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ABSTRACT

The SREBP transcription factors are major regulators of lipid metabolism. Disturbances in lipid metabolism
are at the core of several health issues facing modern society, including cardiovascular disease, obesity
and diabetes. In addition, the role of lipid metabolism in cancer cell growth is receiving increased
attention. Transcriptionally active SREBP molecules are unstable and rapidly degraded in a
phosphorylation-dependent manner by Fbw?7, a ubiquitin ligase that targets several cell cycle regulatory
proteins for degradation. We have previously demonstrated that active SREBP1 is stabilized during mitosis.
We have now delineated the mechanisms involved in the stabilization of SREBP1 in mitotic cells. This
process is initiated by the phosphorylation of a specific serine residue in nuclear SREBP1 by the mitotic
kinase Cdk1. The phosphorylation of this residue creates a docking site for a separate mitotic kinase, Plk1.
Plk1 interacts with nuclear SREBP1 in mitotic cells and phosphorylates a number of residues in the C-
terminal domain of the protein, including a threonine residue in close proximity of the Fow7 docking site
in SREBP1. The phosphorylation of these residues by Plk1 blocks the interaction between SREBP1 and
Fbw7 and attenuates the Fbw7-dependent degradation of nuclear SREBP1 during cell division.
Inactivation of SREBP1 results in a mitotic defect, suggesting that SREBP1 could regulate cell division. We
propose that the mitotic phosphorylation and stabilization of nuclear SREBP1 during cell division provides
a link between lipid metabolism and cell proliferation. Thus, the current study provides additional support
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for the emerging hypothesis that SREBP-dependent lipid metabolism may be important for cell growth.

Introduction

Members of the sterol regulatory element-binding protein
(SREBP) family of transcription factors control cholesterol and
fatty acid metabolism."”> The SREBP family of transcription
factors consists of 3 different proteins; SREBP1a, SREBP1c, and
SREBP2. The SREBPs are synthesized as large precursor pro-
teins that are inserted into the endoplasmic reticulum mem-
branes and are transcriptionally inactive.™ In sterol-depleted
cells, the SREBPs are transported to the Golgi by SCAP, where
they are processed by 2 membrane-associated proteases that
release the mature forms of the proteins.” In addition, the pro-
teolytic maturation of SREBPIc is enhanced in response to
insulin signaling. The mature forms of the SREBPs are tran-
scriptionally active and are translocated to the nucleus where
they bind to the promoters of SREBP target genes, most of
which are involved in lipid metabolism. The factors and mecha-
nisms involved in the activation of the SREBPs have been eluci-
dated in great detail in sophisticated biochemical and genetic
studies.” The functional importance of the SREBP pathway has
been illuminated in a series of genetic studies in mice.” How-
ever, the potential role of SREBP-dependent processes during
development or in rapidly proliferating cells, such as cancer
cells, have not received the same level of attention.

SREBP1a and SREBPIc¢ originate from a single gene and the
nuclear proteins only differ in the length of their N-terminal

transactivation domains. SREBP1c is the dominant form of
SREBPI in most adult tissues, except some rapidly proliferating
tissues.® The relatively high level of expression of SREBPIa in
these tissues could, at least in part, be explained by the ability
of SREBPIa to activate genes involved in both fatty acid and
cholesterol synthesis, something that may be required to meet
the high demand for lipid synthesis in these tissues in order to
sustain cell proliferation.

The nuclear forms of the SREBPs are highly unstable and are
rapidly degraded by the ubiquitin-proteasome pathway.”
GSK3-mediated phosphorylation of the C-terminus of nuclear
SREBP1 (nSREBP1) creates a docking site for Fbw7, the sub-
strate recognition component of a specific SCF ubiquitin
ligase.>® Fbw?7 is a tumor suppressor and is involved in the deg-
radation of a number of proteins involved in cell cycle progres-
sion.'”'* Fbw7 interacts with nSREBP1 and enhances its
ubiquitination and degradation in a manner dependent on the
phosphorylation of threonine 426 (T426) and serine 430 (S430)
(T402 and S406 in SREBPI1c) (the organization of nSREBP1
and the localization of the phosphorylation sites discussed in
this report are illustrated in Fig. S1). Since Fbw?7 is a tumor sup-
pressor and targets a large number of cell cycle regulators, we
were interested in the potential link between SREBP function
and cell cycle progression. We reported that nSREBP1 was
hyperphosphorylated and stabilized during mitosis, and that
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the expression of many SREBP target genes was induced in
mitotic cells."” Subsequently, we identified one of the phos-
phorylated residues, serine 439 (5439), in SREBPla (S415 in
SREBPIc), located in the C-terminal domain of the protein,
and demonstrated that Cdkl was responsible for the modifica-
tion of this residue during mitosis.'* When the phosphorylation
of this residue was inhibited the hyperphosphorylation and sta-
bilization of nSREBP1 during mitosis were attenuated. How-
ever, the mechanisms involved in the stabilization of nSREBP1
during mitosis remained unresolved.

The protein kinase Polo-like kinase (Plk) 1 is involved in a
number of mitotic events, including entry into mitosis, assem-
bly of the bipolar spindle, and mitotic exit.'>"” The activity of
Pkl starts to increase during G, and peaks during mitosis.
Plk1 consists of a kinase domain and 2 polo-box regions. Acti-
vation of PIk1 in G, requires Aurora A to phosphorylate threo-
nine 210 in the activation loop of its kinase domain. Following
activation, the 2 polo-box regions fold together to form a polo-
box domain (PBD), which binds phosphorylated target pro-
teins. Cdkl often provides the initial phosphorylation of sub-
strate proteins recognized by the PBD in Plkl. As mentioned
above, Cdkl phosphorylates S439/415 in the C-terminal
domain of nSREBP1 during mitosis. The sequence surrounding
$439/415 fits the preferred binding site of the PBD of PIk1, sug-
gesting that nSREBP1 could be a target for this kinase in mito-
sis. We now confirm this hypothesis, demonstrating that the
Cdkl-mediated phosphorylation of $439/415 creates a func-
tional binding site for Plkl in the C-terminal domain of
nSREBP1. PIkl interacts with nSREBP1 during mitosis, result-
ing in the Plkl-mediated phosphorylation of at least 3 Thr/Ser
residues in the C-terminal domain of the protein. The phos-
phorylation of these residues contributes to the hyperphos-
phorylation and stabilization nSREBP1 during mitosis.
Mechanistically, we demonstrate that the phosphorylation of
these residues interferes with the interaction between nSREBP1
and Fbw7, thereby preventing the Fbw7-dependent degradation
of nSREBP1 during mitosis. Finally, we demonstrate that inac-
tivation of SREBP1 results in mitotic defects, suggesting that
SREBP1 could regulate cell division.

Results
Nuclear SREBP1 interacts with Plk1 during mitosis

Cdk1 phosphorylates S439/415 in the C-terminus of nSREBP1
during mitosis and the sequence surrounding S439/415 fits the
preferred binding site for the PBD found in Plk1. To determine
if PIk1 could interact with nSREBP1, cells were transfected with
nSREBP1a, either wild-type (WT) or a mutant lacking the C-
terminal domain, including S439. Endogenous PIk1 interacted
with WT nSREBP1a, but failed to interact with the mutant
lacking the C-terminal domain (Fig. 1A). Endogenous Plkl
also failed to interact with nSREBPla in which S439 was
mutated to alanine (S439A in Fig. 1B), suggesting that S439 is
important for the interaction between nSREBPI and Plkl. In
order to directly test this hypothesis, we used peptide pull-
down assays utilizing peptides containing the sequence sur-
rounding S439, either unmodified or phosphorylated on S439.
The phosphorylated peptide interacted with endogenous Plk1

in cell extracts, while the unmodified peptide failed to do so
(Fig. 1C, upper panel). The phosphorylated peptide also inter-
acted with the PBD of Plkl in extracts prepared from cells
expressing this domain, while it failed to interact with a mutant
form of PBD unable to interact with target proteins (Fig. 1C,
lower panel). In addition, recombinant nSREBP1a interacted
with Plkl following Cdkl-mediated phosphorylation, and
mutation of S439 blocked this interaction (Fig. 1D). Taken
together, these results suggest that the phosphorylation of S439
in the C-terminus of nSREBP1 creates a binding site for the
PBD of Plkl.

In order to determine if the PBD of PIkl1 could interact with
endogenous SREBP1, we used recombinant GST-tagged Plk1-
PBD in GST pull-down assays with extracts from HeLa cells
arrested at different phases of the cell cycle. The PBD of Plkl
pulled out nSREBP1 specifically from mitotic extracts (Fig. 1E).
Only a small amount of nSREBP1 associated with the binding-
deficient mutant version of the PBD under these conditions,
suggesting that the interaction is specific. In addition, both
nSREBP1la and nSREBPIc interacted with endogenous Plkl in
mitotic cells following transfection into HEK293 cells (Fig. S2).
Importantly, endogenous Plkl interacted with endogenous
nSREBP1 in mitotic HeLa cells (Fig. 1F). Thus, Plkl interacts
with nSREBP1 during mitosis following phosphorylation of
$439/415 in its C-terminal domain.

Plk1 phosphorylates the C-terminal domain
of nuclear SREBP1

Having demonstrated that nSREBP1 interacts with Plkl during
mitosis, we wanted to determine if Plkl could phosphorylate
nSREBP1. To test this hypothesis, we performed in vitro kinase
assays with recombinant nSREBP1a and PIk1 in the presence
of **P-labeled ATP, followed by phosphopeptide mapping and
Edman degradation. Pkl was able to phosphorylate nSREBP1
on both Ser and Thr residues in vitro (Fig. S3). Edman degrada-
tion of individual phosphopeptides identified 3 potential phos-
phorylation sites in nSREBP1a, threonine 424 (T424), serine
467 (5467) and serine 486 (5486) (Fig. S3), all contained within
the C-terminal domain of nSREBP1 (Fig. S1). The sequence of
the C-terminal domains of nSREBP1a and nSREBP1c¢ are iden-
tical and the residues targeted by PIkl correspond to T400,
S443 and $462 in human SREBPIc. In order to analyze the
phosphorylation of these residues further, we generated phos-
phorylation-specific antibodies to all 3 residues and evaluated
their specificity (Fig. S4). Recombinant Plk1 was able to phos-
phorylate all 3 residues in vitro (Fig. 2A). Furthermore, all 3
residues were phosphorylated when recombinant nSREBPla
was used in in vitro kinase assays with extracts from mitotic
HeLa cells (Fig. 2B). Importantly, a specific Plkl inhibitor,
BTO-1, reduced the phosphorylation of all 3 residues, suggest-
ing that endogenous PIk1 may target all 3 residues. This possi-
bility was supported by our observation that the
phosphorylation of all 3 residues was significantly reduced
when mitotic extracts from cells treated with Plk1 siRNA were
used in the in vitro kinase assay (Fig. 2C).

The results described in Fig. 1 suggested that the phosphory-
lation of S439 should be crucial for the interaction between
nSREBP1 and Plkl and thereby for the Plkl-mediated
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Figure 1. PIk1 interacts with nuclear SREBP1 during mitosis. (A) HEK293 cells were transfected with FLAG-tagged nuclear SREBP1a (nSREBP1a), either wild-type (WT,
amino acids 1-490) or the AC mutant (amino acids 1-417), lacking the entire C-terminal domain of nSREBP1a. Cell lysates were inmunoprecipitated with anti-FLAG anti-
bodies. The amounts of immunoprecipitated Plk1 and nSREBP1a, and the levels of nSREBP1a and Plk1 in whole-cell lysates (WCL) were determined by Western blotting,
with a-tubulin serving as a loading control. (B) HEK293 cells were transfected with FLAG-nSREBP1a, either WT or the S439A mutant. Cell lysates were immunoprecipitated
with anti-FLAG antibodies. The amounts of immunocrecipitated Plk1 and nSREBP1a, and the levels of nSREBP1a, Plk1 and «-tubulin in cell lysates were determined by
Western blotting. (C) Cell lysates from Hela cells were used in peptide pull-down assays, using 2 peptides corresponding to residues 436-442 of human SREBP1a, either
non-phosphorylated (Ref) or the same peptide phosphorylated on S439 (P-pept) (upper panel). Myc-PBD, either WT or a binding-deficient mutant (MT), was expressed in
HEK293 cells, and the cell lysates were used in peptide pull-down assays, using the same 2 peptides as those described above (lower panel). The bound proteins were sub-
jected to SDS/PAGE and Western blotting using 20% of input as control. (D) Recombinant nSREBP1a, either WT or the S439A mutant, was used in in vitro kinase assays in
the absence or presence of recombinant Cdk1/cyclin B. The phosphorylated proteins were mixed with lysates of HEK293 cells expressing GFP-Plk1. The His-tagged
nSREBP1a proteins were captured on NiTA-agarose, washed and resolved by SDS/PAGE, followed by Western blotting. The phosphorylation of S439 in nSREBP1a was
monitored with a phosphorylation-specific antibody (pS439). (E) HeLa cells were synchronized at the G,/S transition by a double-thymidine protocol. Cells were collected
after the second thymidine block (G,/S) or 14 h after the release into either nocodazole-containing media (Mit) or normal media (G;). Cell lysates were incubated with
recombinant GST-PBD, either WT or binding-deficient mutant (MT), in the presence of glutathione beads. The amount of nSREBP1 associated with the glutathione beads
was determined by Western blotting (left panel). The GST-PBD proteins were detected by coomassie brilliant blue staining (CBB). The levels of nSREBP1 and «-tubulin in
cell lysates were determined by Western blotting (right panel) (F) HeLa cells were synchronized at the G,/S transition by a double-thymidine protocol. Cells were collected
after the second thymidine block (G;/S) or 14 h after the release into either nocodazole-containing media (Mit) or normal media (G;). Cell lysates were immunoprecipi-
tated with either a control antibody (Gal4, lanes 1-3) or SREBP1 antibody (lanes 4-6). The amounts of immunoprecipitated Plk1 and nSREBP1 were determined by West-
ern blotting (left panel). The levels of nSREBP1, Plk1 and «-tubulin in cell lysates were determined by Western blotting (right panel).

phosphorylation of nSREBP1. To test this hypothesis, we
repeated the in vitro kinase assay with mitotic HeLa extracts
using recombinant nSREBP1a, either WT or the S439A mutant.
As seen in Fig. 2D, the phosphorylation of the potential Plkl
target sites were significantly reduced in the S439A mutant,
suggesting that the phosphorylation of S439/415 is critical for
the subsequent Plkl-dependent phosphorylation of T424, S467
and S486. Both nSREBP1a and nSREBP1¢ were phosphorylated
on all 3 residues when expressed in cells, especially in cells
arrested in mitosis in response to nocodazole treatment
(Fig. 2E). Importantly, all 3 residues were phosphorylated in
endogenous nSREBP1 during mitosis (Fig. 2F).

Pilk1 controls the phosphorylation of nuclear SREBP1
during mitosis

We next asked if PIk1 contributed to the hyperphosphorylation
and stabilization of nSREBP1 during mitosis. To answer this
question, HCT116 cells were arrested at the G,/S transition by
a double-thymidine block, transfected with either control or

Plkl siRNA, and released from the second thymidine block in
media containing nocodazole. Nuclear SREBP1 was phosphor-
ylated on the 3 potential Plkl phosphorylation sites as control
cells entered mitosis (Fig. 3A). The phosphorylation of all 3 res-
idues was reduced in the Plkl knockdown cells. In addition, the
accumulation of nSREBP1 was attenuated in response Plkl
knockdown. Although the hyperphosphorylation of nSREBP1
was delayed in response to Pkl knockdown, a substantial pro-
portion of the protein was still highly phosphorylated. This
could mean that PIk1 is not required for the hyperphosphoryla-
tion of nSREBP1 during mitosis. However, it could also mean
that the low levels of Pkl remaining in the knockdown cells
are sufficient to phosphorylate nSREBP1. To address this issue,
HelLa cells arrested in mitosis were treated for a short period of
time in the absence or presence of a specific Plk1 inhibitor, BI
2536. Addition of the inhibitor resulted in a rapid loss of the
phosphorylation of the 3 potential PIkl phosphorylation sites
(Fig. 3B). Importantly, it also resulted in a loss of nSREBPI,
and the remaining protein migrated at the same apparent
molecular weight as that in non-mitotic cells. Similar results
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Figure 2. Plk1 phosphorylates T424, S467 and S486 in nuclear SREBP1 during mitosis. (A) In vitro kinase assay with recombinant nSREBP1a and Plk1. The levels and phos-
phorylation (pT424, pS467 and p5486) of nSREBP1a were monitored by Western blotting. (B) Recombinant nSREBP1a was used in in vitro kinase assays with mitotic HelLa
extracts (Mit) in the absence or presence of the Plk1 inhibitor BTO-1 (5, 10 and 25 p«M). The levels and phosphorylation (pT424, pS467 and pS486) of nSREBP1a were mon-
itored by Western blotting. (C) Recombinant nSREBP1a was used in in vitro kinase assays with extracts from Hela cells transfected with either control or Plk1 siRNA. The
levels and phosphorylation (p7424, pS467 and pS486) of nSREBP1a were monitored by Western blotting (left panel). The efficiency of the Plk1 knockdown was monitored
by Western blotting, with «-tubulin serving as a loading control (right panel). (D) Recombinant nSREBP1a, either WT or the S439A mutant, was used in in vitro kinase
assays with mitotic Hela extracts. The levels and phosphorylation (pT424, pS467 and p5486) of nSREBP1a were monitored by Western blotting. (E) HEK293 cells were
transfected with nSREBP1a or nSREBP1c and left untreated or treated with nocodazole. After immunoprecipitation, the levels and phosphorylation (p7424, pS467 and
pS$486) of the respective nSREBP1 protein were determined by Western blotting. (F) Hela cells were synchronized at the G,/S transition by a double-thymidine protocol.
Cells were collected after the second thymidine block (G;/S) or 14 h after the release into either nocodazole-containing media (Mit) or normal media (G;). The levels and
phosphorylation (pT424, pS467 and pS486) of nSREBP1 were determined by Western blotting following immunoprecipitation of SREBP1.

were obtained with BTO-1, a separate Plk1 inhibitor (Fig. S5).
These results indicate that the kinase activity of Plkl is impor-
tant for both the hyperphosphorylation and accumulation of
nSREBP1 in mitotic cells. This possibility was supported by the
fact that transfected Plkl enhanced the levels of cotransfected
nSREBP1la and 1c, whereas a kinase-deficient mutant of Plkl
failed to have the same effect (Fig. 3C). In order to test if the
Plkl-dependent accumulation of nSREBP1a was the result of
reduced turnover, cells were transfected with nSREBP1a in the
absence and presence of Plkl and used in protein degradation
assays. As illustrated in Fig. 3D, the turnover of nSREBP1a was
attenuated in the presence of Plkl, confirming that Plk1 stabil-
izes nSREBP1 by reducing its degradation.

Plk1-mediated phosphorylation controls the levels and
activity of nuclear SREBP1 during mitosis

We next asked if the phosphorylation of the 3 residues in
nSREBP1 targeted by Plkl could affect the expression or activ-
ity of nSREBP1. To address this question, we initially analyzed
the steady-state levels of nSREBP1a following transfection into
HEK293 cells. When the potential PIkl sites were mutated to
non-phosphorylated alanine residues (3A), the steady-state

levels were reduced compared to WT SREBP1a (Fig. 4A). How-
ever, the opposite was true when all 3 residues were substituted
with phosphomimetic residues (3D and 3E in Fig. 4A), indicat-
ing that phosphorylation of these residues could enhance the
expression of nSREBP1. In agreement with this hypothesis, the
levels of transfected nSREBPla were reduced in response to
siRNA-mediated PIk1 inactivation (Fig. 4B, left panel). The lev-
els of the 3A mutant were already low in cells transfected with
control siRNA and were unresponsive to Plkl inactivation.
This correlated well with the transcriptional activities of WT
and 3A nSREBPIla under the same conditions, i.e. the activity
of the WT protein was reduced in response to Plkl inactivation
whereas the activity of the 3A mutant was low in control cells
and did not respond to PIk1 inactivation (Fig. S6A). In addi-
tion, the transcriptional activity of nSREBPla was enhanced
when coexpressed with WT PIk1, but not with the kinase-defi-
cient version of the kinase (Fig. S6B). The transcriptional activ-
ity of the 3A mutant was insensitive to Plkl coexpression. In
contrast to the 3A version of nSREBP1a, the levels of the 3D
and 3E mutants were higher than the WT protein in control
cells and were not reduced in response to Plkl inactivation
(Fig. 4B, right panel). Similar results were obtained when this
experiment was repeated with nSREBP1c (Fig. S7).
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Figure 3. Plk1 phosphorylates SREBP1 in vivo. (A) HCT116 cells were synchronized at the G,/S transition by a double-thymidine protocol. After the first thymidine block,
cells were transfected with control or Plk1 siRNA. Cells were collected at the indicated time points after release from the second thymidine block in media containing
nocodazole. Cell lysates were analyzed by Western blotting with antibodies against the indicated proteins. The levels and phosphorylation (pT424, pS467 and pS486) of
nSREBP1 were determined by Western blotting following immunoprecipitation of SREBP1. (B) HeLa cells were left untreated or treated with nocodazol to induce G,/M
arrest. Where indicated, BI-2536 (250 nM) was added for the last 2 hours. The levels and phosphorylation (pT424, pS467 and pS486) of nSREBP1 were determined by West-
ern blotting following immunoprecipitation of SREBP1. (C) HEK293 cells were transfected with nSREBP1a (left panel) or nSREBP1c (right panel) in the absence or presence
of increasing amounts of WT or kinase-deficient (KD) Plk1. The levels of nSREBP1a, nSREBP1¢, Plk1 and a-tubulin (loading control) were determined by Western blotting.
(D) HEK293 cells were transfected with nSREBP1a in the presence of GFP (left panel) or GFP-PIk1 (right panel). Forty-eight hour after transfection, cells were treated with
cycloheximide (CHX, 100 p«gr/ml) for the indicated times. The levels of nSREBP1a, Plk1 and «-tubulin (loading control) were determined by Western blot analysis. The rel-
ative amount of nSREBP1a at each time point is plotted as percentage of the amount at the start of the assay (lower panel).

We next asked if Plkl could modulate the transcriptional
activity of endogenous SREBP1. To address this question,
HepG2 cells were transfected with 2 SREBP-responsive pro-
moter-reporter genes and treated in the absence or presence of
nocodazole to arrest the cells in mitosis. As reported previously,
the expression of both reporter genes was enhanced in mitotic
cells (Fig. 4C). The induction of both reporter genes was
reversed if the cells were treated for a short time with the Plk1
inhibitor BTO-1, suggesting that the kinase activity of Plkl is
important for the activation of SREBP1 during mitosis, poten-
tially by enhancing the steady-state levels of the nuclear protein
(Fig. 3B). The mitotic induction of the HMG-CoA synthase
promoter-reporter gene was also attenuated in cells transfected
with Plkl siRNA (Fig. 4D), although not to the same extent as
with the Plk1 inhibitor. As discussed previously, the inability of
Plkl siRNA to completely block the mitotic activation of
SREBPI could be explained by the presence of residual Plkl
protein in the knockdown cells. However, we cannot exclude
the possibility that other factors are also involved. In order to
determine if Plk1 could modulate the expression of endogenous
SREBP target genes, HeLa cells were either arrested at the G,/S
boundary by a double-thymidine block protocol or arrested in
mitosis by a double-thymidine nocodazole release protocol.
Both sets of cells were treated for 4 hours with the Plk1 inhibi-
tor BTO-1, followed by RNA isolation and RT-PCR analysis of
the indicated mRNAs. The expression levels of all SREBP target
genes analyzed were significantly higher in the mitotic cells

compared to the G;/S cells (Fig. 4E). Importantly, the expres-
sion of these genes was reduced in response to the PIk1 inhibi-
tor in mitotic cells, whereas the same inhibitor had no effect in
G,/S cells.

Plk1-mediated phosphorylation of nuclear SREBP1
prevents its degradation by Fbw7 during mitosis

Nuclear SREBP1 is highly unstable and is degraded by the ubig-
uitin ligase Fbw7 following the phosphorylation of T426 and
S$430 within its Fbw7-specific phosphodegron.” Fbw7 is active
during mitosis and has been shown to degrade cyclin E during
this phase of the cell cycle.18 Thus, we were interested in deter-
mining if the Plkl-mediated phosphorylation of nuclear
SREBP1 during mitosis could interfere with its Fbw7-depen-
dent degradation. We were able to confirm that Fbw7 degrades
cyclin E during mitosis using WT and Fbw7 knockout HCT116
cells (Fig. 5A). In contrast to cyclin E, the levels of nSREBP1
were low in asynchronous WT cells and increased during mito-
sis (Fig. 5A). However, the levels of nSREBP1 were already
high in asynchronous Fbw7 knockout cells and there was no
further accumulation of the protein during mitosis. In fact, the
levels of nSREBP1 in mitotic WT cells were very similar to
those in the asynchronous Fbw7 knockout cells, suggesting a
potential link between Fbw7 and the accumulation of nSREBP1
during mitosis. Further support for such a link was provided by
the results presented in Fig. 5B. The levels of nSREBP1 were
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Figure 4. PIk1 regulates the stability and transcriptional activity of nuclear SREBP1. (A) HEK293 cells were transfected with nSREBP1a, either WT or the indicated mutants.
The levels of nSREBP1a were determined by Western blotting, with c-tubulin serving as a loading control. (B) HEK293 cells were transfected with nSREBP1a, either WT or
the 3A mutant (left panel) or the 3D and 3E mutants (right panel), in the presence of control or Plk1 siRNA. The levels of nSREBP1a, PIk1 and «-tubulin were monitored by
Western blotting. (C) HepG2 cells were transfected with the indicated promoter reporter construct. Twenty-four hours after transfection, cells were treated with nocoda-
zole for 16h and luciferase activity was measured. Where indicated, cells were treated with BTO-1 (50 +M) for the last 4h. The data represent the averages + SD of three
independent experiments. Statistical analyses were performed using a 2-tailed Student's t-test. For all tests, P-values lower than 0.05 were considered statistically signifi-
cant. "P < 0.05, P < 0.01 and ***P < 0.001. (D) HepG2 cells were transfected with SYNSRE-luc and either control or PIk1 siRNA. Twenty-four hours after transfection,
cells were treated with nocodazole and luciferase activity was measured. The data represent the averages + SD of three independent experiments. Statistical analyses
were performed using a 2-tailed Student’s t-test. For all tests, P-values lower than 0.05 were considered statistically significant. “P < 0.05, **P < 0.01 and ***P < 0.001.
(E) HeLa cells were synchronized at the G,/S transition by a double-thymidine protocol. Cells were collected after the second thymidine block (G;/S) or 14 h after the
release into nocodazole-containing media (Mit). Where indicated, cells were treated with BTO-1 (50 M) for the last 4 h. Total RNA was used to determine the expression

of the indicated genes by semi quantitative RT-PCR analysis.

greatly enhanced when asynchronous cells were treated with
the proteasome inhibitor MG-132, whereas the same inhibitor
only had a minor effect on the levels of nSREBPI in mitotic
cells. These results suggest that nSREBP1 is not a substrate for
the proteasome during mitosis, despite the fact that its phos-
phodegron is highly phosphorylated during this phase of the
cell cycle (Fig. S8).

In order to directly test if nNSREBP1 is a substrate for Fbw7-
dependent degradation during mitosis, cells were transfected
with nSREBPla in the absence or presence of Fbw7a. The
transfected cells were left untreated or treated with nocodazole
to promote mitotic arrest. Nuclear SREBP1a was degraded in
the presence of Fbw7« in asynchronous cells (Fig. 5C). How-
ever, Fbw7a only had a limited effect on the levels of nSREBP1la
in mitotic cells, suggesting that the highly phosphorylated form
of the protein found during this phase of the cell cycle is not a
substrate for Fbw7« (compare the upper bands in lanes 3 and 4
of Fig. 5C). We next wanted to determine if the residues phos-
phorylated by Plkl could affect the Fbw7-dependent degrada-
tion of nSREBP1. The non-phosphorylated 3A mutant of
nSREBP1a was more sensitive to Fbw7-dependent degradation
compared to the WT protein when cotransfected with increas-
ing amount of Fbw7« (Fig. 5D). In addition, cotransfected Plk1

attenuated the Fbw7-dependent degradation of WT nSREBP1a,
while having no effect on the Fbw7-dependent degradation of
the 3A mutant under the same conditions (Fig. 5E). Further-
more, the levels of WT nSREBP1c were enhanced in response
to Fbw7 inactivation, whereas the levels of the phosphomimetic
3D mutant were high in control cells and only minimally
enhanced in response to Fbw7 inactivation (Fig. 5F). Taken
together, these results indicate that the Plkl-mediated phos-
phorylation of nSREBP1 could attenuate its Fbw7-dependent
degradation.

In order to address the mechanisms involved in the Plkl-
dependent stabilization of nSREBP1, we decided to test if Plk1
could interfere with the interaction between nSREBP1 and
Fbw7. Recombinant GST-tagged Fbw7a was able to pull out
transfected nSREBP1a from extracts prepared from asynchro-
nous cells (Fig. 5G). However, Fbw7¢ failed to interact with
nSREBP1a in extracts prepared from mitotic cells, despite the
enhanced amounts of nSREBP1a in these extracts (Fig. 5G),
suggesting that Fbw7« is unable to interact with mitotic
nSREBP1. Since one of the residues targeted by Plkl1, T424, is
located in close proximity to the Fbw7 phosphodegron in
nSREBP1, it was possible that phosphorylation of this residue
could interfere with the interaction between the 2 proteins. To
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Figure 5. Plk1-mediated phosphorylation of nuclear SREBP1 prevents its degradation by Fbw7. (A) WT (Fow™*) or Fbw7 knockout (Fbw7 /") HCT116 cells were treated
in the absence or presence of nocodazole. The levels of SREBP1, Cyclin E, Plk1 and a-tubulin (loading control) were determined by Western blotting. The membrane-asso-
ciated precursor (P) and nuclear (N) forms of SREBP1 are indicated. (B) HeLa cells were left untreated or treated with nocodazole to induce mitotic arrest. Where indicated,
cells were treated with the proteasome inhibitor MG-132 (25 M) for the last 4 h. The levels of nSREBP1 and a-tubulin were determined by Western blotting. (C) HEK293
cells were transfected with nSREBP1a in the absence or presence of Fow7« and the cells were left untreated or treated with nocodazole. The levels of nSREBP1a, Fbw7«
and «-tubulin were determined by Western blotting. (D) HEK293 cells were transfected with nSREBP1a, either WT or the 3A mutant, in the absence or presence of increas-
ing amounts of Fbw7c. The levels of nSREBP1a, Fbw7« and a-tubulin were determined by Western blotting (upper panel). The percentage of nSREBP1a remaining is plot-
ted against the concentration of Fow7« (lower panel). The data represent the averages + SD of three independent experiments. (E) HEK293 cells were transfected with
nSREBP1a, either WT or the 3A mutant, in the absence or presence of Plk1 and Fbw7a. The levels of nSREBP1a, Plk1, Fow7« and a-tubulin were monitored by Western
blotting. (F) HEK293 cells were transfected with nSREBP1c, either WT or the 3D mutant, together with control or Fbw7 siRNA. The levels of nSREBP1c and «-tubulin were
determined by Western blotting. (G) HEK293 cells were transfected with nSREBP1a and either left untreated or treated with nocodazole. Lysates from the transfected cells
were mixed with recombinant GST-Fbw7«. Following capture of GST-Fbw7« and extensive washing, the bound proteins were subject to SDS/PAGE and the amount of
nSREBP1a and Fbw7a were determined by Western blotting (upper panel). The amount of nSREBP1a and «-tubulin in whole cell lysates (WCL) were determined by West-
ern blotting (lower panel). (H) HEK293 cells were transfected with FLAG-nSREBP1a, either WT or the T424D mutant. Cell lysates were immunoprecipitated with anti-FLAG
antibodies. The amounts of immunoprecipitated Fbow7 and nSREBP1a (upper panel), and the levels of nSREBP1a, Fow7 and «-tubulin in cell lysates (Input, lower panel)
were determined by Western blotting. The band indicated by the asterisk corresponds to the IgG chain. (I) HeLa cell lysates were used in peptide pull-down assays, using
2 peptides corresponding to residues 422-442 of human SREBP1a, either phosphorylated on T426 and S430 (2xP-pept) or the same peptide phosphorylated on T424,
T426 and S430 (3xP-pept). The bound proteins were subjected to SDS/PAGE and Western blotting using 20% of input as control.

test this possibility, we performed co-immunoprecipitation
assays between endogenous Fbw7 and transfected nSREBP1a,
either WT or a mutant containing a phosphomimetic residue
at position 424 (T424D). The interaction between nSREBP1
and Fbw7 was reduced in the T424D mutant, despite the fact
that this mutant accumulated to higher levels compared to the
WT protein (Fig. 5H). We obtained the opposite result when
this experiment was repeated with a mutant containing a non-
phosphorylated residue at position 424 (T424A), ie., the
T424A mutant pulled out more endogenous Fbw7 compared to
the WT protein, despite displaying lower steady-state levels
(Fig. S9).

In order to directly determine if the phosphorylation of
T424 interfered with the interaction between Fbw7 and the
phosphodegron in nSREBP1, we used peptide pull-down assays
utilizing 2 separate peptides containing amino acids surround-
ing T426 and S430 in SREBPla. One of these peptides was
phosphorylated on T426 and S430, an absolute requirement for
Fbw7 binding.” The second peptide was also phosphorylated

on T424. As expected, the peptide phosphorylated on T426/
S430 was able to pull out a significant amount of endogenous
Fbw7 from HeLa extracts (Fig. 5I). In agreement with our
hypothesis, phosphorylation of T424 significantly reduced the
ability of Fbw7 to interact with the phosphodegron, suggesting
that Plkl-mediated phosphorylation of T424 during mitosis
could attenuate the interaction between Fbw7 and the phos-
phodegron in nSREBP1, thereby promoting the accumulation
of nSREBP1 observed during this phase of the cell cycle.

Inactivation of SREBP1 affects mitotic progression

Our results suggest that Plkl-mediated phosphorylation of
nSREBP1 stabilizes the protein during mitosis. In order to ana-
lyze if SREBP1 could influence mitosis, HCT116 cells were
arrested at the G,/S transition, transfected with either control
or SREBP1 siRNA and then released from the G,/S arrest and
allowed to proceed through the cell cycle. Cells were collected
at different time points after the release and their progression
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Figure 6. SREBP1 inactivation results in a delay in mitotic exit. (A) HCT116 cells were synchronized at the G,/S transition by a double-thymidine protocol. After the first
thymidine block, cells were transfected with control (Ctrl) or SREBP1 siRNA. Cells were collected at the indicated time points after release from the second thymidine block
and used for FACS analysis. The cell cycle distribution at each time point corresponds to the average of 3 independent experiments. (B) HCT116 cells were treated as in (A)
and collected at the indicated time points after the second thymidine block. Cell lysates were analyzed by Western blotting with antibodies to the indicated proteins. (C)
Phosphorylation-dependent stabilization of nSREBP1 during mitosis. Cdk1 phosphorylates the C-terminus of nSREBP1 thereby creating a docking site for Plk1. Plk1 binds
nSREBP1 during mitosis, resulting in the phosphorylation of at least 3 residues in the C-terminus of nSREBP1. Phosphorylation of these residues attenuates the interaction
between nSREBP1 and Fbw?7, thereby blocking Fow7-dependent degradation of nSREBP1 during mitosis.

through the cell cycle was monitored by FACS analysis. Based
on the cell cycle profiles, both sets of cells appeared to enter
mitosis in a timely manner (Fig. 6A). However, the SREBP1
knockdown cells displayed a delay in mitotic exit. Although
limited, the mitotic defect in SREBP1 knockdown was statisti-
cally significant (Fig. S10). In order to confirm this observation,
the experiment was repeated, but this time the phosphorylation
of Serl0 in histone H3 was monitored in the 2 sets of cells.
Phosphorylation at Serl0 of histone H3 is tightly correlated
with chromosome condensation during mitosis and this modi-
fication is rapidly removed as cells leave this phase of the cell
cycle. The phosphorylation of histone H3 increased in both sets
of cells as they entered mitosis (Fig. 6B). As cells exited mitosis,
the phosphorylation of H3 was rapidly reduced in control cells.
However, the phosphorylation of H3 Serl0 declined only
slightly over time in SREBP1 knockdown cells and remained
high throughout the timeframe of the experiment. Although
not as striking, a similar trend was seen in the levels of Pkl in
the SREBP1 knockdown cells. These results suggest that
SREBP1 could play a role during mitosis, potentially by regulat-
ing mitotic exit.

In our previous work we demonstrated that Cdkl phosphory-
lates nSREBP1 on $439 (5415 in SREBP1c¢) during mitosis, result-
ing in the hyperphosphorylation and stabilization of the
protein.'* The results presented in the current investigation sug-
gest that the phosphorylation of S439 creates a docking site for a
separate mitotic protein kinase, PIk1 (Fig. 6C). Pkl interacts with
nSREBP1 during mitosis in a manner dependent on the phos-
phorylation of S439. Pkl subsequently phosphorylates at least 3
separate Thr/Ser residues in the C-terminal domain of nSREBP]I,

i.e. T424, S467 and S486 (T400, S443 and S462 in SREBP1c). The
phosphorylation of these residues interferes with the Fbw7-
dependent degradation of nSREBP1 during mitosis. Furthermore,
we demonstrate that the Plkl-mediated phosphorylation of one
of these residues, T424, located in close proximity of the Fbw7
binding site in nSREBP1 reduces the interaction between Fbw?7
and nSREBPI. Finally, we demonstrate that inactivation of
SREBP1 affects mitotic progression, possibly by delaying mitotic
exit. Based on these observations, we propose that the mitotic
phosphorylation and stabilization of nSREBP1 could provide a
link between lipid metabolism and cell proliferation, something
that could be of importance for cell growth.

Discussion

The renewed interest in metabolism, especially cancer metabo-
lism, has rejuvenated interest in the functional importance of
lipid synthesis for cell proliferation. As a result, several recent
studies have probed the importance of SREBP-regulated lipid
metabolism during cell proliferation, especially cancer cell
growth, both in vitro and in vivo. Taken together, these studies
suggest that the SREBP pathway supports the enhanced
demand for de novo lipogenesis, as well as lipid uptake, in rap-
idly dividing cells.'”** Tt has been clearly demonstrated that
SREBP-dependent lipid metabolism is induced in cancer cells
through the PI3K/AKT/mTOR axis downstream of growth fac-
tor signaling.”**° It has also been demonstrated that SREBP1 is
activated in response to transformation of cells with oncogenic
mutants of PI3K and Ras.”’ Furthermore, inactivation of
SREBP1 in cancer cells attenuates cell proliferation,'*>>*%"2



These observations are in agreement with reports demonstrat-
ing that inactivation of SREBP1 attenuates tumor growth in
xenograph tumor models in mice.”*>° SREBP1 may be espe-
cially important to protect cancer cells from metabolic stress
and lipotoxicity by regulating the ratio between saturated and
unsaturated fatty acids, primarily by controlling the expression
of the fatty acid desaturase SCD1.2%%*!

Although it is now clear that SREBP1 is activated through
the PI3K/AKT/mTOR pathway in cancer cells, much less is
known about the mechanisms involved. Transcription of the
SREBP genes is controlled by both feedback and feed-forward
mechanisms, some of which are responsive to growth factor
signaling.> In addition, the cleavage and activation of the
SREBPs are under stringent control by sterols and growth fac-
tor signaling.’>>® Furthermore, the stability of the nuclear
forms of these transcription factors are controlled by their
phosphorylation-dependent degradation, and some of these
phosphorylation events are regulated by growth factor signal-
ing.>*** The relative contribution of these regulatory mecha-
nisms to the enhanced activity of the SREBP pathway in cancer
cells is currently unclear. While investigating the SREBP path-
way during the cell cycle, we found that nSREBP1 accumulated
as a highly phosphorylated form during mitosis as a result of
Cdkl-mediated phosphorylation of S439 in the C-terminal
domain of the protein.">'* We also found that a number of
SREBP target genes were induced during this phase of the cell
cycle, presumably as a result of the stabilization of nSREBP1. In
the current investigation, we demonstrate that the Cdkl-medi-
ated phosphorylation of nSREBPI1 creates a binding site for
Plkl, a separate mitotic kinase. Pkl binds nSREBP1 during
mitosis, resulting in further phosphorylation of its C-terminal
domain. We identify 3 residues in nSREBP1 targeted by PIkI,
T424, S467 and S486. Phosphorylation of these residues con-
tributes to the hyperphosphorylation and stabilization of
nSREBP1 during mitosis. Consequently, inactivation of Plkl
attenuated both the accumulation of nSREBP1 and the expres-
sion of SREBP target genes during this phase of the cell cycle.
In agreement with these observations, it was recently reported
that the expression of several SREBP target genes was attenu-
ated when a panel of prostate cancer cells were treated with an
inhibitor of Plk1.>>*® Although these studies did not resolve the
mechanisms involved, the authors suggested that the reduced
expression of these genes could attenuate cell proliferation,
potentially by impacting on androgen receptor signaling.

Plk1 phosphorylates a large number of proteins, especially in
late G, and mitosis.'>'” In some cases, the Plk1-mediated phos-
phorylation has been found to affect the stability of its sub-
strates. However, in most of these instances the substrates are
targeted for degradation by the ubiquitin-proteasome pathway
following phosphorylation. More specifically, it has been dem-
onstrated that Plkl-mediated phosphorylation of substrate pro-
teins often generate binding sites for B-TrCP, the substrate
recognition component of a specific SCF ubiquitin ligase.””**
One exception is FoxMI, a transcription factor that plays
important roles for mitotic progression. It was demonstrated
that Plkl-mediated phosphorylation of FoxM1 during mitosis
enhanced its transcriptional activity.*’ Interestingly, FoxM1 is a
target of Fbw7, the same ubiquitin ligase that targets nSREBP1
for degradation.** It will be interesting to learn if FoxMI
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escapes Fbw7-dependent degradation during mitosis as a result
of its phosphorylation by Plk1.

We have previously demonstrated that nSREBP1 is
degraded by Fbw7 following phosphorylation of 2 residues in
its C-terminal domain, T426 and S430 in SREBP1a.** One of
the residues targeted by Plkl, T424, is located in close proxim-
ity of the Fbw7 binding site in nSREBP1. Using various pro-
tein-protein interaction assays, we were able to demonstrate
that phosphorylation of T424 attenuates the interaction
between Fbw7 and nSREBP1. Consequently, mutation of this
residue to a non-phosphorylated residue destabilized nSREBP1,
while the opposite was true if T424 was substituted with a phos-
phomimetic residue, suggesting that the phosphorylation of
T424 during mitosis interferes with its interaction with Fbw?7.
This hypothesis was further strengthened by our observation
that Fbw7 was unable to interact with the highly phosphory-
lated form of nSREBP1 found in mitotic cells. Fbw7 is found as
a dimer in vivo, and it was recently suggested that dimerization
of Fbw7 could affect its substrate specificity.*>*® The authors
proposed that high affinity substrates could be targeted for deg-
radation by both monomers and dimers, while the degradation
of low affinity substrates required Fbw7 dimerization. Interest-
ingly, the authors found that the degradation of nSREBP1
required the dimerization of Fbw7, suggesting that nSREBP1 is
a low affinity substrate. Based on their analysis, the authors
suggested that one explanation for the apparent weak binding
between Fbw7 and nSREBP1 could be the presence of polar res-
idues in close proximity of its Fbw7 binding site, especially
T424. In support of this hypothesis, our data suggest that the
phosphorylation of this residue in nSREBP1 by Plkl may dis-
rupt its interaction with Fbw7 during mitosis, resulting in the
stabilization of nSREBP1 seen during this phase of the cell
cycle. However, Plkl also phosphorylates 2 other residues in
the C-terminal domain of nSREBPI, S467 and S486. Although
it is possible that the phosphorylation of these residues contrib-
utes to the stabilization of nSREBP1 during mitosis, the func-
tional importance of these phosphorylation events remains to
be elucidated. However, it is becoming increasingly clear that
the C-terminus of nSREBP1 should be regarded as a regulatory
domain, with crosstalk between different phosphorylation
events and interacting proteins. This possibility could be
important to the SREBP field, since various C-terminal trunca-
tions of nSREBP1 have been used in several studies. Depending
on the extent of these truncations, such constructs may lack
one or more regulatory motifs, something that could affect the
function of the corresponding nSREBP1 proteins.

Since we found that nSREBP1 escaped Fbw7-dependent
degradation during mitosis, we asked whether SREBP1 could
play a role during cell division. Inactivation of SREBP1 resulted
in a partial, but reproducible, mitotic defect. Cells appeared to
remain in mitosis for longer times, suggesting that SREBP1
could contribute to mitotic progression, potentially by regulat-
ing mitotic exit. The regulation of lipid metabolism during the
cell cycle has not been investigated in great detail. However, it
was recently demonstrated that cells modulate the levels and
localization of specific lipids during cell division.*” In addition,
the authors demonstrated that siRNA-mediated inactivation of
several genes coding for enzymes involved in lipid metabolism,
including the SREBP1 target gene SCD1, resulted in mitotic
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defects. Thus, it is possible that SREBP1 could influence mitotic
progression by regulating one or more of its classical target
genes involved in lipid metabolism. This model is in agreement
with a recent report suggesting that de novo fatty acid synthesis
during mitosis is required to complete cell division.*® However,
it is also possible that SREBP1 controls other genes related to
cell division. It was recently shown that nSREBP1 represses pri-
mary cilium assembly through its regulation of the gene encod-
ing phospholipase A2 group IIL.* Loss of the primary cilium is
often seen in cancer cells, and the assembly and disassembly of
this structure is tightly linked to the cell cycle.” Specifically, the
primary cilium needs to be disassembled prior to mitosis and
reassembled once cell division is completed. Importantly, Plkl
has been shown to regulate the disassembly of the primary cil-
ium.’"* Thus, it is possible that SREBP1 could influence cell
cycle progression, including cell division, through its regulation
of primary ciliogenesis. Another possibility is that nSREBP1 is
stabilized during mitosis to ensure that cells retain a pool of
active SREBP1 molecules once they leave mitosis and enter
G,."* This type of epigenetic mechanism to retain transcrip-
tional regulators during mitosis, known as mitotic bookmark-
ing, has been reported for other transcription factors>>°. The
latter model is in agreement with the observation that nSREBP1
is associated with target promoters during mitosis.'” It is also in
accord with observations that long-term inactivation of
SREBP1 in asynchronous cells results in a partial G, arrest.'**®
In the case of nSREBP1, such a mechanism could be important
since the membrane structures controlling the activation of
SREBP1 are fragmented during mitosis. Further work is needed
to determine whether the mitotic defect reported here in
response to acute inactivation of SREBP1 during this phase of
the cell cycle contributes to the G1/S arrest observed following
chronic SREBP1 inactivation.

The current study demonstrates that Plkl-mediated phos-
phorylation of nSREBP1 protects it from Fbw7-dependent degra-
dation during mitosis, and suggest that SREBP1 could influence
cell division. However, additional work is required to identify the
exact role(s) of SREBP1 during this phase of the cell cycle. PIk1 is
overexpressed in several human cancers, and the kinase activity
of PIk1 is therefore an attractive cancer drug target.”>" Further
work will be required to determine whether the Plkl-mediated
regulation of nSREBP1 during cell division impacts on the
enhanced activity of this transcription factor seen in cancer cells.
In addition, inactivating mutations in Fbw7 are common in a
wide range of human cancers.!™® Thus, the role of Fbw7 in the
activation of SREBP1 in cancer cells will be an important area of
future work, something that was highlighted by a recent report
demonstrating that inactivation of mTor complex 2 (mTORC2)
suppressed lipogenesis in cancer cells by enhancing the Fbw?7-
dependent degradation of nSREBP1.**

Materials and methods
Cell culture and treatments

All tissue culture media and antibiotics were obtained from Sigma.
Human embryonic kidney 293 (HEK293), HepG2 and HeLa cells
were from American Type Culture Collection. Fbw7-positive and
Fbw7-negative HCT116 cells were kind gifts of B. Vogelstein.”’ To

arrest cells in G,/M, cells were treated with nocodazole (100 ng/
ml) for 16 hours. The double-thymidine block protocol was per-
formed with a first block of 16 h, a 10 h release, and a second
block of 15 h. The final concentration of thymidine used in the
block medium was 2 mM.

Reagents and antibodies

HRP-conjugated anti-mouse and anti-rabbit IgG were from Invi-
trogen. Anti-FLAG M2 affinity gel, Anti-FLAG antibody (M5),
nocodazole, BTO-1, MG-132 (Z-Leu-Leu-Leu-al) and standard
chemicals were from Sigma. BI-2536 was from Selleck Chemicals.
Monoclonal anti-SREBP1 (2A4), anti-tubulin (TU-02), anti-
cyclin Bl (GNS1), anti-c-myc (9E10), anti-PIk1 (F-8), anti-GFP
(MB-2), anti-GST (B-14), and rabbit cyclin E (C-19), anti-
SREBP1 (H160), anti-p-Histone H3 (Ser10)-R and anti-His (H-
15) were from Santa Cruz Biotechnology. Anti-phospho-Cdkl
(Thr161) and anti-Cdc25C were from Cell Signaling Technology.
Recombinant human Plk1 was from Invitrogen and recombinant
Cdk1/cyclin B1 was a kind gift from David O. Morgan.

Plasmids, siRNA and DNA transfections

The expression vectors for FLAG-tagged nSREBPla (amino
acid residues 1-490), nSREBP1c (amino acid residues 1-466)
and nSREBP1aAC (amino acid residues 1-417) have been
described.*'* Point mutations in nSREBP1 were generated by
site-directed mutagenesis (QuickChange, Stratagene). The
HMG-CoA synthase (SYNSRE-luc) and LDL receptor (LDLr-
luc) promoter-reporter constructs have been described.”
Expression vectors for HA-Plkl, WT and kinase-deficient
(K82M), were kind gifts of KS Lee.°" Expression vectors for
GST-PBD and myc-PBD, WT and binding-deficient, were kind
gifts of HH Silljé.°* All other expression vectors have been
described previously.*'*'* ON-TARGETplus SMARTpool con-
trol, SREBP1, Plkl and Fbw7 siRNA were from GE Dharma-
con. Transient transfections were performed using the MBS
transfection kit (Stratagene).

Cell lysis and immunoblotting

Cells were lysed in buffer A (50 mM HEPES (pH 7.2), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 2 mM
Na;VO,, 10 mM g-glycerophosphate, 1% (w/v) Triton X-100,
10% (w/v) glycerol, 1 mM PMSF, 10 mM sodium butyrate, 1%
aprotinin, 0.1% SDS and 0.5% sodium deoxycholate) and
cleared by centrifugation. For in vitro kinase assays and pro-
tein-protein and protein-peptide interactions cell lysates were
prepared in the absence of SDS and sodium deoxycholate. Pro-
teins were resolved by SDS-PAGE and transferred to nitrocellu-
lose membranes (GE Healthcare). To ensure that equal
amounts of protein were loaded in each well, the levels of
a-tubulin in the samples were estimated by Western blotting.

Luciferase and B-galactosidase assays

Cells were transiently transfected with the indicated promoter-
reporter gene in the absence or presence of the indicated
expression vectors and/or siRNA. Luciferase activities were



determined in duplicate samples as described by the manufac-
turer (Promega). Cells were also transfected with the S-galacto-
sidase gene as an internal control for transfection efficiency.
Luciferase values (relative light units, RLU) were calculated by
dividing the luciferase activity by the p-galactosidase activity.
The data represent the average —/+ SD of three independent
experiments performed in duplicates.

Kinase assays

Recombinant 6xHis-nSREBP1a, either WT or the indicated
mutants, was incubated with whole cell lysates in kinase buffer
(10 mM Hepes (pH 7.4), 3.5 mM MgCl,, 0.2 mM DTT, 1 mM
ATP and 10 mM B-glycerolphosphate) for 1 hour at 30°C. In
other experiments, recombinant 6xHis-nSREBPla was incu-
bated with recombinant Plkl or Cdkl/cyclin Bl in kinase
buffer for 30 min at 30°C. The 6xHis-tagged proteins were cap-
tured on NiTA-agarose (Qiagen), washed with buffer A and
resolved by SDS-PAGE. The phosphorylation of nSREBPla
was monitored with phosphorylation-specific antibodies.
When indicated, the reactions were performed in the presence
of [y->*P] ATP (Amersham).

Peptide pull-down assays

Peptides corresponding to sequences in human SREBP1, either
unmodified or phosphorylated on the indicated residues, were
synthesized using Fmoc chemistry. The peptides were coupled
to Sulpholink (Pierce) and used in peptide pull-down assays
with cell lysates from HEK293 or HelLa cells in buffer A, and
the bound proteins were subjected to SDS-PAGE and Western
blotting using 20% of input as controls.

In situ trysin digestion, 2-dimensional phosphopeptide
mapping and phosphoamino acid analysis

Phosphorylated proteins were separated by SDS-PAGE, using
NuPAGE 4-12% Bis-Tris gels (Invitrogen) and transferred to
nitrocellulose membranes (GE Healthcare). Samples were proc-
essed for tryptic digestion, 2-dimensional phosphopeptide
mapping, phosphoamino acid analysis, and Edman degrada-
tion, as described.®’

Generation of phosphorylation-specific SREBP1 antibodies

Synthetic phosphopeptides corresponding to residues 420-433
(T424 phosphorylated), 463-472 (S467 phosphorylated) and
483-490 (S486 phosphorylated) in human SREBPla were
coupled to keyhole limpet haemocyanin before being injected
into rabbits. The phosphopeptides and the corresponding non-
phosphorylated peptides, as well as phospho-serine (anti-pS467
and anti-pS486) and phospho-threonine (anti-pT424), were
coupled to Sulpholink (Pierce) and used as affinity matrixes to
purify the individual antibodies from rabbit sera.

Generation of recombinant proteins

The GST and 6xHis fusion proteins were expressed in Escheri-
chia coli BL21 and purified according to standard protocols.
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RT-PCR assays

Total RNA was extracted with TRIzol reagent (Invitrogen).
c¢DNA was synthesized with SuperScript III Reverse Transcrip-
tase (Invitrogen) using oligo-dT, followed by PCR with target-
specific primers. The PCR programs, using High Fidelity DNA
polymerase (Invitrogen), were optimized for the individual tar-
get genes as described.®”"*

FACS analysis

For FACS analysis, cells were harvested by treatment with tryp-
sin, washed in phosphate-buffered saline, and resuspended in
70% ethanol for storage at —20°C until further analysis. Cells
were stained with propidium iodide (50 ;1g/ml) and their DNA
content was analyzed with a CYAN ADP High-Performance
Flow Cytometer (DakoCytomation).

Abbreviations

SREBP sterol regulatory element-binding protein

Plk1 polo-like kinase 1

PBD polo-box domain

Fbw7  F-box and WD repeat domain-containing 7
SCF Skp1-Cullin-F-box ubiquitin ligase complex
Cdk Cyclin-dependent protein kinase

mTor  mechanistic target of rapamycin

Kp kinase-deficient

siRNA  small interfering RNA

FACS  fluorescence activated cell sorting
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