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transcriptional regulator Tupl.

(Background: PI(3,5)P, is a phosphoinositide lipid generated at the endosomal membranes.
Results: We demonstrate PI(3,5)P,-dependent transcriptional activation of the gluconeogenesis genes repressed by the general

Conclusion: Transcriptional reprogramming from glycolysis to gluconeogenesis requires PI(3,5)P,.
Significance: Our findings illustrate, for the first time, a critical role for the endosomal PI(3,5)P, lipid in regulating metabolic
reprogramming from glycolysis to gluconeogenesis in eukaryotic cells.
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Glucose/carbon metabolism is a fundamental cellular process
in living cells. In response to varying environments, eukaryotic
cells reprogram their glucose/carbon metabolism between aer-
obic or anaerobic glycolysis, oxidative phosphorylation, and/or
gluconeogenesis. The distinct type of glucose/carbon metabo-
lism that a cell carries out has significant effects on the cell’s
proliferation and differentiation. However, it is poorly under-
stood how the reprogramming of glucose/carbon metabolism is
regulated. Here, we report a novel endosomal PI(3,5)P, lipid-de-
pendent regulatory mechanism that is required for metabolic
reprogramming from glycolysis to gluconeogenesis in Saccha-
romyces cerevisiae. Certain gluconeogenesis genes, such as FBP1
(encoding fructose-1,6-bisphosphatase 1) and ICLI (encoding
isocitrate lyase 1) are under control of the Migl repressor and
Cyc8-Tupl corepressor complex. We previously identified the
PI(3,5)P,-dependent Tup1 conversion (PIPTC), a mechanism to
convert Cyc8-Tupl corepressor to Cti6-Cyc8-Tupl coactivator.
We demonstrate that the PIPTC plays a critical role for tran-
scriptional activation of FBP1 and ICL1. Furthermore, without
the PIPTC, the Cat8 and Sip4 transcriptional activators cannot
be efficiently recruited to the promoters of FBP1 and ICL1, sug-
gesting a key role for the PIPTC in remodulating the chromatin
architecture at the promoters. Our findings expand our under-
standing of the regulatory mechanisms for metabolic repro-
gramming in eukaryotes to include key regulation steps outside
the nucleus. Given that Tupl and the metabolic enzymes that
control PI(3,5)P, are highly conserved among eukaryotes, our
findings may provide important insights toward understanding
glucose/carbon metabolic reprogramming in other eukaryotes,
including humans.
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Glucose is the primary carbon source for many organisms,
including humans. Glucose metabolism provides energy (ATP)
and metabolite molecules that are utilized as a precursor for
macromolecule biosynthesis. For example, glucose 6-phos-
phate is metabolized for biosynthesis of nucleotides and aro-
matic amino acids. Dihydroxyacetone phosphate is a precursor
for triacylglyceride and phospholipid synthesis (Fig. 1).

Glucose is metabolized to pyruvate through glycolysis (Fig.
1). In aerobic conditions, normal differentiated human cells
metabolize pyruvate to CO, through mitochondrial oxidative
phosphorylation (TCA cycle) (1). Without oxygen in anaero-
bic conditions, normal differentiated cells metabolize pyru-
vate to lactate (anaerobic glycolysis) (1). In contrast, highly
proliferative cancer cells metabolize pyruvate to lactate even
in aerobic conditions, a phenomenon called the Warburg
effect or aerobic glycolysis (1). When glucose decreases and
glycolysis is no longer functional, gluconeogenesis is acti-
vated to generate metabolite precursors for macromolecule
biosynthesis (Fig. 1).

Recent studies in cancer cell metabolism have provided new
perspectives on the role of glucose/carbon metabolism. In addi-
tion to providing energy and biosynthetic precursors, the
PKM2 isoform of pyruvate kinase possesses non-enzymatic
function in regulating a critical oncogenic transcriptional fac-
tor, HIF-1a (2). A cellular energy sensor, AMP-activated pro-
tein kinase, regulates phosphorylation of p53 and histone
H2B and their transcriptional regulatory functions (3, 4). In
addition, certain metabolites, such as acetyl-CoA, NAD ™,
and B-hydroxybutyrate, directly interact with histone-modi-
fying enzymes as a substrate, cofactor, or inhibitor and signifi-
cantly affect their functions (5-7). Therefore, the type of glu-
cose/carbon metabolic enzymes and metabolites a cell contains
will significantly affect the cell’s transcriptional reprogram-
ming and physiology (8, 9). Importantly, the reprogramming of
glucose/carbon metabolism determines the type of enzymes
and metabolites produced by the cell. However, it is poorly
understood how reprogramming of glucose/carbon metabo-
lism is regulated.
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Saccharomyces cerevisiae has been an invaluable model to study
glucose/carbon metabolism and metabolic reprogramming (10,
11). Our previous study on the yeast galactose metabolism gene,
GALI, identified a novel phosphatidylinositol 3,5-bisphosphate
(P1(3,5)P,)*-dependent transcriptional regulatory mechanism
(12). PI(3,5)P, is a phosphoinositide lipid that is synthesized
from phosphatidylinositol 3-phosphate by the Fab1 phosphati-
dylinositol-3-phosphate 5-kinase at the late endosomal/vacuo-
lar lysosomal membranes (13, 14). In glucose-rich medium,
GALI is repressed by the Migl repressor and Cyc8-Tup1 core-
pressor complex (15, 16). The Cyc8-Tupl complex is a global
corepressor that represses numerous genes (more than 150
genes) through interactions with sequence-specific DNA bind-
ing repressors, such as Migl/2, Skol, Crtl, and Rox1 (17).

In galactose medium without glucose, GALI transcription is
activated by the Gal4 activator. Gal4 recruits SAGA to the
GALI promoter through interaction with Tral, a crucial step to
establish preinitiation complex (PIC) assembly (18 —20).

In addition to its well known function as a corepressor, the
Cyc8-Tupl complex functions as a coactivator at the GALI
promoter when associated with Cti6 (21). Cti6, a Cyc8-interact-
ing protein, directly interacts with the SAGA complex. The
Cti6-Cyc8-Tupl coactivator contributes to the recruitment of
the SAGA complex to the GALI promoter (21).

How the Cyc8-Tupl corepressor undergoes conversion to
the Cti6-Cyc8-Tupl coactivator was not well understood. Our
recent work showed that Tupl and Cti6, two proteins of the
three-protein coactivator complex Cti6-Cyc8-Tupl, bind
PI(3,5)P, lipid with a high specificity (12). Without PI(3,5)P, or
Cti6, GALI remains constitutively repressed by the repressive
Cyc8-Tupl complex in the context that the Gal4 activation
pathway is compromised. We have proposed the PI(3,5)P,-de-
pendent Tupl conversion (PIPTC), a mechanism by which
PI(3,5)P, mediates the conversion of the Cyc8-Tupl corepres-
sor to the Cti6-Cyc8-Tupl coactivator by interacting with Cti6
and Cyc8-Tupl to facilitate the assembly of the Cti6-Cyc8-
Tupl coactivator complex. Whether the PIPTC is specific only
for GALI transcriptional regulation or a general regulatory
mechanism functioning at other Tup1-repressed genes was not
clear.

Here, we show the PIPTC plays a crucial role for transcrip-
tional reprogramming from glycolysis to gluconeogenesis.
Tupl-repressed gluconeogenesis genes, in particular /CLI and
FBPI, require the PIPTC for their transcriptional activation
during turning on the gluconeogenesis pathway.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—Yeast strains and plasmids were
generated by standard genetic and molecular methods. The
yeast strains and plasmids used in this study are summarized in
Tables 1 and 2, respectively.

Medium and Medium Shift Experiments—Three different
media (YPD, YPEtOH, and YPFructose) were used to investi-

2The abbreviations used are: PI(3,5)P,, phosphatidylinositol 3,5-bisphos-
phate; PIC, preinitiation complex; PIPTC, PI(3,5)P,-dependent Tup1 con-
version; qPCR, quantitative PCR; TSS, transcription start site; CSRE, carbon
source-responsive element; URE, upstream regulatory element; SAGA, Spt-
Ada-Gen5-acetyltransferase; TLE, transducin-like enhancer.
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TABLE 1
Strains used in this study
Strain Relevant genotype Reference or source
SEY6210 MATa leu2-3,112 ura3-52 his3-A200  Robinson et al. (51)
trpl1-A901 lys2-801 suc2-A9
fablA2 SEY6210; fab1A::HIS3 Gary et al. (14)
BHY49 SEY6210; tupIA::TRP1 Han and Emr (12)
BHY130  SEY6210; cti6A::TRP1 Han and Emr (12)
BHY328  SEY6210; cat8A:KAN" This study
BHY329  SEY6210; sip4A:TRPI This study
BHY330  SEY6210; cat8A:KAN" sip4A:: TRP1 This study
BHY355 SEY6210; CAT8-HA::HIS3 This study
BHY356  fablA2; CAT8-HA::'TRP1 This study
BHY357  BHY130; CAT8-HA::HIS3 This study
BHY358  SEY6210; SIP4-HA::TRPI This study
BHY359  fablA2; SIP4-HA::HIS3 This study
BHY360  BHY130; SIP4-HA::HIS3 This study
TABLE 2
Plasmids used in this study
Plasmid Relevant characteristic Reference or source
pBP74C pRS415 based vector Rue et al. (52)
for N-terminal tag
pBH1 pBP74C-TUPI Han and Emr (12)
pBH49 pBP74C-CTI6 Han and Emr (12)

gate the mRNA levels of genes of interest in this study. The YP
(yeast extract, peptone) medium was used as the basal me-
dium. YPD is the standard YP medium containing 2% glucose.
YPEtOH is YP medium containing 3% ethanol and 0.05% glu-
cose. YPFructose is YP medium containing 2% fructose. Yeast
cells were grown in YPD, collected at the exponential phase,
washed twice with glucose-free YP medium, resuspended in
YPEtOH or YPFructose, and grown for 15.5 h before collecting
for mRNA analysis (indicated as YPEtOH 15.5 h or YPFruc
15.5 h). For microscopy experiments in Fig. 6, yeast cells were
grown in the standard synthetic medium containing 2% glu-
cose, collected at the exponential phase, washed twice with glu-
cose-free YP medium, and resuspended in synthetic medium
containing 3% ethanol before microscopy.

Reverse Transcription-qPCR (RT-gPCR) Analysis—Two-step
RT-qPCR was performed using SYBR Green according to Han
and Emr (12). Cell pellets equivalent to 3 OD were lysed by five
cycles of 30-s bead beating with intermissions of 30-s cooling.
Total RNA was purified using RNeasy minikit (Qiagen) and
quantitated with NanoDrop 1000 (Thermo Scientific). First-
strand ¢cDNA was synthesized using the SuperScript™™III
reverse transcriptase kit (Invitrogen). ACTI mRNA was used as
an internal reference calibrator. AAC, analysis method was
used to quantify mRNA. The mRNA level of a gene of interest
that was transcribed in wild type (WT) cells in exponential
growth phase in YPD was set as 1.0, to which the relative mRNA
levels of the gene in different conditions (with different mutant
cells or different medium conditions) were evaluated and indi-
cated in Figs. 2 (A and B), 34, and 4 (A and B). The relative
mRNA levels in Figs. 3 (B—D) and 5A were evaluated by the
same calculation. Three independent experiments were per-
formed (indicated as # = 3 in the figure legends) and analyzed
by standard statistical analysis for the values of average and S.D.
and for £ tests.

ChIP-qPCR Analysis—ChIP was performed based on the
method of Goldfarb and Alani (22). Briefly, 45-ml cell cultures
were cross-linked by treating with 0.37% formaldehyde and
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were quenched with 125 mm glycine. The pellets were washed
twice with ice-cold TBS. Cell pellets were broken in lysis buffer
by seven cycles of 30-s bead beating with intermissions of 30-s
cooling. The lysates were sonicated using a Branson Sonifier
250 cell disruptor to generate chromatin fragments with an
average size of 500 bp. 5% of the supernatants were saved for
inputs. The rest of the supernatant was divided into two ali-
quots. One aliquot was immunoprecipitated with anti-HA
antibody (12CA5) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), and the other was immunoprecipitated with no
antibody. After reversing cross-links of the immunoprecipi-
tates by incubation overnight at 65 °C, the DNA was isolated
by phenol/chloroform extraction and quantified by qPCR.
The background DNA immunoprecipitated with no anti-
body was subtracted from the amount of DNA immunopre-
cipitated with antibody. ACTI was used as a negative con-
trol. Three independent experiments were performed and
analyzed by standard statistical analysis.

Growth Assays—For growth assays on ethanol medium in
Fig. 5D, yeast cells were grown in YPD to exponential phase.
The same number of cells for each strain were collected,
washed twice with glucose-free YP medium, and made serial
diluted in YP. Dilutions were spotted on a YPD or YPEtOH
medium plate.

Microscopy and Dye Staining— All imaging of yeast cells was
performed using a Delta Vision RT system (Applied Precision).
Hoechst 33342 (Invitrogen) was used to stain the nucleus in live
yeast cells according to the manufacturer’s instructions.

RESULTS

FABI Is Required for Transcriptional Induction of ICLI,
FBP1, PCK1, and IDP2—GALI and many of the genes in glu-
coneogenesis have similar chromatin structure at their promot-
ers. S. cerevisiae has two groups of genes, TATA box-contain-
ing and TATA-less genes (23). Each group has a distinct
chromatin architecture and a distinct mechanism for the
assembly of the PIC at promoters (24, 25). TATA box-contain-
ing genes, 20% of the yeast genome, are associated with highly
regulated stress-responsive genes (23). In contrast, TATA-less
genes are generally associated with housekeeping genes (23).
TATA box-containing promoters have their +1 nucleosome
positioned at the transcription start site (TSS), but the TSS at
TATA-less genes is nucleosome-free (25). To establish PIC
assembly during transcriptional activation, TATA box-con-
taining genes preferentially depend on SAGA, and TATA-less
genes utilize transcription factor IID (23). Recruitment of
SAGA is a crucial step for TATA box-containing genes, which
leads to evicting the +1 nucleosome and opening up the TSS to
establish PIC assembly (18 —20).

GAL1 and many of the genes in gluconeogenesis belong to
the TATA box-containing gene group that utilizes SAGA
rather than the transcription factor IID complex (23). Indeed, it
was demonstrated for FBPI as well as for GALI that SAGA
plays a crucial role for establishing the activated chromatin
structure at the promoter (18, 20, 26).

Importantly, like GALI, certain gluconeogenesis genes, such
as FBP1, are under control of the Migl repressor and Cyc8-
Tupl corepressor (27). Because GALI is regulated by the
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PIPTC, we reasoned that gluconeogenesis genes that have a
similar promoter structure and utilize Tup1 repressor may also
be regulated by the PIPTC.

To determine whether the transcriptional regulation of glu-
coneogenesis genes is dependent on PI(3,5)P,, we first analyzed
how transcription of gluconeogenesis genes is affected in fab1A
cells as compared with WT cells. As a non-glucose medium
condition that induces transcription of gluconeogenesis genes,
we used a very late stationary phase (at 48 h) in glucose-rich
YPD medium. During the early exponential phase of growth in
glucose-rich YPD medium, S. cerevisiae metabolizes glucose to
pyruvate through glycolysis, and pyruvate is further metabo-
lized primarily to ethanol through fermentation rather than to
CO, through the mitochondrial oxidative phosphorylation
(TCA cycle) even in aerobic conditions (28). Later when the
glucose level drops, the yeast cells switch from the fermentation
pathway to the oxidative phosphorylation (TCA cycle) pathway
by turning on transcription of the genes in the TCA cycle (28).
Upon reaching late stationary phase, the glucose in the medium
is depleted, and the yeast cells can no longer utilize glycolysis.
They activate gluconeogenesis to generate glucose 6-phosphate
and other glycolysis intermediate precursors for macromole-
cule biosynthesis. To activate gluconeogenesis, the yeast cells
induce genes involved in gluconeogenesis.

Indeed, several gluconeogenesis genes were well induced in
wild type cells at late stationary phase in YPD (Fig. 2A). Partic-
ularly, FBPI, PCK1, ICL1, and IDP2 were highly induced. In
contrast, certain genes in the glycolysis (FBAI and PYKI) and
fermentation (ADHI and PDCI) pathways were significantly
turned off at the stationary growth phases in YPD because gly-
colysis and fermentation are no longer functional in the low
glucose condition (Fig. 24). The results indicate that transcrip-
tional induction at the late stationary phase is specific for the
key genes in the gluconeogenesis pathway but not for genes in
the glycolysis and fermentation pathways. The results suggest
transcriptional reprogramming is the primary mechanism to
activate the gluconeogenesis pathway at late stationary phase in
YPD.

Importantly, we found genes that are dependent on PI(3,5)P,
for their transcriptional induction, FBPI, PCK1, ICL1, MDH2,
and IDP2. These gluconeogenesis genes exhibited a significant
defect in transcriptional induction in fabIA cells (Fig. 2A). For
example, mRNA levels of ICL1I (530-fold) and FBPI (560-fold)
were highly induced in WT cells in late stationary phase,
whereas transcription of ICLI (6-fold) and FBPI (34-fold) was
poorly induced in fabIA cells (Fig. 2A). ICL1, FBP1, and PCK1
encode three key enzymes in gluconeogenesis (Fig. 1). The
defect in transcriptional induction in fabIA cells was specific
for these gluconeogenesis pathway genes because other genes,
such as PYCI and PYC2, were induced in fab1A cells as much as
in WT cells at the late stationary phase (Fig. 24).

We decided to focus our remaining experiments on the four
highly induced genes: PCK1, FBP1,ICL1, and IDP2. We tested if
transcriptional induction of PCKI, FBP1, ICL1, and IDP2
depends on FABI in other non-glucose media. Signaling pro-
teins, such as Snfl protein kinase, are activated to induce glu-
cose-repressed genes in non-glucose medium (29). Non-glu-
cose carbon sources can be categorized into two groups,
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FIGURE 1. The glycolysis and gluconeogenesis pathways. The glycolysis
and gluconeogenesis pathways are presented in a schematic diagram. The
TCA cycle is included. The gene encoding for the enzyme that is involved in
each step is indicated. For simplicity, only certain intermediate metabolites
and metabolic genes are shown in the pathways. The genes that we analyzed
in this study are shown in boldface letters. Glucose 6-P, glucose 6-phosphate;
Glyceraldehyde-3-P, glyceraldehyde 3-phosphate; Fructose-1-P, fructose
1-phosphate; HXKT,2, hexokinase 1,2; PGI1, phosphoglucose isomerase 1;
PFK1,2, phosphofructokinase 1,2; FBP1, fructose-1,6-bisphosphatase 1; FBAT,
fructose-bisphosphate aldolase 1; TPI1, triose-phosphate isomerase 1;
TDH1,2,3, triose-phosphate dehydrogenase 1,2,3; PGK1, phosphoglycerate
kinase; PGM1, phosphoglucomutase 1; ENOT,2, enolase 1,2; PYK1, pyruvate
kinase 1; PYC1,2, pyruvate carboxylase 1,2; GALIT, galactokinase; GAL7, galac-
tose-1-phosphate uridyltransferase; MDH1, malate dehydrogenase 1; FUM1,
fumarase 1; SDH1, succinate dehydrogenase 1; LSC2, ligase of succinyl-CoA;
KGD1,2, a-ketoglutarate dehydrogenase 1,2; IDP2, isocitrate dehydrogenase;
NADP-specific 2; IDH1,2, isocitrate dehydrogenase 1,2; ICL1, isocitrate lyase 1;
ACO1, aconitase 1; CIT1,2, citrate synthase 1,2; ACHI, acetyl-CoA hydrolase;
ACS1, acetyl-CoA synthetase; ALD4,5, aldehyde dehydrogenase 4,5; ADH1,2,
alcohol dehydrogenase 1,2; PDC1,5,6, pyruvate decarboxylase 1,5,6; PDA1,2,
pyruvate dehydrogenase 1,2.

fermentative and non-fermentative carbon sources. Fermenta-
tive non-glucose carbon sources, such as fructose, are metabo-
lized through part of the glycolytic pathway, but non-fermen-
tative non-glucose carbon sources, such as ethanol, cannot
utilize glycolysis (Fig. 1). Transcription of the gluconeogenesis
genes can be regulated differentially between non-fermentative
non-glucose medium and fermentative non-glucose medium.
We decided to test both non-fermentative ethanol medium and
fermentative fructose medium.

Transcription of ICLI, FBP1, PCK1, and IDP2 was all highly
induced in WT cells in both ethanol and fructose media (Fig.
2B). Overall, the levels of transcriptional induction of ICLI,
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FBPI1, PCK1, and IDP2 were higher in ethanol medium than in
fructose medium (Fig. 2B). For example, FBPI transcripts were
induced about 420-fold in WT cells in ethanol medium,
whereas the transcripts were induced 27-fold in fructose
medium (Fig. 2B). These results indicate that glucose (or glu-
cose-dependent Snfl kinase) is not the sole factor that deter-
mines transcriptional induction of the genes. There may be
multiple metabolite-responsive elements at their promoters
that sense diverse metabolic signals in addition to glucose.

In both ethanol and fructose media, transcriptional induc-
tion of ICLI1, FBP1, PCK1, and IDP2 was severely defective in
fablA cells (Fig. 2B). For example, in WT cells, ICL1 transcripts
were induced 380-fold and 10-fold in ethanol and fructose
media, respectively, but the transcripts were induced only 4.5-
and 1.5-fold in fabIA cells in ethanol and fructose media (Fig.
2B). The results clearly demonstrate that FABI is required for
transcriptional induction of ICL1, FBPI, PCK1, and IDP2 in all
of the non-glucose conditions we tested.

ICL1, FBPI1, PCK1, and IDP2 Are under Control of Tupl—
Next, we asked if ICLI, FBP1, PCK1, and IDP2 are repressed by
Cyc8-Tupl. FBPI and ICL1 genes were reported to have a con-
sensus sequence for Migl/Mig2 binding (30, 31). It was dem-
onstrated that FBPI is repressed by the Migl-Cyc8-Tupl com-
plex (27). We examined if Tupl represses ICLI, FBPI, PCK1,
and IDP2 in cells in the exponential phase in the glucose-rich
YPD medium, a condition of glucose repression. ICLI, FBPI,
PCK1, and IDP2 showed higher transcript levels in tupIA cells
compared with WT cells (Fig. 34), suggesting that they are
repressed by Tupl, directly or indirectly. Increased transcrip-
tion of ICLI, FBP1, PCK1, and IDP2 in tuplA cells indicates
transcriptional derepression at the gene promoters without
TUPI. In contrast, genes in glycolysis (PGII, FBAI, PGKI, and
PYK1I) and fermentation (ADH1 and PDCI) expressed similar
levels of transcripts in tupIA cells compared with WT cells in
the exponential growth phase in YPD (Fig. 3A4).

Next, we examined if the derepressed state of /CLI, FBPI,
PCK1, and IDP2 in tupIA cells in the exponential phase in YPD
can be further activated in the low glucose condition that acti-
vates gluconeogenesis. Indeed, in late stationary phase in YPD,
the mRNA levels of ICL1, FBPI, PCKI, and IDP2 further
increased in fup IA cells from the level in the exponential phase
(Fig. 3, A and B). For example, PCKI mRNA levels increased
from 33- to 750-fold, whereas FBP1 mRNA levels increased
from 3.9- to 35-fold. The results indicate the mRNA levels of
ICL1, FBP1, PCKI and IDP2, which are derepressed in tuplA
cells in the glucose-rich condition at the exponential phase in
YPD medium, further increase in the low glucose condition at
late stationary phase. When glucose drops in late stationary
phase, transcriptional activation signals are turned on to acti-
vate the transcription of gluconeogenesis genes farther from
the derepressed state. Upon glucose depletion, Snfl kinase is
one of the key transcriptional activation signaling proteins.
Also, transcriptional activators Cat8 and Sip4 are induced in
low glucose conditions (see Fig. 4B). These signaling proteins
and transcriptional activators further increase the mRNA levels
of ICL1, FBP1, PCK1, and IDP2 genes in a transcriptional acti-
vated state from the levels in a derepressed state in tupIA cells
at exponential phase in YPD medium.
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FIGURE 2. FABT1 is required for transcriptional induction of ICL7, FBP1, PCK1,and IDP2. A, mRNA levels of the genes in gluconeogenesis and glycolysis were
quantified by RT-qPCR. The mRNA level of each gene in WT cells in exponential growth phase in YPD was set as 1.0. The relative mRNA levels of the gene in
different conditions are presented. YPD (stationary), cultures at 48 hin YPD. The y axis is plotted on a log scale. Three independent experiments were performed
and analyzed by standard statistical analysis. Error bars, S.D. ***, the two values of interest have a statistically significant difference with p values lower than 0.05.
Values are shown only for the relative mRNA levels in WT and fab1A cells in late stationary phase in YPD. The relative mRNA levels in exponential phase are
either 1.0 (WT) or close to 1.0 (fab1A), but for simplicity, their values are not shown. B, mRNA levels of FBP1, PCK1, ICL1, and IDP2 in WT and fab1A cells were
quantified by RT-qPCR. mRNA levels of each gene were calculated relative to the mRNA level in WT cells in exponential phase in YPD, which was set as 1.0. Two
non-glucose carbon media, ethanol (n = 3) and fructose (n = 1), were used to induce the gluconeogenesis genes. Error bars, S.D. ***, the two values of interest
have a statistically significant difference with p values lower than 0.05. Values are shown only for the relative mRNA levels in WT and fab1A cells in YPEtOH or
YPFructose. The relative mRNA levels in exponential phase in YPD are either 1.0 (WT) or close to 1.0 (fab1A or cti6A), but for simplicity, their values are not

IDP2

shown.

However, the mRNA levels of ICL1, FBPI, PCK1,and IDP2 in
tupIA cells at late stationary phase are significantly lower than
those in WT cells (Fig. 3B). Without Tup1, transcription of the
gluconeogenesis genes is not fully activated in the low glucose
condition, presumably due to the lack of Tup1 coactivator func-
tion. The results here are consistent with the notion that the
gluconeogenesis genes are under control of the dual function-
ality (corepressor and coactivator) of Tupl.

CTI6 Is Required for Transcriptional Induction of ICLI and
FBP1—Cti6 is an essential player in converting the Cyc8-Tupl
corepressor to a Cti6-Cyc8-Tupl coactivator complex. We
showed previously that without Cti6, transcriptional induction
of GALI is severely defective (12). We examined if transcrip-
tional induction of PCK1, FBP1, ICLI, and IDP2 is dependent
on Cti6. Indeed, cti6A cells showed a significant defect in tran-
scriptional induction of ICL1 and FBPI genes but not PCKI and
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IDP2 (Fig. 3, C and D). For example, ICLI transcripts were
induced 640- and 400-fold in WT cells in the late stationary
growth phase in YPD and in ethanol medium, respectively,
compared with those in WT cells in the exponential growth
phase in YPD. However, in cti6A cells, ICL1 transcripts were
induced only 31- and 8.8-fold in the late stationary growth
phase in YPD and in ethanol medium, respectively (Fig. 3, Cand
D). Interestingly, although PCKI transcription is repressed
by Tupl (Fig. 3A4) and its proper induction requires Cti6 in
ethanol medium (Fig. 3D), PCKI1 transcripts were well
induced without Cti6 at the late stationary growth phase in
YPD (Fig. 3C). The exact reason for this phenomenon is not
clear at present. Perhaps PCK1 has multiple regulatory ele-
ments at its promoter, and they may be regulated by diverse
signals that are differentially generated in different medium
conditions. These results, taken together, suggest that tran-
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FIGURE 3. CTI6 is required for transcriptional induction of ICLT and FBP1. A, RT-qPCR analyses showed higher transcript levels of PCK1, FBP1,ICL1, and IDP2
in tup 1A cells compared with the levels in WT cells (set as 1.0) in the exponential growth phase in YPD (n = 3). B, relative mRNA levels of PCK1, FBP1,ICL1,and
IDP2 were analyzed by RT-qPCR in WT and tup 1A cells in late stationary phase at 48 h in YPD compared with the levels in WT cells (set as 1.0) in the exponential
phasein YPD (n = 3).C, relative mRNA levels of FBP1, PCK1,ICL1,and IDP2 were analyzed by RT-qPCRin WT, fab1A, and cti6A cells in late stationary phase at 48 h
in YPD compared with the levels in WT cells (set as 1.0) in the exponential phase in YPD (n = 3). Transcriptional induction of FBP1 and ICL1, but not PCKT and
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induction of FBP1, PCK1, and ICL1, but not IDP2, was severely defective in cti6A cells in ethanol medium. Error bars, S.D. ***, the two values of interest have a

statistically significant difference with p values lower than 0.05.

scriptional induction of ICLI and FBPI1, but not IDP2, is
regulated by the PIPTC.

Transcription of Cat8 and Sip4, Two Key Transcriptional
Activators of Gluconeogenesis Genes, Is under Control of Glu-
cose Repression—Many of the genes of the gluconeogenesis
pathway contain the carbon source-responsive element (CSRE)
at their promoters, a binding site for Cat8 and Sip4 transcrip-
tional activators (32, 33). CA T8 itself, but not SIP4, contains the
URE that is recognized by Migl/Mig2, and CATS is signifi-
cantly derepressed in migIA cells (27, 33, 34). Although SIP4
does not contain the URE for Migl/Mig2, it was reported that
transcription of SIP4, like CATS, is significantly affected by
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TUPI (27). Therefore, we examined how transcription of CAT8
and SIP4 is affected by TUPI and FABI.

Transcription of SIP4 is significantly derepressed in the
exponential growth phase in YPD medium by deletion of TUPI
(Fig. 4A), consistent with previous reports (27). Although SIP4
does not contain a URE for Migl/Mig2 at the promoter, dele-
tion of TUPI results in substantial derepression of SIP4 (Fig.
4A). However, contrary to the previous report (27), CAT8 tran-
scription was not significantly affected in tupIA cells (Fig. 4A).

The mRNA levels of CAT8 and SIP4 were highly induced in
WT cells both in the late stationary growth phase in YPD (250-
fold for CATS; 340-fold for SIP4) and in ethanol medium (28-
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A, RT-qPCR analyses showed that the mRNA level of SIP4, but not CAT8, was higher in tupTA cells compared with the level in WT cells (set as 1.0) in the
exponential growth phase in YPD (n = 3). Error bars, S.D. ***, the mRNA levels of SIP4 have a statistically significant difference with p values lower than 0.05
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48 h in YPD (left) or in YPEtOH for 15.5 h after shifting from YPD to YPEtOH (right) compared with the levels in WT cells (set as 1.0) in the exponential phase in
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fold for CATS; 58-fold for SIP4) (Fig. 4B), consistent with pre-
vious reports (33, 34). In contrast, transcriptional induction of
SIP4 was defective in fubIA or cti6A cells in both medium con-
ditions (Fig. 4B). However, CAT8 induction was modestly
defective in fabIA cells and higher in cti6A cells in both
medium conditions compared with WT cells (Fig. 4B). These
results suggest that transcriptional induction of SIP4 but not of
CATS is modestly influenced by the PIPTC. SIP4 may contain a
URE for an unidentified repressor, which recruits a Cyc8-Tupl
corepressor complex. Alternatively, because Cyc8-Tupl core-
pressors have been reported to influence chromatin architec-
ture of a gene at a distance (35), Cyc8-Tupl corepressors that
are positioned far from the SIP4 locus may affect transcription
of SIP4.

Cat8 and Sip4, Two Key Transcriptional Activators of Gluco-
neogenesis Genes, Function Redundantly to Activate Transcrip-
tion of ICL1, FBP1, and PCKI—Many of the gluconeogenesis
genes, including ICLI and FBPI, contain the CSRE at their pro-
moters (36). The transcriptional activators, Cat8 and Sip4 bind
to the CSRE and activate gene transcription (33, 34, 36). ICL1,
FBPI1, PCK1, and IDP2 genes all contain the CSRE, and their
transcriptional induction was reported to require Cat8 (34, 36,
37). It was shown that Sip4 could bind the Cat8-binding CSRE
(33). The severe defect of transcriptional induction of ICLI and
FBP] observed in fab1A or cti6A cells may be in part due to the
reduced expression of Sip4. We decided to examine how signif-
icantly the Cat8 and Sip4 activators contribute to the transcrip-
tional induction of ICLI, FBPI, PCKI, and IDP2. In ethanol
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medium, sip4A cells showed no effect on ICLI, FBP1, PCK1,
and IDP2 transcription (Fig. 54). However, cat8A cells showed
a substantial defect in transcriptional induction of ICLI and
FBP1 but not PCKI and IDP2 (Fig. 5A). Deletion of both CATS8
and SIP4 resulted in a severe defect in transcriptional induction
of ICLI1, FBPI, and PCK1 but not IDP2 (Fig. 5A). Therefore, it
appears that Cat8 and Sip4 function redundantly for transcrip-
tional activation of ICLI, FBP1, and PCK1, but Cat8 is the pri-
mary transcriptional activator for /CLI and FBP1.

Given that Cat8 transcription is only modestly reduced in
fablA cells and even higher in cti6A cells (Fig. 4B) and Sip4 does
not affect ICL1 and FBPI transcription (Fig. 54), the defect in
transcriptional induction of ICL1 and FBPI in fabIA or cti6A
cells appears not to be related with the changed expression
levels of the transcriptional activators, Cat8 and Sip4.

The PIPTC Is Required for Efficient Recruitment of Cat8 and
Sip4 Activators to the Gluconeogenesis Gene Promoters—It was
not known how the recruitment of Cat8 and Sip4 activators to
the promoters of the gluconeogenesis genes is affected when
the genes are constitutively repressed by the Cyc8-Tupl1 core-
pressor without the PIPTC. Therefore, we examined recruit-
ment of Cat8 and Sip4 to the promoters of ICLI, FBP1, PCK1,
and IDP2in WT, fab1A, and cti6A cells by ChIP-qPCR analysis.
Indeed, both Cat8 and Sip4 occupied the promoters of FBPI,
ICL1, and PCKI much more compared with the ACT1 pro-
moter (negative control) in WT cells in ethanol medium (Fig. 5,
B and C). However, Cat8 and Sip4 were not recruited to the
IDP2 promoter. These ChIP-qPCR results are consistent with
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the Fig. 5A results, in which deletion of both CAT8 and SIP4
resulted in a severe defect in transcription of FBP1, ICL1, and
PCK1 but not of IDP2.

In contrast, recruitment of Cat8 and Sip4 to the promoters of
FBPI, ICLI, and PCKI was significantly reduced in fabIA or
cti6A cells (Fig. 5, B and C). The reduced recruitment of Cat8
and Sip4 to the promoters in fabIA or cti6A cells is unlikely to
be due to their reduced expression in the mutants. In fact, the

20640 JOURNAL OF BIOLOGICAL CHEMISTRY

mRNA level of CAT8 was even higher in cti6A cells than in WT
cells in ethanol medium, but Cat8 recruitment to the promoters
was strikingly reduced (Figs. 4B and 5B).

Taken together, these results suggest that without the PIPTC
infablA or cti6A cells, the chromatin structure at the promot-
ers of FBP1,ICL1,and PCK1 is much less accessible to Cat8 and
Sip4. In addition, this suggests that the conversion of the Cyc8-
Tupl corepressor to a Cti6-Cyc8-Tupl coactivator by the
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PIPTC leads to remodulation of the chromatin architecture at
these promoters, which may be a prerequisite for Cat8 and Sip4
recruitment.

Multiple gluconeogenesis genes contain the CSRE for Cat8
or Sip4 binding at their promoters, and certain gluconeogenesis
genes also contain the URE for Migl/Mig2-binding. In addi-
tion, CAT8 and SIP4 themselves contain the URE and the
CSRE, respectively (33, 34). Therefore, transcriptional induc-
tion of the gluconeogenesis genes is under a combinatorial reg-
ulatory mechanism by the PIPTC and the transcriptional acti-
vators, Cat8 and Sip4. It is currently not clear to what degree the
PIPTC or the Cat8/Sip4 activation pathway individually con-
tributes to transcriptional induction of the genes in gluconeo-
genesis and the TCA cycle. We performed growth assays for
WT, fablA, cti6A, cat8A, sip4A, and cat8Asip4A cells on non-
fermentative ethanol medium, in which the genes in the gluco-
neogenesis and the TCA cycle are highly induced. Although
cat8A, sip4A, and cat8Asip4A cells did not show a significant
growth defect on ethanol medium, fabIA and cti6A cells
showed a severe growth defect on ethanol medium (Fig. 5D).
Although a more accurate estimation requires global range
quantification of transcription of the genes in gluconeogenesis
and the TCA cycle, the growth phenotype on ethanol medium
suggests that the PIPTC may be more crucial than the Cat8/
Sip4-dependent transcriptional activation for transcriptional
induction of the genes of gluconeogenesis and the TCA cycle.

Without PI(3,5)P,, Cti6 Mislocalizes to the Cytoplasm in Eth-
anol Medium—Both GFP-Tupl and GFP-Cti6 primarily local-
ize in the nucleus (stained with Hoechst 33342) (Fig. 6, A and B),
as shown in a previous study (12). We previously observed that
Tupl and Cti6 dynamically shuttle between the nucleus and
cytoplasm when shifting from glucose to galactose media (12).
Cti6 and Tup1 bind to the endosomal PI(3,5)P, lipid with a high
specificity. Without PI(3,5)P,, Cti6, but not Tup1, accumulates
in the cytoplasm in galactose medium (12). Under these condi-
tions, the cytoplasmic Cti6 that is not in the Cti6-Cyc8-Tupl
complex is more susceptible to degradation (12). PI(3,5)P, is
required for Cti6 to shuttle back to the nucleus. Presumably,
this is because the form of Cti6 that shuttles back into the
nucleus is the Cti6-Cyc8-Tupl coactivator complex that is
assembled at the endosomal/vacuolar membrane through the
interactions of PI(3,5)P, with Cti6 and Tupl.

Because the PIPTC functions for transcriptional induction of
ICL1 and FBPI in ethanol medium as it does for GALI tran-
scriptional induction in galactose medium, we decided to inves-
tigate how PI(3,5)P, affects the cellular localization of Cti6 in
ethanol medium. Cti6 localizes primarily in the nucleus in WT
cells in both glucose and ethanol media (Fig. 6C). Although Cti6
localizes primarily in the nucleus in fabIA cells in glucose
medium, Cti6 accumulates in the cytoplasm and occasionally
forms cytoplasmic punctae upon shifting from glucose to
ethanol media (Fig. 6D). In contrast, Tupl localizes primar-
ily in the nucleus in fabIA cells in both glucose and ethanol
media (Fig. 6E).

DISCUSSION

In response to varying environments, human cells reprogram
their glucose/carbon metabolism between aerobic and anaero-
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bic glycolysis, the TCA cycle, and/or gluconeogenesis. In aero-
bic conditions, normal differentiated cells metabolize glucose
through the TCA cycle, but highly proliferative embryonic cells
or cancer cells do not use the TCA cycle. The distinct glucose/
carbon metabolism that a cell carries out significantly influ-
ences the physiology of the cell. Therefore, metabolic repro-
gramming to maintain a specific type of glucose/carbon
metabolism has a fundamental importance, but how it is regu-
lated is poorly understood. We showed here that metabolic
reprogramming from glycolysis to gluconeogenesis is regulated
by a novel PI(3,5)P,-dependent regulatory mechanism in
S. cerevisiae.

The Endosomal PI(3,5)P, Lipid-dependent Transcriptional
Activation of Gluconeogenesis Genes—There are conspicuous
similarities in transcriptional regulatory mechanisms between
GALI and the two gluconeogenesis genes, ICL1 and FBP1. First,
they all belong to TATA box-containing genes (23). TATA box-
containing genes have the +1 nucleosome positioned at the
transcription start site (TSS) and depend on SAGA rather than
transcription factor IID to evict the +1 nucleosome and estab-
lish the PIC (25). Indeed, a crucial role for SAGA to establish an
activated chromatin structure was observed at both the GALI
and FBP1 promoters (18, 20, 26). Second, GALI as well as ICL1
and FBPI all contain both an upstream activating sequence/
CSRE and a URE at their promoters, and thus their transcrip-
tional regulation is under control of both transcriptional acti-
vation and transcriptional repression. Third, they all are
regulated by the same repressor complex (Migl/Mig2-Cyc8-
Tupl). Fourth, transcription of the activator gene(s) (CATS8
activator gene for ICL1/FBPI; GAL4 activator gene for GALI)
itself is repressed by the same transcriptional repressor com-
plex (Migl/Mig2-Cyc8-Tupl). Thus, relief of the Migl/Mig2-
Cyc8-Tupl repressor function will also induce expression of
the transcriptional activators.

Based on our results here and the previously characterized
transcriptional regulatory mechanisms at the GALI promoter,
we propose a model for the PIPTC-mediated transcriptional
activation of the gluconeogenesis genes, ICL1 and FBPI. In glu-
cose-rich medium, transcription of ICLI and FBPI is repressed
by a Mig1/2-Cyc8-Tupl complex (Fig. 7). As a member of the
TATA box-containing genes, we predict that the /CLI and
FBPI promoters contain the +1 nucleosome positioned at the
TSS (Fig. 7). In non-glucose carbon medium, the Cyc8-Tupl
corepressor is converted into a Cti6-Cyc8-Tupl coactivator by
the PIPTC (Fig. 7). Meanwhile, the transcription activators,
Cat8 and Sip4 are expressed and bind to the CSRE in non-
glucose medium (Fig. 7). Without the PIPTC, recruitment of
Cat8 and Sip4 to the promoters of ICL1 and FBPI is signifi-
cantly inhibited, suggesting the Tupl-repressed chromatin
structure at the promoters is much less accessible to the activa-
tors. SAGA complex is recruited to the promoters by the Cti6-
Cyc8-Tupl coactivator and Cat8/Sip4 activator proteins, pre-
sumably through the interaction between Tral of SAGA
complex and Cti6 and/or Cat8/Sip4 proteins (Fig. 7). It has been
shown that Tral interacts with transcription activators, Gal4,
Gcen4, and Hap4 in S. cerevisiae (19). Therefore, we predict that
Cti6 and/or Cat8/Sip4 activators recruit SAGA to the /ICL1 and
FBP1 promoters by interaction with Tral (Fig. 7).
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FIGURE 6. Cti6 mislocalizes to the cytoplasm in fab1A cells in ethanol medium. A and B, GFP-Tup1 (A) and GFP-Cti6 (B) localizes primarily in the nucleus
(stained with Hoechst 33342) in WT cells in glucose-rich medium. C, GFP-Cti6 localizes primarily in the nucleus in WT cells at 8 h after shifting from glucose to
ethanol media. D, GFP-Cti6 accumulates in the cytoplasm in fab7A cells at 8 h after shifting from glucose to ethanol media. Some cytoplasmic Cti6 formed
multiple speckles (marked by arrows). E, GFP-Tup1 localizes primarily in the nucleus in fab1A cells at 8 h after shifting from glucose to ethanol media. Single,
bright GFP signals of Cti6 (C and D) or Tup1 (E) correspond to nuclear proteins (marked as n).

It was recently proposed that DNA-binding, Cyc8-Tupl
interacting repressors such as Migl and Sko1 function as a tran-
scriptional activator in addition to a repressor (38). The Cyc8-
Tupl corepressor was proposed to regulate the dual function-
ality of DNA-binding repressor/activator proteins by masking
the activation domain of repressor/activator proteins (38). This
proposed mechanism does not involve Cti6. Instead, the model
proposed that DNA-binding, Cyc8-Tupl-interacting repres-
sors, such as Migl and Skol, recruit coactivators, such as
SAGA, by direct interaction through their activation domain. It
may function at other Tupl-repressed promoters, but we
believe it is the Cyc8-Tupl complex that performs dual func-
tionality in transcriptional regulation at the promoters of the
gluconeogenesis genes, /CL1 and FBP1, and GALI. The dual
functionality of the Cyc8-Tupl complex is modulated by Cti6
and the PIPTC as we have proposed. We clearly demonstrated
a critical role played by Cti6 in activating transcription of /CLI
and FBPI in this study and GALI in our previous study (12).
Cti6 and Tupl are highly specific PI(3,5)P, interactors (12).
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Without Cti6 or PI(3,5)P,, the chromatin structure at the pro-
moters of ICLI and FBPI is less accessible to the Cat8 and Sip4
activators as shown in Fig. 5, B and C, suggesting a role for the
PIPTC in remodulating the chromatin architecture at the /CL1
and FBP1 promoters prior to binding of the Cat8 and Sip4 acti-
vators during transcriptional activation of the genes. Further-
more, the expression levels of the Cat8 and Sip4 activators are
highly regulated between high glucose, ICL1/FBPI-repressing
conditions and low glucose, ICL1/FBPI-activating conditions,
as shown in Fig. 4B. The results of the promoter accessibility to
Cat8 and Sip4 (Figs. 5, Band C) and the highly regulated expres-
sion of Cat8 and Sip4 (Fig. 4B), taken together, suggest that
transcriptional induction of /CL1 and FBPI is a dynamically
regulated, multistep process that requires both conversion of
the Cyc8-Tupl corepressor to the Cti6-Cyc8-Tupl coactivator
and recruitment of the Cat8 and Sip4 activators to the promot-
ers. Our results showed that, without either Tup1 conversion or
Cat8/Sip4 activators, an activated state of chromatin architec-
ture cannot be robustly established at the /CLI and FBPI pro-
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(right). The Cyc8-Tup1 corepressor is converted to the Cti6-Cyc8-Tup1 coactivator by the PIPTC at the late endosomal/vacuolar membrane. The PIPTC appears
to play a critical role in remodulating the chromatin architecture at the ICL7 and FBPT promoters to a promoter structure more accessible to the Cat8 and Sip4
activators. The Cti6-Cyc8-Tup1 coactivator and the Cat8/Sip4 activators recruit the SAGA coactivator complex to the ICLT and FBPT promoters, presumably
through the interaction between Tra1 of the SAGA complex and Cti6 or Cat8/Sip4 proteins. Inferring from the characterized features at the GALT promoter, we
predict that SAGA may recruit the Swi/Snf nucleosome remodeler that evicts the + 1 nucleosome positioning at the TSS and opens the promoter to establish
the PIC. Both the PIPTC and the Cat8/Sip4-dependent activation pathway play critical roles in robustly establishing the activated state (right) from the repressed

state (left) of chromatin architecture at the ICLT and FBP1 promoters. PI(3)P, phosphatidylinositol 3-phosphate.

moters even in the presence of the Migl repressor/activator
contrary to the previously proposed model (38).

The PIPTC May Be a General Mechanism Required for Tran-
scriptional Activation of Other Tupl-repressed Genes—The
Cyc8-Tupl complex is a global repressor that regulates more
than 150 genes in S. cerevisiae. From our study of GAL1, one of
the best characterized Tupl-repressed genes, we identified the
PIPTC to play a crucial role for the recruitment of the SAGA
coactivator to the GALI promoter during GALI transcriptional
activation (12). Here we show that the PIPTC also plays a crit-
ical role for metabolic reprogramming from glycolysis to gluco-
neogenesis. Particularly, /ICL1 and FBP1, two key gluconeogen-
esis genes that are repressed by Tupl, require the PIPTC for
their transcriptional activation. Our results suggest that the
PIPTC represents a general mechanism functioning at Tupl-
repressed genes. Tupl regulates numerous genes, and Tupl-
repressed genes are diverse in terms of their transcriptional
regulatory mechanisms (17). In addition to the Tupl-repressed
genes subject to glucose repression, there are sets of Tupl-
repressed genes that are controlled by other stimuli: phero-
mone, salt concentration, heme concentration, etc. Therefore,
to grasp a more comprehensive picture of how general the
PIPTC is for the regulation of Tupl-repressed genes will
require the examination of additional sets of Tupl-repressed
genes under different induction conditions.
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The primary role of the Cti6-Cyc8-Tup1 coactivatorin GALI
transcription is to interact with and recruit the SAGA coacti-
vator to the GALI promoter (21). We believe that the Cti6-
Cyc8-Tupl coactivator plays the same role in recruiting the
SAGA complex to the ICLI and FBPI promoters. The PIPTC
illustrates that endosomal membranes provide a signaling plat-
form for functional regulation of the general transcriptional
regulator Cyc8-Tupl complex and consequently Cti6-Cyc8-
Tupl coactivator-dependent SAGA recruitment to gene pro-
moters. Interestingly, Ada2, a component of the SAGA com-
plex, is capable of interacting with the lipid phosphatidylserine,
and the lipid binding activity of Ada2 was suggested to regulate
the function of the SAGA complex (39). In addition, it was
suggested that folding of Tral, a component of the SAGA com-
plex, or assembly of a subcomplex of SAGA may take place on
cytoplasmic membranes (40). These observations suggest that
regulation of the function and/or the assembly of the SAGA
complex may be closely linked with cytoplasmic membranes.

SAGA and Tupl are highly conserved general transcriptional
regulators (41, 42). The human SAGA and Tupl homologs
(TLE proteins) regulate fundamental cellular and developmen-
tal processes by interacting with crucial transcriptional factors,
such as c-Myc, E2F, and/or p53 (43, 44). The PI(3,5)P,-depen-
dent regulatory mechanism of Tupl function and its role for
SAGA recruitment that we identified in yeast may provide
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important insights to understand how human SAGA and TLE
proteins are regulated in humans.

Glucose starvation may change vacuolar contents and prop-
erties, such as PI(3,5)P, levels and vacuolar luminal pH, which
may trigger signals for the PI(3,5)P,-dependent Tupl conver-
sion at the vacuolar membrane to activate transcriptional
reprogramming for gluconeogenesis.

Similar to our observations, there are reports showing a role
for endosomal/lysosomal membranes as a physiological/nutri-
tional sensor and as a signaling platform in humans. The tran-
scription factor EB (TFEB), a key transcriptional activator for
lysosomal biogenesis genes, localizes at the lysosomal mem-
branes in rich medium. When cells are starved, transcription
factor EB is activated by mTORCI at the lysosomal membranes
to function in transcriptional reprogramming for lysosomal
biogenesis (45).

Like our demonstration of the PI(3,5)P,-dependent regula-
tion of Tupl and Cti6, there are a few known cases where cells
utilize membrane lipids to regulate the function of transcrip-
tional factors. The function of the sterol-responsive element-
binding protein (SREBP) transcription factor is regulated by
cholesterol in the endoplasmic reticullum membrane (46). The
Tubby transcription factor is regulated by interaction with
PI(4,5)P, at the plasma membrane (47). The endosomal phos-
phatidylinositol 3-phosphate lipid provides a signaling plat-
form for activation of the Smad2 transcription factor (48). A
lipid-mediated functional regulation of transcription regula-
tors may have been evolved to achieve a highly specific signaling
reaction in the complex intracellular milieu.

Are Human Gluconeogenesis Genes Regulated by TLE
Repression and the PIPTC?—It is currently unknown if
human gluconeogenesis genes are also regulated by the
human Tupl homolog TLE proteins or if there is a PI(3,5)P,-
dependent mechanism that regulates transcriptional repro-
gramming from glycolysis to gluconeogenesis in humans.

Interestingly, it was reported that human PCK1 is regulated
by hepatic nuclear factor-33 (HNF3p) and that TLE proteins
interact with HNF3p (49, 50). This raises the interesting possi-
bility that human gluconeogenesis genes also are regulated by
the Tupl repression and PIPTC that we identified in yeasts.
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