hhp2-
dependent SrelN degradation by the proteasome requires Hhp2
kinase activity, and Hhp2 binds and phosphorylates SrelN at
specific residues. Our results describe a role for casein kinase 1
as a direct regulator of sterol homeostasis. Given the role of
mammalian Hhp2 homologs, casein kinase 18 and 1¢, in regula-
tion of the circadian clock, these findings may provide a mech-
anism for coordinating circadian rhythm and lipid metabolism.

Maintenance of cholesterol homeostasis in mammals is
imperative for proper cell membrane fluidity and structure,
regulation of membrane protein function, and the biosynthesis
of bile acids and steroids (1). Altered levels of cholesterol result
in hypercholesterolemia and contribute to the manifestation of
several human diseases (2, 3). Thus, maintaining tight control
of cholesterol levels is important for health and cell survival. A
master regulator of cellular cholesterol levels is the family of
proteins known as sterol regulatory element-binding proteins
(SREBPs)?; the specific isoforms SREBP-2 and -1a are impor-
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tant for cholesterol metabolism (4, 5). SREBPs are highly con-
served from fungi to mammals, and under normal sterol
conditions they exist as inactive endoplasmic reticulum trans-
membrane proteins. Depletion of cellular sterol results in trans-
location of SREBP to the Golgi where it undergoes proteolytic
cleavage, liberating the N terminus which then localizes to the
nucleus to function as a transcription factor (4, 6). Once in the
nucleus, active SREBP promotes expression of genes required
for sterol homeostasis by binding to specific sterol regulatory
elements (SREs) in the promoters of target genes.

SREBPs modulate cellular sterol levels in response to extra-
cellular cues that may alter or compromise sterol metabolism,
including changes in oxygen and iron availability, exposure to
insulin, and light-dark cycles (7-12). Oxygen is an essential
substrate for sterol synthesis and many other metabolic path-
ways (13). In Schizosaccharomyces pombe, reduction in envi-
ronmental oxygen supply activates the SREBP homolog Srel to
restore sterol synthesis and cell growth under low oxygen (8,
14). We previously demonstrated that low oxygen stimulates
cleavage of Srel, increasing production of the active N-terminal
SrelN transcription factor and expression of its target genes
(15, 16). In addition, low oxygen stimulates Sre1N DNA bind-
ing activity and prevents SrelN degradation by the proteasome
(17-19). Finally, the srel™ promoter contains SREs, allowing
Srel to induce its own gene expression via a positive feedback
loop (14). Through these regulatory mechanisms, yeast SREBP
controls sterol homeostasis and cell growth in response to low
environmental oxygen.

Proper transcriptional regulation of sterol homeostasis
necessitates the integration of information from multiple path-
ways, such as energy supply, nutrient availability, and cell
growth signals. To date, only the candidate prolyl hydroxylase
Ofd1 and its regulator Nro1l have been identified as modulators
of SrelN activity (17, 18). Ofd1 alters SrelN function through
two oxygen-dependent mechanisms, promotion of SrelN pro-
tein degradation and inhibition of SreIN DNA binding (17-20).
Other factors controlling SrelN function are not known. To
elucidate the mechanisms by which Sre1N is regulated, we per-
formed a high copy plasmid screen in the presence of oxygen
using an S. pombe cDNA library and isolated clones that
decreased SrelN activity. From our screen, we identified the
casein kinase 1 Hhp2 as a negative regulator of SrelN function.
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Hhp2 is a member of the casein kinase 1 (CK1) family, a
highly conserved group of serine/threonine kinases present in
eukaryotes spanning yeast to humans (21). Hhp2 is the S. pombe
homolog of mammalian CK1 isoforms & and e. Hhp2 has been
implicated in the response to DNA damage and is required for
chromosomal segregation during meiosis (22, 23). In mammals,
CK1 isoforms d and € have well described roles in the control of
circadian rhythm and Wnt signaling (21, 24). Recently, CK1s
have been shown to influence cell metabolism through control
of the transcriptional co-activator peroxisome proliferator-ac-
tivated receptor vy co-activator-la and hypoxia-inducible fac-
tor (25, 26). Here, we demonstrate a novel requirement for CK1
in maintaining sterol homeostasis and control of SREBP
degradation.

EXPERIMENTAL PROCEDURES

Reagents—Edinburgh 20 minimal medium (EMM) was
obtained from MP Biologicals; yeast extract was from BD Biosci-
ences; amino acids and protease inhibitors (leupeptin, PMSF, and
pepstatin A) were from Sigma; horseradish peroxidase-conjugated
affinity-purified donkey anti-rabbit and anti-mouse IgG were from
Jackson ImmunoResearch, oligonucleotides were from Integrated
DNA Technologies; dithiobis(succinimidyl propionate) (DSP)
cross-linker was from Thermo Scientific; mouse monoclonal Myc
antibody (9E10) and B-actin antibody (C4) were from Santa Cruz
Biotechnology; and rabbit polyclonal Myc antibody (06-549) was
from Upstate. Srel antibody has been previously described (8);
cholesterol was from Steraloids; [y->*P]ATP was from Perkin-
Elmer Life Sciences, and bortezomib was from LC Laboratories.

Yeast Strains—Wild-type haploid S. pombe strain KGY425
(h-, his3-D1, leul-32, ura4-D18, and ade6-M210) was obtained
from American Type Culture Collection (27). S. pombe strains
srelA, srelN, sreIN-MP, and srelN ubrilA have been described
previously (19). S. pombe strains sreIN hhp2A, srel hhp2A,
sreIN ubr1A hhp2-myc, and sreINA hhp2-myc ubr1A were gen-
erated by homologous recombination from haploid KGY425
yeast using established techniques (28). Yeast strains express-
ing plasmids were generated by transformation.

Strains were grown to exponential phase at 30 °C in rich
medium (YES) or EMM plus appropriate supplements for
selection (225 pg/ml each of histidine, uracil, leucine, adenine,
and lysine) using established techniques (8). An In Vivo, 400
workstation (Biotrace Inc.) was used to maintain anaerobic
conditions as described previously (8, 14). EMM containing
0.1% 5-fluoroorotic acid (5-FOA) (Toronto Research Chemi-
cals) was made as described (29).

Plasmids—hhp2, ofdl, and tom70 constructs driven by the
adh promoter were isolated from our screen and were from an
S. pombe cDNA library (30). Plasmids expressing wild-type or
kinase-dead (K41N) Hhp2 from the thiamine-repressible nmit
promoter were generated by subcloning wild-type or mutant
hhp2™ cDNA fragments into pSLF172 and pSLF272 (31). Bac-
terial constructs expressing Hiss-tagged wild-type or kinase-
dead Hhp2 and SrelN (amino acids 1-440) were produced by
inserting appropriate S. pombe cDNAs into pET15b (Novagen).
The His,-tagged Cnp3-N (amino acids 1-277) bacterial con-
struct was generated by subcloning cnp3-N" S. pombe cDNA
into pProExHTb (Invitrogen).
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Plasmid ¢cDNA Library Screen—srelN 4XSRE-ura4™ cells
were transformed with the SPLE-1 S. pormbe cDNA library (30,
32). Expression of the cDNA library was driven by the adh pro-
moter in the pLEV3 vector that contains the S. cerevisiae LEU2
gene for plasmid selection. Transformed cells were plated onto
EMM plates lacking leucine and containing 0.1% 5-FOA. A
total of 2.4 X 10° transformants were screened for growth on
selection plates for 6 days and isolated by single colony purifi-
cation. Plasmid DNA was extracted from positive clones,
amplified in Escherichia coli, and sequenced as described pre-
viously (18).

Northern and Western Blotting—Total RNA was isolated,
and Northern blotting was performed as described previously
(8). Design and synthesis of radiolabeled RNA probes for
sreIN", hem13™, and tub1™ were performed as described pre-
viously (14, 19). Whole-cell yeast protein extraction and West-
ern blotting were performed as described previously using
primary antibodies and appropriate horseradish peroxidase-
conjugated affinity-purified immunoglobulin (8). Where men-
tioned, lysates were treated with 1 unit/ul alkaline phosphatase
(Roche Applied Science) for 1 h at 37 °C prior to Western blot
analysis.

Measurement of Protein Half-life—Experiments were per-
formed as described previously (18). Briefly, yeast cells were
grown in the absence of oxygen for 4 h to exponential phase
prior to being treated with cycloheximide (200 ug/ml) and
shifted to normoxic conditions. Samples were harvested at 0, 5,
10, 15, and 20 min post-cycloheximide addition. Whole-cell
lysis was performed followed by Western blotting. Blots were
imaged with the VersaDoc Imaging System (Bio-Rad), and band
intensities were quantified using Quantity One software (Bio-
Rad). SrelN protein half-life was calculated using the equation
ty, = (In 2)/k, where k is the slope of the line calculated using an
exponential trendline (33).

Co-immunoprecipitation—Immunoprecipitation of endoge-
nous yeast protein was performed as described previously (8).
Briefly, cells were grown for 4 h in the presence of oxygen and
then treated with 2 mm DSP cross-linker in PBS for 30 min.
Cross-linking was stopped by treatment with 20 mm Tris-HCl,
pH 7.5, for 15 min. Exponentially growing cells (5 X 107 cells)
were lysed with glass beads (0.5 mm) in 100 ul of Nonidet P-40
lysis buffer (50 mm HEPES-HCI, pH 7.4, 100 mm NaCl, 1.5 mm
MgCl,, 1% Nonidet P-40) plus 2X protease inhibitors (PMSF,
leupeptin, and pepstatin A) for 14 min. Insoluble material was
removed by centrifugation at 14,000 rpm for 2 min. The super-
natant was saved and incubated with 5 pg of monoclonal Myc
antibody (9E10) in 1 ml of Nonidet P-40 lysis buffer for 15 min
prior to the addition of 40 ul of protein A-Sepharose beads
(Repligen). Samples were rotated for 2.5 h at 4 °C followed by
three washes with Nonidet P-40 lysis buffer and resuspended in
1X SDS-PAGE loading buffer prior to Western blot analysis.
Immunoprecipitation of exogenously expressed proteins was
performed as above except cells were grown for 4 h in the
absence of oxygen prior to treatment with DSP under normoxic
conditions.

In Vitro Kinase Assay—Plasmids expressing recombinant
Hiss-tagged Hhp2, Hhp2-K41N, and SrelN were transformed
into E. coli BL21-CodonPlus (DE3) cells (Agilent). The His,-
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tagged Cnp3-N plasmid was transformed into E. coli BL21-
(DE3) ompT. Protein expression in E. coli was induced by treat-
ment of cells with 0.6 mm isopropyl B-p-thiogalactopyranoside
at an Ag, of 0.5 and shifted to 30 °C for 1-3 h. Cells were lysed
by sonication in lysis buffer (50 mm NaH,PO,, 300 mm NaCl,
and 10 mM imidazole at pH 8.0) with 1X Protease Complete
tablets (Roche Applied Science). Tagged proteins were purified
by nickel affinity chromatography using nickel-nitrilotriacetic
acid-agarose beads per the manufacturer’s instructions (Qia-
gen). Purified recombinant proteins (50 ng of kinase and 0.5 ug
of substrate) were incubated in kinase buffer (50 mm Tris-HCI,
pH7.5,10 mm MgCl,, 1% Triton X-100, 100 uM ATP, 0.1 ug/ul
BSA) at 30 °C for 1 h with 1 uCi of [y-**]ATP. Reactions were
stopped by addition of cold SDS-loading dye followed by
boiling for 5 min. Proteins were resolved by SDS-PAGE, and
incorporation of radioactive phosphate was detected by
autoradiography.

Mass Spectrometry—In vitro kinase assay was carried out as
described above but using unlabeled ATP. Proteins were visu-
alized by staining gels with GelCode Blue (Thermo Scientific),
and bands corresponding to substrates and kinases were
excised and analyzed by MS/MS at the Johns Hopkins Univer-
sity Mass Spectrometry and Proteomics Facility and the Taplin
Mass Spectrometry Facility. A radiolabeled kinase assay was
performed in parallel to confirm the reaction efficiency.

Sterol Analysis—Sterols were extracted from cells as
described previously with the following modifications (34). Cell
pellets (1 X 108 cells) were resuspended in 1 ml of methanol and
transferred to disposable glass tubes to which 8 ml of methanol
and 4.5 ml of 60% (w/v) KOH were added along with 5 ug of
cholesterol as a recovery standard. Samples were vortexed and
sterol esters were saponified at 75 °C for 2 h with gentle agita-
tion. Samples were cooled to room temperature, and nonsa-
ponifiable sterols were extracted with 4 ml of petroleum ether
(Sigma) and dried under nitrogen gas. Samples were resus-
pended in 300 ul of heptane, and 2 ul was injected into an
automatic liquid sampler on an Agilent 6850 gas chromato-
graph equipped with an HP-1 column and flame ionization
detector. Sterol species were identified, and peak areas were
normalized to the cholesterol standard.

RESULTS

Identification of Sre1N Negative Regulators—Decreased oxy-
gen or ergosterol synthesis stimulates proteolytic cleavage of
Srel to produce the active SrelN transcription factor (Fig. 1A4)
(8, 35). We previously demonstrated that SrelN activity is neg-
atively regulated in the presence of oxygen by the candidate
prolyl hydroxylase Ofd1 (17-19). To identify additional genes
involved in SrelN regulation, we conducted a genetic overex-
pression screen in S. pombe using an integrated reporter gene
regulated by SrelN activity (Fig. 1B). The reporter gene con-
sisted of four tandem Sre1N DNA-binding sites driving expres-
sion of ura4 ™ that codes for orotidine 5-monophosphate decar-
boxylase and is required for growth in the absence of uracil (18,
36). Orotidine 5-monophosphate decarboxylase also enables
the cells to metabolize the compound 5-FOA to the toxin
5-fluorouracil; thus, cells that highly express ura4™ fail to
grow in the presence of 5-FOA (29). Previously, we isolated

JANUARY 31,2014 +VOLUME 289-NUMBER 5

Casein Kinase 1 Regulates SREBP in Fission Yeast

A SrelN B 4xSRE-ura4* reporter

Cytosol
5'-ATCGTACCAT-3'

ER lumen
Sre1

C sre1N 4xSRE-ura4* cells

D Western Blot: sre7N strains
Plasmid EV hhp2+

-02(h) [o[1[3]0]1

Lane [1[2[3[4]5

3
6

Anti-Sre1

Anti-Actin e

FIGURE 1. Genetic screen identifies negative regulators of Sre1N. A, sche-
matic of Sre1 with soluble Sre1N (gray box) and region of cleavage (black
arrow) highlighted. ER, endoplasmic reticulum. B, diagram of the integrated
4XSRE-ura4™ reporter gene containing four consecutive SRE sequences
upstream of a minimal promoter and the ura4* gene. C, growth assay of sreTN
4XSRE-ura4™ reporter strains containing empty vector (EV), hhp2™, or ofd1*
constructs plated onto minimal medium (MM), minimal medium lacking ura-
cil (—Ura), and minimal medium containing 5-FOA. Cells were plated in 5-fold
serial dilutions. D, Western blot analysis of Sre1N expression in the sre1N
4XSRE-ura4™ reporter strain expressing adh-driven empty vector or hhp2™
constructs. Cells were grown in the absence of oxygen for the indicated times.
Actin served as a loading control.

positive regulators of SrelN using a related reporter gene
carrying two SRE sites and selecting for growth on medium
lacking uracil (18).

To identify negative regulators of SrelN, we generated a
strain that expressed the 4XSRE-ura4™ reporter construct and
SrelN (amino acids 1-440) from the endogenous srel™ locus
(18). Expression of SrelN was achieved by insertion of a stop
codon upstream of the first transmembrane domain segment of
Srel (Fig. 1A). This approach enabled the expression of Sre1N
independently of proteolytic cleavage. The sreIN 4XSRE-
ura4™ reporter strain was able to grow in complete medium
and in medium lacking uracil; however, the strain failed to grow
in the presence of 5-FOA (Fig. 1C) (18). In contrast, we previ-
ously reported that sreIN 3X SRE-ura4™ reporter cells grew on
5-FOA medium, suggesting that modest inhibition of SrelN
activity might rescue growth of sreIN 4XSRE-ura4™ cells on
5-FOA medium (18).

To screen for negative regulators of SrelN, we transformed
sreIN 4XSRE-ura4™ cells with the SPLE-1 S. pombe plasmid
¢DNA library (32). Each cDNA plasmid was driven by the alco-
hol dehydrogenase promoter (adh) and contained the S. cerevi-
siae LEU2 gene, which allowed for selection of transformants
on medium lacking leucine (32). A total of 2.4 X 10° transfor-
mants were screened for growth on leucine-free medium con-
taining 5-FOA. Cells expressing cDNAs that decreased SrelN
transcriptional activity would grow in the presence of 5-FOA,
whereas those containing cDNAs that either enhanced or had
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TABLE 1
cDNAs isolated from genetic screen

No. of clones

Name Description isolated
hhp2™" Casein kinase 1 family protein 4
ofd1™ 2-Oxoglutarate and Fe(II) dioxygenase 8

domain containing protein 1
tom70™" Mitochondrial TOM complex subunit 1

Tom?70

no effect on SrelN activity would fail to grow. Clones growing
in the presence of 5-FOA were isolated, and plasmids were
extracted and sequenced to identify the expressed cDNAs. Sev-
eral clones were isolated that contained plasmids coding for the
same gene. From our screen we isolated several genes that pro-
moted growth in the presence of 5-FOA. Notably ofdl™ and
hhp2™ were isolated multiple times, and tom 70" was isolated
once (Table 1). ofd1™ is a transcriptional target and negative
regulator of SrelN, thus validating our screen, and tom70™ is a
predicted subunit of the mitochondrial TOM complex (14, 17).
hhp2*, a homolog of the mammalian casein kinase 1 (CK1)
family, was isolated four times (22, 37). Hhp2, like Sre1N, local-
izes to the nucleus and has been shown to function in response
to DNA damage and to be required for chromosomal segrega-
tion during meiosis (22, 23). A role for Hhp2 in sterol homeo-
stasis has not been described.

Overexpression of hhp2™ Reduces SrelN Protein—We veri-
fied that the 5-FOA-resistant phenotype of the ihp2™* -express-
ing clones was plasmid-dependent by retransforming the
hhp2™ library plasmid into the sreIN 4X SRE-ura4™ strain and
plating cells onto minimal medium, minimal medium lacking
uracil, and minimal medium with 5-FOA (Fig. 1C). Strains con-
taining appropriate empty or ofd1™ plasmids served as controls.
Cells with empty vector grew on both minimal medium and
minimal medium lacking uracil plates, but cells failed to grow
on plates that contained 5-FOA. Cells expressing hhp2™
showed reduced growth in the absence of uracil compared with
cells containing empty vector but more growth relative to cells
expressing ofd1™. Additionally, like Ofd1, expression of hhp2™
promoted growth on medium containing 5-FOA relative to
empty vector cells. These data suggest that #hp2™ expression
negatively affects SrelN activity, resulting in decreased Ura4
production compared with empty vector cells, allowing for
growth in the presence of 5-FOA. Compared with ofd1™-ex-
pressing cells, #hp2™ -expressing cells grew better on uracil-free
medium but more slowly on 5-FOA medium.

To test if hhp2™ altered SrelN levels, we measured SrelN by
Western blot in sreIN 4XSRE-ura4™ cells expressing either
empty vector or #hp2* grown under normoxia or low oxygen
(Fig. 1D). Empty vector cells expressed SrelN in the presence of
oxygen, and upon oxygen depletion, the Sre1N increased. How-
ever, hhp2™ -expressing cells contained less Sre1N than empty
vector cells both in the presence of oxygen and upon being
shifted to low oxygen. These data, along with the growth assay,
indicate that #hp2™ is a negative regulator of SrelN.

We performed a parallel study to verify the phenotype for
tom70". Compared with cells with empty vector, tom70" -ex-
pressing cells were resistant to 5-FOA (Fig. 24) and contained
less SrelN in the absence of oxygen relative to cells with empty
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FIGURE 2. Verification of tom70™* as a negative regulator of Sre1N. A,
growth assay of sre1N 4X SRE-ura4™* reporter strains containing empty vector
(EV), tom70™, or hhp2* constructs plated as in Fig. 1C. B, Western blot analysis
of Sre1N expression in the sre1N 4X SRE-ura4™ reporter strain expressing adh-
driven empty vector or tom70" constructs. Cells were treated as in Fig. 1D.
MM, minimal medium.

vector (Fig. 2B). These data suggest that, like #hp2™, tom70™
negatively regulates Sre1N. However, tom 70" -expressing cells
exhibited slow growth relative to cells carrying empty vector,
necessitating additional experiments to determine whether
these effects are direct. These studies are ongoing.

Hhp2 Regulates SrelN and Sterol Homeostasis—Overexpres-
sion of hhp2™ decreased SrelN. To confirm the role of Hhp2 in
SrelN regulation, we generated an srelN strain with a deletion
of hhp2™ and assessed SrelN levels in sreIN and srelN hhp2A
cells by Western blot under normoxic and low oxygen condi-
tions (Fig. 3A, top panel). In the presence of oxygen, SrelN
levels were low in srelN cells and increased upon shifting cells
to low oxygen conditions. However, sreIN hhp2A cells showed
elevated levels of SrelN in the presence of oxygen and a slight
increase during low oxygen.

SrelN directly activates its own transcription through a pos-
itive feedback loop (14). To determine whether the Sre1N pres-
ent in sreIN hhp2A cells was functional, we examined SrelN
activity. We assessed mRNA levels of the SrelN target genes
hem13™ and sreIN" by Northern blot and observed that, rela-
tive to srelN cells, sreIN hhp2A cells exhibited higher levels of
target mRNAs under normoxic conditions (Fig. 34, bottom
panel). Because SrelN induces expression of genes required for
ergosterol biosynthesis, we also measured ergosterol levels of
sreIN and sreIN hhp2A cells in the presence of oxygen (Fig. 3B)
(14). Compared with srelIN cells, ergosterol was 47% higher in
srelIN hhp2A cells. Together, these results confirm our overex-
pression studies showing that Hhp2 is a negative regulator of
SrelN, and we demonstrate that deletion of #hp2™ increases
functional SrelN and ergosterol.

Hhp2 Controls SrelN Stability—Oxygen regulates both the
stability of SrelN and its DNA binding activity (17, 19). Given
that sreIN expression involves a positive feedback loop,
changes at multiple regulatory steps could affect Sre1N expres-
sion. To test whether Hhp2 regulates SrelN stability, we uti-
lized a previously characterized sreI/N-MP (mutant promoter)
strain in which the Srel DNA-binding sites (SREs) in the sre/N
promoter have been mutated, inhibiting the SrelN-positive
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FIGURE 3. Hhp2 regulates Sre1N and sterol homeostasis. A, Western (top
panels) and Northern blot (bottom panel) analyses of sre1N, sreTN hhp2A, and
sre1A cells grown in the presence or absence of oxygen for 3 h. Whole-cell
lysates were subjected to Western blotting to assess Sre1N and B-actin
expression. Total RNA was analyzed by Northern blot and probed for sreTN™,
hem13*,and tub1* expression. Blots shown are representative of three inde-
pendent experiments. B, sterol levels of sre1N, sre1N hhp2A, and sre1A cells
grown under normoxic conditions were quantified by gas chromatography.
Recovery was normalized to an internal cholesterol standard. All data are
expressed as mean = S.E. of three independent experiments. *, p < 0.03.

feedback loop (17). Consequently, changes in Sre1N are due to
post-transcriptional regulation in sreIN-MP cells. Under low
oxygen, sreIN-MP cells showed increased SrelN, but no
change in sreIN mRNA, reflecting the oxygen regulation of
SrelN stability (Fig. 4A4) (17). sreIN-MP hhp2A cells showed
increased SrelN in both the presence and absence of oxygen
relative to sreIN-MP cells (Fig. 44, lanes 3 and 4). sreIN™"
mRNA was equal under all conditions, consistent with Hhp2
post-transcriptional regulation of SrelN. As expected, increased
SrelN resulted in elevated mRNA for the SrelN target gene hem13™,
indicating that the Sre1N accumulating in sreIN-MP hhp2A cells was
functional.

To test further whether Hhp2 controls SrelN stability, we
measured SrelN half-life using a cycloheximide chase assay
(Fig. 4B) (17). sreIN and sreIN hhp2A cells were grown in the
absence of oxygen for 4 h to accumulate SrelN. Cells were then
treated with the translation inhibitor cycloheximide and shifted
to normoxic conditions, and whole-cell lysates were harvested
every 5 min. Western blot analysis indicated that the half-life of
SrelN in wild-type cells was ~8 min, similar to what has been
reported previously (17, 18). In contrast, #hp2A cells had an
average SrelN half-life of ~27 min (Fig. 4B). These results cou-
pled with our studies in the sreIN-MP strain show that Hhp2
regulates SrelN by accelerating its degradation.

Hhp2 Kinase Activity Is Required to Accelerate SrelIN
Degradation—Next, we sought to elucidate the mechanism by
which Hhp2 regulates SrelN stability. Hhp2 is the S. pombe
homolog of mammalian casein kinase 16 (CK16) and CK1e that
have been shown to phosphorylate and subsequently promote
the degradation of target proteins; therefore, we hypothesized
that Hhp2 may regulate SrelN stability through SrelN phos-
phorylation (22, 25, 37-39).
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To investigate whether Hhp2 kinase activity was required for
SrelN regulation, we performed Western blot analysis of
whole-cell lysates from sreIN hhp2A strains expressing empty
vector, hhp2"-myc, or kinase-dead hhp2" -K41N-myc (gener-
ated by a lysine to asparagine mutation at residue 41) (Fig. 5A4).
srelN hhp2A cells containing an empty vector exhibited highly
elevated levels of SrelN relative to control sreIN cells, and
expression of #hip2™ in the mutant resulted in a significant
decrease of SrelN. However, when kinase-dead Hhp2 K41N
was expressed to an equivalent level in the mutant, we observed
no change in SrelN compared with empty vector #hip2A cells.
The inability of Hhp2 K41N to alter levels of SrelN indicated
that Hhp2 kinase activity is required to accelerate SrelN deg-
radation. Additionally, the data further confirm Hhp2 as a neg-
ative regulator of SrelN protein, because expression of #hp2™
largely complemented the /#hp2A strain. Incomplete comple-
mentation was most likely due to cell-to-cell variation in plas-
mid copy number due to the fact that S. pombe expression sys-
tems lack centromere-based plasmids (40).

SrelN is degraded via the proteasome in the presence of oxy-
gen, and thus we sought to determine whether Hhp2 acceler-
ated SrelN degradation through this pathway (17, 18). We
assayed SrelN levels in #hp2A strains carrying empty vector or
expressing hhp2*-myc after treatment for 3 h with the protea-
some inhibitor bortezomib (BZ) or vehicle (DMSO); sreIN cells
containing empty vector were included as a positive control
(Fig. 5B). Two independent hhp2-myc hhp2A strains were ana-
lyzed. In sre1N vehicle-treated cells, Sre1N was undetectable by
Woestern blot, and treatment with BZ resulted in accumulation
of SrelN indicating proteasome inhibition (Fig. 5B, lanes 1 and
2). hhp2A cells showed highly elevated levels of SrelN in the
absence of BZ (Fig. 5B, lane 7). Expression of ihp2™ in hhp2A
cells decreased SrelN as expected due to SrelN accelerated
degradation. Importantly, the Hhp2-dependent degradation
was blocked by addition of BZ, consistent with Hhp2 promot-
ing SrelN degradation by the proteasome (Fig. 5B, lanes 3 6).
BZ treatment of ihp2A cells carrying hhp2™ vector increased
SrelN, but levels did not equal that of the BZ-treated hhp2A
strain carrying empty vector (Fig. 5B, lanes 4, 6, and 8). The
failure of BZ treatment to completely block the effects of Hhp2
on SrelN suggested incomplete complementation from a lack
of centromere-based plasmids in S. pombe or that Hhp2 may
have proteasome-independent effects on SrelN (40). Interest-
ingly, the hhip2A strain carrying empty vector contained high levels
of Sre1N, and upon treatment with BZ, the SrelN levels increased
further (Fig. 5B, lanes 7 and 8), suggesting the existence of an
Hhp2-independent mechanism for Sre1N degradation.

Hhp2 Binds and Phosphorylates SreIN—SrelN exists as a
hyperphosphorylated protein that contains at least 22 phos-
phorylated serine and threonine residues® (8). This fact, along
with the requirement for Hhp2 kinase to accelerate Sre1N deg-
radation, suggested that SreIN may be an Hhp2 substrate. To
address this, we first tested whether Hhp2 interacts with Sre1N
by performing a co-immunoprecipitation assay using srelN
cells that expressed either untagged or Myc-tagged Hhp2 at the

3 B.T. Hughes and P. J. Espenshade, unpublished observations.
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FIGURE 4. Hhp2 accelerates Sre1N degradation. A, Western (top panel) and Northern (bottom panel) blot analyses of sreTN-MP and sre1N-MP hhp2A strains
grown in the presence or absence of oxygen for 3 h. Whole-cell lysates and total RNA were analyzed as in Fig. 3. Blots shown are representative of three
independent experiments. B, cycloheximide chase experiment of sre1N and sre1N hhp2A cells grown in the absence of oxygen for 4 h, treated with cyclohex-
imide (CHX) (200 ng/ml) at t = 0, and shifted to normoxic conditions for the indicated time. Graph shows percentage of Sre 1N remaining at each time point. Blot
and graph are representative of three independent experiments.
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FIGURE 5.Hhp2 kinase activity is required for Sre1N degradation. A, Western blot of whole-cell lysates from sre TN hhp2A cells carrying empty vector, hhp2™,
or hhp2-K41N constructs and sreTN cells with empty vector. Blots were probed for SreTN, Myc, and B-actin expression and are representative of three
independent experiments. B, Western blot of whole-cell lysates from sre1N or sre TN hhp2A cells carrying empty vector or hhp2™ plasmid treated with DMSO or
1 mm bortezomib (BZ) for 3 hiin the presence of oxygen. Lanes 3—-6 show two independent plasmid transformants. Blots were probed for Sre1N expression and

are representative of three independent experiments.

hhp2* locus (Fig. 6A). SrelN is rapidly degraded under nor-
moxic conditions through the action of the E3 ubiquitin ligase
Ubrl (17, 19). To improve our ability to detect an interaction
between Hhp2 and Sre1N, we used a uubrIA strain that accumu-
lates SrelN in the presence of oxygen. To test whether Hhp2
interacted with the precursor Srel or the activated transcrip-
tion factor SrelN, we performed these studies in cells that
expressed endogenous full-length, cleavable Srel. Immunopre-
cipitation of Hhp2 from cross-linker-treated cells specifically
pulled down SrelN, but not Srel precursor, indicating that
Hhp2 interacts with SrelN in vivo in the presence of oxygen
(Fig. 6A).

We next investigated whether Hhp2 kinase activity was
required for binding to Sre1N. Co-immunoprecipitation assays
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were performed using #ip2A cells carrying either empty vector,
hhp2*-myc, or kinase-dead hhp2"-K41N-myc plasmids (Fig.
6B). SrelN co-immunoprecipitated with both Hhp2 and Hhp2-
K41N demonstrating that kinase activity is not required for the
SrelN-Hhp2 interaction. However, relative to the input lane,
kinase-dead Hhp2 bound less SrelN compared with the wild-
type enzyme (Fig. 6B, lane 3), suggesting that kinase activity or
the Lys-41 side chain is required for optimal SrelN binding.
To determine whether SrelN is an Hhp2 substrate, we tested
the effect of hhp2* deletion on SrelN phosphorylation by
Western blot (Fig. 6C). Western blot analysis of sreIN cell
lysates showed SrelN as a smear (Fig. 6C, lane I). Treatment of
cell lysates with alkaline phosphatase collapsed the smear to a
single band indicating that SrelN is hyperphosphorylated as

S
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FIGURE 6. Hhp2 binds and phosphorylates Sre1N. A, co-immunoprecipitation (IP) of Hhp2-Myc and Sre1 from ubr1A, ubr1A hhp2-myc, and ubr1A hhp2-myc
sre1A cells treated with 2 mm DSP cross-linker in PBS for 30 min was carried out using anti-Myc antibody and Nonidet P-40-solubilized whole-cell lysates. Input
and bound (20X overloaded) fractions were analyzed by Western blot using anti-Myc and anti-Sre 1. Blots are representative of three independent experiments.
Pand N denote the precursor and nuclear forms of Sre1, respectively. B, co-immunoprecipitation of Hhp2 and Sre 1N in sreTN hhp2A cells carrying the indicated
plasmids was carried out as in A except cells were grown for 4 h in the absence of oxygen, switched to normoxic conditions, and treated with 2 mm DSP
cross-linker in PBS for 30 min prior to lysis. Anti-Myc bound is 10X overloaded. Blots are representative of three independent experiments. C, Western blot of
whole-cell lysates from sre1N and sreTN hhp2A cells grown in the presence of oxygen and treated with 1 mm bortezomib (BZ) for 3 h. Lysates in lanes 3 and 4
were treated with alkaline phosphatase (AP). sreTN samples (lanes 1 and 3) were 12X overloaded relative to mutant samples to enable visualization of SreTN
protein. D, in vitro kinase assay was performed with the indicated purified recombinant Hhp2 and either Sre1N or Cnp3-N as substrate. Kinase reaction products
were resolved by SDS-PAGE, and autoradiograms are shown. E, sequence of Sre1N showing mass spectrometry results of Sre1N-Hhp2 in vitro kinase reaction.

Peptides identified are underlined. Phosphorylated residues are boxed.

reported previously (Fig. 6C, lane 3) (8). Srel1N mobility was
unaltered in ihp2A cells, and the hyperphosphorylated species
collapsed to a single band upon alkaline phosphatase treatment
(Fig. 6C, lanes 2 and 4). These data suggest that Hhp2 is not the
sole SrelN kinase and that Hhp2 likely phosphorylates Sre1N at
either a single or a small number of residues whose effect on the
mass of SrelN cannot be seen due to the heavily phosphory-
lated state of SrelN.

We next decided to employ a direct approach to test
whether Hhp2 phosphorylated SrelN by performing an in
vitro kinase assay using purified, bacterially expressed Hhp2
and SrelN (Fig. 6D). Recombinant Hhp2 was active inso-
much as it phosphorylated the known substrate Cnp3-N that
served as a positive control (Fig. 6D, lane 3, bottom panel)
(23). No kinase activity was detected in the reaction contain-
ing kinase-dead Hhp2-K41N and SrelN (Fig. 6D, lane 4, bot-
tom panel). Hhp2 undergoes autophosphorylation, and we
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observed this in the Hhp2-only reaction (Fig. 6D, lane I)
(41). This signal was absent from the Cnp3-N panel due to
the different masses of Hhp2 (~55 kDa) and Cnp3-N (~30
kDa). Incubation of SrelN with Hhp2 resulted in robust
phosphorylation of SrelN that required Hhp2 kinase activity
(Fig. 6D, lanes 3 and 4). Hhp2-phosphorylated Sre1N species
did not display the same extent of mobility shift as the smear
observed in Fig. 6C, suggesting that Hhp2 phosphorylates a
smaller number of SrelN residues.

To confirm the in vitro phosphorylation of SrelN, we per-
formed tandem mass spectrometry analysis of excised gel slices
from SreIN-Hhp2 and SrelN-Hhp2-K41N in vitro kinase
assays. Purified Hhp2 and SrelN have similar molecular masses
and thus co-migrated on SDS-PAGE. Mass spectrometry anal-
ysis confirmed that the bands visualized by autoradiography in
the SreIN-Hhp2 sample corresponded to phosphorylated
SrelN peptides. Peptide coverage of SrelN was 65%, and we
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identified four phosphorylated SrelN residues as follows: Thr-
197, Ser-245, Ser-247, and Thr-249 that are all upstream of the
basic helix-loop-helix DNA binding domain of SrelN (Fig. 6E).
Several serine and threonine residues are present in the unde-
tected SrelN peptides; therefore, it is possible that not all phos-
phorylated residues were identified. We were unable to identify
autophosphorylated Hhp2 residues in the Sre1IN-Hhp2 sam-
ple, possibly due to the low abundance of phosphorylated
Hhp2. No phosphorylated peptides for either Srel1N or Hhp2-
K41IN were identified in the SrelN-Hhp2-K41N sample.
Together, these data demonstrate that Hhp2 binds and phos-
phorylates SrelN.

Hhp2 Is a Regulator of Sterol Homeostasis—Thus far, our
studies have been conducted in cells expressing Sre1N but not
the endogenous full-length Srel protein. To evaluate the func-
tion of Hhp2 in sterol regulation under physiological condi-
tions, we generated an /#hp2 deletion strain from wild-type S.
pombe that expresses a full-length Srel. Measurement of ergos-
terol levels in the Zhp2A cells grown in the presence of oxygen
revealed a 29% increase in ergosterol relative to wild-type cells
(Fig. 7A). We next assessed SrelN levels in these cells and
observed an accumulation of Sre1N in the /p2A strain relative
to wild-type cells, consistent with a role for Hhp2 in SrelN
degradation (Fig. 7B). We also observed an increase in Srel
precursor in hhp2A cells, likely due to increased SrelN and
positive feedback on the srel™ promoter. Together, these data
demonstrate that Hhp2 is a key negative regulator of Sre1N that
is required to maintain sterol homeostasis under nonstress con-
ditions. In the presence of oxygen, Hhp2 functions in the deg-
radation of SrelN that results from a constitutive, low level of
Srel cleavage.

DISCUSSION

SREBPs regulate sterol homeostasis in yeast and mammals
(42). The initial characterization of the fission yeast SREBP
pathway revealed that the active SrelN transcription factor was
hyperphosphorylated, suggesting potential regulation of sterol
homeostasis by kinases/phosphatases (8). Using a high copy
plasmid screen, we identified the mammalian casein kinase
16/e homolog, Hhp2, as a novel regulator of Sre1N stability and
sterol homeostasis in fission yeast. Hhp2 binds SrelN and
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acceleratesits degradation via the proteasome. Hhp2 phosphor-
ylates SrelN in vitro, and kinase activity is required for Sre1N
degradation, suggesting that Hhp2 phosphorylation of SrelN
targets it for degradation. Consistent with the role of SrelN in
activating sterol synthesis, deletion of Hhp2 increased sterols
in wild-type cells and cells expressing only the truncated Sre1N.
Importantly, Hhp2 functions independently from changes in
oxygen, providing a novel mechanism for control of SREBP
activity.

The SREBP pathway is highly conserved in pathogenic fungi
that cause infections in immunocompromised individuals (43).
Indeed, Srel is required for virulence of the fungal pathogens
Cryptococcus neoformans and Aspergillus fumigatus in mouse
models of disease (44 —46). As a regulator of Srel, Hhp2 may
also be required for virulence of these clinically important
pathogens. Current antifungal drugs target the ergosterol path-
way (47). Given that Hhp2 regulates ergosterol homeostasis,
modulation of Hhp2 activity may improve the efficacy of exist-
ing antifungals.

Using mass spectrometry, we identified four SrelN residues
phosphorylated by Hhp2 in vitro (Fig. 6E), and these data vali-
dated that Hhp2 binds SrelN directly. To test whether these
residues were endogenous substrates required for Sre1N stabil-
ity, we mutated all four amino acids to alanine. Stability of this
mutant SrelN was unchanged, indicating that the residues are
in vitro substrates but likely not Hhp2 sites in vivo (data not
shown). CK1s prefer pre-phosphorylated substrates that have
been primed by action of another kinase and recognize the con-
sensus sequence (pS/pT)XX(S/T) (21). The SrelN substrate
used in our studies was purified from E. coli and likely lacked
any priming phosphorylation that occurs in fission yeast cells.
Future studies will determine the endogenous Hhp2 phosphor-
ylation sites to dissect the role of Hhp2-dependent degradation
in the overall control of the Srel pathway. Importantly, the
requirement for priming phosphorylation for Hhp2 substrate
recognition provides an opportunity for additional kinase reg-
ulation of SrelN turnover.

SrelN is a short lived protein with a half-life of ~8 min in
wild-type cells (17). This rapid turnover of Sre1N is mediated by
the E2 ubiquitin-conjugating enzyme Rhp6 and the E3 ubiqui-
tin ligase Ubr1 that target SrelN for proteasomal degradation
(19). Hhp2 accelerates SrelN proteasomal degradation, and
hhp2* deletion increased SrelN half-life to ~27 min (Fig. 4B).
SrelN degradation in hhp2A cells is still faster than in ubriA
cells (~100 min), and addition of proteasome inhibitor to
hhp2A cells further stabilized SrelN (Fig. 5B). Together, these
data indicate that SrelN is degraded by both Hhp2-dependent
and Hhp2-independent pathways. The candidate prolyl
hydroxylase Ofdl accelerates SrelN in an oxygen-regulated
manner (17, 20). Future studies will investigate the relationship
between Hhp2- and Ofd1-dependent mechanisms for SrelN
degradation through Rhp6/Ubrl. The presence of Hhp2-de-
pendent and -independent pathways would enable cells to fine-
tune ergosterol metabolism in response to various stimuli such
as changes in oxygen concentration and nutrient availability. In
addition to ergosterol biosynthesis, SrelN regulates genes
required for heme and sphingolipid biosynthesis, electron
transport, and amino acid metabolism, suggesting that differ-
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ent SrelN regulatory pathways may exist to modulate specific
arms of metabolism (14). Here, we describe a mechanism of
Hhp2-dependent degradation of SrelN, yet it is possible that
Hhp2 may also alter SrelN activity at the level of sreIN trans-
lation. Because Hhp2 binds to Sre1N and based on reports dem-
onstrating the direct role of CKls on protein stability, it is
unlikely Hhp2 impacts SrelN solely at the level of translation
(25, 38, 39).

The ability of Hhp2 to accelerate SrelN degradation pro-
vides a mechanism for integration of non-oxygen signals into
the control of sterol metabolism. But the signals that control
Hhp2 activity are unknown. Autophosphorylation increases
Hhp2 activity in vitro, whereas CK16/e autophosphorylation
is inhibitory (41, 48 —50). One possibility is that Hhp2 could
be controlled by a protein phosphatase through removal of
regulatory phosphorylation. In addition, it was recently
reported that mammalian CK1le enzymatic activity is acti-
vated upon binding to the DEAD box RNA helicase DDX3
(51). Although the precise mechanism behind this regulation
is not known, discovery of DDX3 as a CK1 enhancer suggests
that Hhp2 activity may also be regulated in this fashion.
Additional genetic screens may identify factors that regu-
lated Hhp2 activity, providing clues to the upstream signals
that control SrelN turnover.

In addition to Hhp2, S. pombe codes for a second CK16/e
homolog called Hhp1 that shares 75% amino acid sequence
identity with Hhp2 (22). Both kinases have been shown to
serve redundant cellular functions (22, 23, 52). However,
previously, we identified Hhp1 in a high copy plasmid screen
to identify positive regulators of Sre1N activity (18). It will be
interesting to test whether SrelN is also a substrate for Hhp1
and whether the two kinases have opposing effects on SrelN
activity.

The CK1 Hhp?2 is the first kinase reported to function in
the fungal SREBP pathway, but multiple kinases have been
implicated in the regulation of mammalian SREBPs, includ-
ing GSK3, CDK8, and AMP-activate protein kinase (53-56).
Interestingly, like Hhp2, GSK3 and CDK8 phosphorylate
SREBP, promoting its degradation via the proteasome (53,
55). The high degree of SREBP pathway conservation
between S. pombe and mammals and the existence of mam-
malian Hhp2 homologs CK16 and CKle suggest that CK1s
may also regulate cholesterol homeostasis by controlling
SREBP stability in humans. Indeed, a recent high throughput
c¢DNA overexpression screen for SREBP regulators identi-
fied CKle as a negative regulator of SREBP activity in HEK-
293 cells (57). Should CK1 regulation of SREBP be con-
served, this finding would have important implications for
regulation of lipid metabolism. Multiple lines of evidence
link circadian rhythm to control of cell metabolism (25,
58— 61). Mammalian CK16/e are key regulators of the mam-
malian molecular circadian clock; mutation of CKle is
responsible for the short period mutation in the tau mutant
Syrian hamster, and a missense mutation in CK16 results in
human familial advanced sleep phase syndrome (62— 64).
Identification of CK1s as regulators of mammalian SREBPs
would provide a mechanism for the coordinate regulation of
lipid and circadian-dependent metabolism. Studies are
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underway to test whether SREBP regulation by CK1 is
conserved.
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