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Abstract

Tumor cells alter their metabolism to meet their demand

for macromolecules and support a high rate of proliferation

as well as cope with oxidative stress. The transcription factor

yin yang 1 (YY1) is upregulated in various types of tumors

and is crucial for tumor cell proliferation and metastasis.

However, its role in tumor cell metabolic reprogramming is

poorly understood. Here, we show that YY1 alters tumor cell

metabolism by activating glucose-6-phosphate dehydroge-

nase (G6PD), the rate-limiting enzyme in the pentose phos-

phate pathway. By stimulating the pentose phosphate path-

way, YY1 enhanced production of nucleotides and DNA

synthesis, decreased intracellular reactive oxygen species

levels, and promoted antioxidant defense by supplying

increased reducing power in the form of NADPH. Impor-

tantly, YY1-mediated regulation of the pentose phosphate

pathway in tumor cells occurred not through p53, but rather

through direct activation of G6PD transcription by YY1.

Regulation of pentose phosphate pathway activity through

G6PD was strongly related to YY1-induced proliferation of

tumor cells and tumorigenesis. Together, our results

describe a novel role for YY1 in regulating G6PD in a

p53-independent manner, which links its function in

tumorigenesis to metabolic reprogramming in tumor cells.

Significance: This study reveals a novel role for YY1 in

regulating G6PD and activating the pentose phosphate path-

way, linking its function in tumorigenesis to metabolic repro-

gramming. Cancer Res; 78(16); 4549–62. �2018 AACR.

Introduction

Metabolic reprogramming is an important hallmark of tumor

cells and a key feature of the malignant phenotype (1). As first

discovered by Otto Warburg, compared with normal cells, tumor

cells consume glucose at a significantly high rate and prefer to

metabolize it through glycolysis even in the presence of an

adequate oxygen supply (2–4). Through thismetabolic alteration,

known as the Warburg effect, more than 90% of glucose is

converted to lactate (4), which conditions the tumor cell envi-

ronment to favor their invasion (5). Metabolic reprogramming

not only upregulates tumor cell adaptation potential to a fluctu-

ating oxygen tension (6), but also allows production of glycolytic

intermediates, which could in turn fuel the synthesis of macro-

molecules required for the formation of new cells (7). Metabolic

reprogramming also enhances the pentose phosphate pathway

(PPP), which produces ribose-5-phosphate for de novo nucleotide

biosynthesis (5). The PPP also generates nicotinamide adenine

dinucleotide phosphate (NADPH), which is crucial for support-

ing cell proliferation via the reductive biosynthesis of macromo-

lecules such as lipids. Moreover, NADPH acts as a reactive oxygen

species (ROS) scavenger and thus is critical for the antioxidant

defense of the cells (5, 8). However, despite the crucial role of the

PPP in tumorigenesis, its regulatory mechanism is not fully

understood.

Yin yang 1 (YY1) is the first identified member of the Yin Yang

(YY) family, aGLI-Kr€uppel zincfinger protein family that contains

four highly conserved C2H2 zinc finger domains (9, 10). YY1 is a

multifunctional transcription factor responsible for activating or

inhibiting transcription of target genes depending on the context

and the recruitment of specific cofactors (11). YY1 has been

estimated to regulate about 7% of mammalian genes (12).

Despite its function as a transcriptional regulator, recent studies

have indicated that YY1 could regulate gene expression even

through other mechanisms, for example, by stabilizing hypox-

ia-inducible factor 1 alpha (HIF1a; ref. 13). Not surprisingly, YY1

is implicated in various biological and physiological processes,

including DNA replication, cell proliferation, embryonic devel-

opment, differentiation, and disease pathways such as dystrophic

muscle disease (9, 13–15). Meanwhile, YY1 overexpression could

be observed in various cancers, including colon carcinoma, breast

carcinoma, pancreatic cancer, and bladder cancer (16–19). We

and other groups have also reported that YY1 plays crucial roles in

tumorigenesis, promoting tumor cell proliferation and tumor

angiogenesis in both a p53-dependent and p53-independent

manner (11, 13, 18–20).
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In spite of its documented roles in tumorigenesis, whether

YY1 is involved in the regulation of tumor cell metabolic

reprogramming, and whether this regulation could have a

determinant effect on tumor cell proliferation are still unclear.

Here, we report that YY1 activates the expression of glucose-6-

phosphate dehydrogenase (G6PD), the key enzyme of the PPP.

By stimulating the PPP, YY1 alters tumor cell metabolism,

enhances nucleotide production and DNA synthesis, and pro-

motes antioxidant defense by increasing NADPH. All of these

adaptations are crucial for tumor cell proliferation. Concomi-

tantly, G6PD overexpression rescues the suppression of cell

proliferation and tumorigenesis induced by YY1 silencing.

Importantly, we show that YY1 regulates G6PD through direct

binding to the G6PD promoter, even in the absence of the tumor

suppressor p53. Together, our findings not only unravel a

pivotal role of YY1 in promoting tumor cell proliferation by

inducing a metabolic shift, especially toward the PPP, but also

provide new insights regarding the complex role of YY1 in

driving tumorigenesis. Furthermore, our results strongly suggest

that YY1might be a potential target for cancer therapy regardless

of the p53 status of the patient.

Materials and Methods

Cell lines and cell culture

HeLa, U2OS, and HepG2 cells were maintained in Dulbecco's

modified Eagle's medium (Gibco, Life Technologies). HCT116WT

and HCT116p53null cells were kindly provided by Dr. Bert

Vogelstein at John Hopkins University School of Medicine, Balti-

more, MD (21) andmaintained in McCoy's 5Amedium (Gibco).

All cell lines were cultured with 10% fetal bovine serum (Biolog-

ical Industries) and 1% penicillin–streptomycin. All cell lines

were verified using short-tandem repeat profiling method at

Genetic Testing Biotechnology (for HCT116p53null cell) and at

Cell Bank, Type Culture Collection, Chinese Academy of Science

(for other cell lines), and tested for Mycoplasma contamination

using Mycoplasma Detection Kit-Quick Test (Biotool) routinely

every 6 months. Cells were transfected with indicated vectors

using Lipofectamine 2000 (Invitrogen Life Technologies) accord-

ing to the manufacturer's protocol.

For gene-silencing experiments, cells were seeded in 6-well

plates, and transfected with 2 mg of indicated shRNA expression

vectors. Twenty-four hours after transfection, puromycin selection

was performed to eliminate untransfected cells. For establish-

ing YY1-silenced HCT116p53null cells (HCT116p53null/shYY1

cells) and YY1-silenced, G6PD-overexpressed HCT116p53null

cells (HCT116p53null/shYY1/G6PD cells), cells were seeded in

10-cm well plates, and transfected with 12 mg of shCon or

shYY1 and 6 mg of pcEF9-Puro or pG6PD-Puro vectors. Stable

cell lines were established by performing puromycin selection.

For overexpression experiments, cells were seeded in 6-well

plates and transfected with 2 mg of pcYY1. For rescue experi-

ments, cells were transfected with 1 mg of shYY1 and 1 mg of

pcG6PD vectors and subjected to puromycin selection to elim-

inate untransfected cells.

Clinical human colon carcinoma specimens

Human colon carcinoma fresh specimens were obtained from

patients undergoing surgery at Chongqing University Cancer

Hospital (Chongqing, China). Patients did not receive chemo-

therapy, radiotherapy, or other adjuvant therapies prior to the

surgery. The specimens were snap frozen in liquid nitrogen. Prior

patients' written informed consents were obtained. The studies

were approved by the Institutional Research Ethics Committee of

Chongqing University Cancer Hospital, and conducted in accor-

dance with the Declaration of Helsinki.

Animal experiment

For the in vivo tumor study, BALB/c-nu/nu mice (male; body

weight, 18–22 g; 6 weeks old) were purchased from the Third

Military Medical University (Chongqing, China; permit number

SYXK-PLA-20120031). Animal studies were approved by the

Laboratory Animal Welfare and Ethics Committee of the Third

Military Medical University and carried out in the Third Military

Medical University. All animal experiments conformed to the

guidelines of the Animal Care and Use Committee of the Third

MilitaryMedical University. All efforts tominimize suffering were

made. To generate an experimental subcutaneous tumor model,

BALB/c-nu/numicewere randomly divided into three groups (n¼

6), and each group was injected subcutaneously with 5 � 106

HCT116p53null/Con, HCT116p53null/shYY1, or HCT116p53null/

shYY1/G6PD stable cells. Tumor size (V) was evaluated by a

caliper every 2 days with reference to the following equation:

V¼ a� b2/2 (13), where a and b are the major and minor axes of

the tumor, respectively. The investigator was blinded to the group

allocation and during the assessment.

Plasmids and constructs

The shRNA control vector (shCon), shRNA expression vectors

targeting YY1, YY2, and shp53, as well as YY1 overexpression

vector were constructed as described previously (13, 22). The

target sequences specific for YY1 are shYY1-1 (50-GCAAGAA-

GAGTTACCTCAG-30) and shYY1-2 (50- GTCCAGAATACTTA-

TAATT-30), while those for YY2 are shYY2-1 (50-GCATCAACAT-

CAACATCAA-30) and shYY2-2 (50-ACATCAACATCAACCCAGA-

30), and those for p53 are shp53 (50- GCAAGAAGGGAGACAA-

GAT-30). For G6PD overexpression vector (pcG6PD), the coding

region of humanG6PDwas amplified using the Takara Ex Taq Kit

(Takara Bio) from human cDNA obtained by reverse-transcribing

total RNA extracted from HCT116WT cells using the PrimeScript

RT Reagent Kit with gDNA Eraser (Takara Bio). The amplicon was

inserted into the HindIII and EcoRI sites of pcDNA3.1(þ; Invitro-

gen Life Technologies). For pG6PD-Puro vector, the ampliconwas

inserted into the pcEF9-Puro vector bringing puromycin resis-

tance gene.

For G6PD luciferase reporter vectors, we cloned the �419 to

þ1,428 (forG6PD-Luc) or theþ58 toþ1,428 (forG6PD-del-Luc)

of the G6PD promoter region into the EcoRV and HindIII sites of

the pGL4.13 vector (Promega). Human genome DNA extracted

from HCT116WT cells using the TIANamp Genomic DNA Kit

(Tiangen Biotech) was used as template for amplifying the pro-

moter regions. G6PD-luciferase vector with mutated YY1 binding

site (G6PDmut-Luc) was constructed based on the site-specific

mutagenesis method (17).

Western blotting and quantitative PCR analysis

Detailed methods for performing Western blotting and quan-

titative PCR analysis are described in the SupplementaryMaterials

and Methods. The sequences of the primers and antibodies used

are shown in Supplementary Tables S1 and S2, respectively.

Images of uncropped blots are shown in Supplementary Fig.

S8A to S8F.
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Glucose consumption, lactate production, G6PD and P6GD

enzyme activities, and the intracellular NADPH level

Cells were transfected with indicated shRNA expression vectors

or overexpression vectors as described above. For glucose con-

sumption and lactate production, the culture medium was then

changed, and the cells were incubated for an additional 24 hours.

Glucose levels in the culture medium were measured using the

Glucose Colorimetric Assay Kit (BioVision). Lactate levels were

determined using a Lactate Assay kit (KeyGenBiotech). The values

were normalized with total protein amount determined using the

BCA Protein Assay Kit (Beyotime). G6PD enzyme activity and the

intracellular NADPH level were determined using G6PD assay kit

(Yuanye) or Amplite Colorimetric NADP/NADPHRatio Assay Kit

(AAT Bioquest), respectively, after the cells being lysed.

For measuring the activities of G6PD and 6PGD in clinical

tumor tissues and xenografted tissues, the tissues were homoge-

nized, then the enzyme activities were measured using the G6PD

assay and 6PGD assay kits (Solarbio), and the relative level to the

control was calculated.

Intracellular ROS level

Cells were transfected with indicated expression vectors as

described above, and then the same number of the cells was

reseeded to 24-well plates. The intracellular ROS level was stained

using CellROX Green Reagent (Life Technologies). Images were

taken with DMI6000B (Leica) and analyzed using ImageJ soft-

ware. The results were expressed as the mean fluorescence inten-

sity per cell.

Liquid chromatography–mass spectrometry

For profiling PPP metabolites 6-phosphogluconate and

ribose-5-phosphate, cells transfected with indicated shRNA

expression vectors as described above were washed twice with

cold PBS, and then the intracellular metabolites were extracted

by sonication in ice-cold 80% methanol. Supernatants were

collected with centrifugation, rotary evaporated, and dissolved

in 95% acetonitrile. Liquid chromatography–mass spectrome-

try (LC-MS) analysis was carried out on Agilent 1290 Infinity II

UPLC tandem Agilent Triple Quard (QQQ) MS equipped with

electrospray source operating in the negative-ion multiple-

reaction monitoring mode. The source parameters were as

follows: gas temperature 300�C, gas flow 8 L/minute, nebulizer

35 psi, sheath gas temperature 350�C, sheath gas flow 11 L/

minute, capillary 3500 V, and nozzle voltage 1500 V. Chro-

matographic separation was performed on Acquity UPLC BEH

HILIC (2.1 � 100 mm, 1.7 mm) column. Mobile phase A used

consists of water, while mobile phase B consists of 95%

acetonitrile and 5% water. The quantitative multiple-reactions

monitoring transition of each particular metabolite were m/z

275 > 80 for 6-phosphogluconate, andm/z 229 > 183 for ribose-

5-phosphate, respectively. Data were acquired and processed

using MassHunter Workstation Acquisition (Version B.08.00).

Peak areas of individual metabolites were normalized against the

total protein amount. The relative levels of each metabolite to

those of the control are calculated.

Statistical analysis

All values of the experimental results were presented asmean�

SEM of three independent experiments. Statistical analysis was

performed using the Student t test. For clinical samples and

xenograft experiments, statistical analysis was performed using

one-way ANOVA. A value of P < 0.05 was considered statistically

significant.

Results

YY1 regulates glucose metabolism in tumor cells

Tomeet their highly proliferative growth, tumor cells alter their

metabolism. We and others have shown that YY1 is crucial for

tumor cell proliferation (11, 13, 17, 19, 20); however, it remains

unclear whether this occurs via metabolic reprogramming. There-

fore, we first analyzed whether YY1 expression levels affected

glucose metabolism by measuring glucose consumption and

lactate production in YY1-silenced tumor cells. To this end, we

constructed two small-hairpin (shRNA) vectors against YY1 (Sup-

plementary Fig. S1A and S1B) and a YY1 overexpression vector

(Supplementary Fig. S1C). Notably, our shRNA expression vec-

tors against YY1 and the YY1 overexpression vector did not affect

the expression level of YY2, another member of the YY family

(23, 24). Our results showed that knocking down YY1 signifi-

cantly reduced glucose consumption by HCT116WT colon

carcinoma cells, whereas overexpressing YY1 robustly enhanced

it (Fig. 1A), indicating that YY1 positively regulates glucose

metabolism in tumor cells. Moreover, YY1 silencing grossly

suppressed lactate production (Fig. 1B, left), whereas YY1 over-

expression conspicuously increased it (Fig. 1B, right). Thus, our

results clearly demonstrated that YY1 alters glucosemetabolism in

tumor cells. To elucidate the underlying molecular mechanism,

we screened for factors involved in glucosemetabolism that could

be potentially affected by YY1. As shown in Fig. 1C, YY1 silencing

clearly reduced the expression of several factors involved in

glucose metabolism, such as glucose transporter 1 (GLUT1),

G6PD, 6-phosphofructokinase 2 (PFK2), TP53-induced glycolysis

regulatory phosphatase (TIGAR), phosphoglycerate kinase 1

(PGK1), pyruvate kinase M1/2 (PKM2), and lactate dehydroge-

nase A (LDHA). Among them, the expression level of G6PD was

the most affected, decreasing below 50% in YY1-silenced cells.

To further confirm the role of YY1 in regulating G6PD, we

assessed G6PD mRNA expression levels using two shYY1 vectors

and found that both of them significantly suppressed G6PD

mRNA (Fig. 2A, left); in contrast, YY1 overexpression grossly

upregulated G6PD mRNA (Fig. 2A, right). Furthermore, YY1

silencing suppressed the G6PD protein level (Fig. 2B, top),

whereas YY1 overexpression upregulated it (Fig. 2B, bottom).

Concomitantly, YY1 silencing significantly repressed G6PD

enzyme activity (Fig. 2C, left), while YY1 overexpression induced

it (Fig. 2C, right). To confirm that this regulation was specific to

YY1, we silenced YY2 using two different shRNA expression

vectors and found that the level of G6PD was not affected

(Supplementary Fig. S1D). Next, to assess whether this regulation

was common to other tumor cells, we silenced YY1 expression in

humanhepatocarcinomaHepG2 cells, human cervical carcinoma

HeLa cells, and human bone osteosarcoma epithelial U2OS cells

(Supplementary Fig. S1E–S1G). We found that G6PD expression

was conspicuously suppressed in these cells when YY1 was

silenced (Fig. 2D).

Next, we examined the expression levels of YY1 and G6PD in

human clinical colon carcinoma tissues. Compared with adjacent

normal tissue, mRNA expression of both YY1 and G6PD was

robustly upregulated in tumor tissue (Fig. 2E, left and right,

respectively). Furthermore, as shown by Western blotting and

immunohistochemistry, YY1 and G6PD protein expression was

YY1 Enhances Tumor Cells' Pentose Phosphate Pathway
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significantly higher in tumor tissues compared with normal ones

(Fig. 2F and G). In line with these results, we also detected a

significant increase in G6PD enzyme activity in tumor tissue

(Fig. 2H). Together, these results clearly suggest that YY1 is a

positive regulator of G6PD expression, and that this regulatory

mechanism is common to various tumor cell types.

YY1/G6PD regulation is crucial for the PPP

G6PD is known as the pacesetter of the PPP, and its activity

determines the first committing step of this pathway (8).

Aberrant G6PD expression and regulation had been found in

tumor cells (25, 26); however, it remains unclear whether YY1

is involved in PPP regulation. To unravel the role of YY1 in PPP,

we first examined the effect of YY1 expression on the intracel-

lular NADPH level. As shown in Fig. 3A, the expression of YY1

correlated positively with the intracellular NADPH level. Con-

comitantly, YY1 silencing robustly increased the amount of

intracellular ROS (Fig. 3B). YY1 silencing also reduced cell

survival upon exposure to oxidative stress, whereas YY1 over-

expression upregulated it (Supplementary Fig. S2A). Further-

more, we measured the amounts of 6-phosphogluconate and

ribose-5-phosphate, two typical metabolites of the PPP, using

LC-MS (Supplementary Fig. S2B and S2C), and found that their

amounts were also conspicuously lower as a result of YY1

silencing (Fig. 3C). Ribose-5-phosphate is an intermediate in

nucleotide production, which is crucial for de novo DNA syn-

thesis. Not surprisingly, as demonstrated by the 5-ethynyl-20-

deoxyuridine (EdU) incorporation assay, YY1 silencing sup-

pressed de novo DNA synthesis (Fig. 3D). Concomitantly, YY1

silencing grossly reduced the total number of HCT116WT cells

and the number of HCT116WT colonies (Fig. 3E and F).

Together, these results reveal that YY1 is critical for regulating

the PPP and, consequently, the proliferation and colony for-

mation potentials of tumor cells.

To investigate whether G6PD was involved in YY1-mediated

PPP regulation, we constructed a G6PD overexpression vector

(Supplementary Fig. S3A), which we used together with shYY1

vector to perform rescue experiment (Supplementary Fig. S3B).

We observed that G6PD activity and cellular NADPH level, both

of which were significantly suppressed by YY1 silencing, were

significantly restored when G6PDwas overexpressed (Fig. 4A and

B, respectively).NADPH is a key factor in suppressing intracellular

ROS and enhancing lipid synthesis. Consistent with the trend

shown by NADPH, YY1 silencing robustly increased intracellular

ROS, while suppressing cell viability; both of these were restored

by G6PD overexpression (Fig. 4C; Supplementary Fig. S3C).
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Figure 1.

YY1 regulates tumor cells' glucose metabolism. A, Glucose consumption level in YY1-silenced (left) and YY1-overexpressed (right) HCT116WT cells. Total protein

was used for normalization. B, Lactate production level in YY1-silenced (left) and YY1-overexpressed (right) HCT116WT cells. Total protein was used for

normalization. C, The mRNA expression levels of glucose metabolism-related genes in YY1-silenced HCT116WT cells were analyzed using qPCR. Cells transfected

with shCon or pcCon were used as control, and the results are shown as relative to control. b-Actin was used for qPCR normalization. Quantitative data were

expressed as mean � SEM of three independent experiments. � , P < 0.05; �� , P < 0.01; NS, not significant; pcCon, pcDNA3.1(þ).

Wu et al.

Cancer Res; 78(16) August 15, 2018 Cancer Research4552

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/1

6
/4

5
4
9
/2

7
6
9
6
7
7
/4

5
4
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



1.2

1.0

0.8

0.6

0.4

0.2

0

R
e

la
ti
ve

 m
R

N
A

 e
x
p

re
s
s
io

n
 l
e
ve

l
R

e
la

ti
ve

 m
R

N
A

 e
x
p

re
s
s
io

n
 l
e
ve

l

R
e

la
ti
ve

 m
R

N
A

 e
x
p

re
s
s
io

n
 l
e
ve

l

A

shCon shYY1
-1

shYY1
-2

2.0

1.5

1.0

0.5

0

R
e

la
ti
ve

 m
R

N
A

 e
x
p

re
s
s
io

n
 l
e
ve

l

pcCon pcYY1

HCT116WT HCT116WT

shCon shYY1
-1

shYY1
-2

YY1

G6PD

β-Actin

B

D

E

F

H

G

40

30

20

10

0

G
6
P

D
 a

c
ti
v
it
y

[U
/g

 t
o
ta

l 
p
ro

te
in

]

C 70

60

50

40

30

20

10

0

G
6
P

D
 a

c
ti
v
it
y

[U
/g

 t
o
ta

l 
p
ro

te
in

]

pcCon pcYY1

YY1

YY1

YY1

YY1

YY1

G6PD

G6PD

G6PD

G6PD

G6PD

β-Actin

β-Actin

β-Actin

−55

−55

−40

−55

−55

−40

−55

−55

−40

−55

−55

−40

−55

−55

−40

−55

−55

−40

shCon shYY1
-1

shYY1
-2

pcCon pcYY1

**

**

****

HepG2 HeLa U2OS

shCon shCon shConshYY1 shYY1 shYY1shYY1 shYY1 shYY1
-1 -1 -1-2 -2 -2

Adjacent
tissue

Adjacent tissue Adjacent tissue

Adjacent
 tissue

Tumor

Tumor Tumor

Tumor

10

8

6

4

2

0

10

8

6

4

2

0

P = 0.007 P = 0.001

H&E

200

150

100

50

0

R
e
la

ti
ve

 G
6
P

D
 a

c
ti
v
it
y
 (

%
)

#1 #2 #3 #4 #5 #6 #7 #8

N C C C C C C C CN N N N N N N

Figure 2.

YY1 positively regulates G6PD expression. A, The mRNA expression level of G6PD in YY1-silenced (left) and YY1-overexpressed (right) HCT116WT cells was analyzed

using qPCR. The results are shown as relative to control. B, The protein expression level of G6PD in YY1-silenced (top) and YY1-overexpressed (bottom) HCT116WT

cells was analyzed using Western blotting. C, G6PD activity in YY1-silenced (left) and YY1-overexpressed (right) HCT116WT cells. Total protein was used for

normalization.D, Theprotein expression level of G6PD inYY1-silencedHepG2 (left), HeLa (middle), andU2OS (right) cellswas analyzed usingWestern blotting. E and

F, The mRNA (E; n ¼ 20) and protein (F) expression levels of YY1 and G6PD in clinical human colon carcinoma and corresponding adjacent tissues were analyzed

using qPCR and Western blotting, respectively. G, The results of immunohistochemistry staining against YY1 and G6PD in clinical human colon carcinoma and

corresponding adjacent tissues (scale bars, 100 mm). H, G6PD enzyme activity in clinical human colon carcinoma and corresponding adjacent tissue.

Total protein was used for normalization, and the results are shown as relative to control. Cells transfected with shCon or pcCon were used as control. b-Actin was
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�� , P < 0.01. pcCon, pcDNA3.1(þ).

YY1 Enhances Tumor Cells' Pentose Phosphate Pathway

www.aacrjournals.org Cancer Res; 78(16) August 15, 2018 4553

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/1

6
/4

5
4
9
/2

7
6
9
6
7
7
/4

5
4
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



Similarly, lipid accumulation was also significantly restored in

YY1-silenced cells overexpressing G6PD (Fig. 4D). Furthermore,

G6PD overexpression eliminated the suppressive effect of

YY1 silencing on PPP intermediates (6-phosphogluconate and

ribose-5-phosphate) and de novo DNA synthesis (Fig. 4E and F).

Taken together, these results strongly suggest that YY1 regulation

of the PPP occurs by controlling G6PD expression.

Finally, we examined whether YY1 regulation of G6PD

could be linked to its role in tumor cell proliferation. YY1

silencing was reported to reduce the proliferation rate of tumor
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results are shown as relative to control. B, Intracellular ROS level in YY1-silenced HCT116WT cells. Representative images (left) and relative fluorescence
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assay. Representative images (left) and the quantitative results (right) are shown.Hoechstwas used to stain thenuclei. The ratio ofdenovoDNAsynthesis is shownas

relative to control. E, Total cell number of YY1-silenced HCT116WT cells was examined at indicated time points. F, Colony formation potentials of YY1-silenced

HCT116WT cells. Cells transfected with shCon or pcCon were used as control. Quantitative data are expressed as mean � SEM of three independent experiments.
� , P < 0.05; �� , P < 0.01. pcCon, pcDNA3.1(þ). Scale bars, 200 mm.

Wu et al.

Cancer Res; 78(16) August 15, 2018 Cancer Research4554

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/1

6
/4

5
4
9
/2

7
6
9
6
7
7
/4

5
4
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



40

30

20

10

0

120

100

80

60

40

20

0

200

150

100

50

0

R
e

la
ti
v
e

 f
lu

o
re

s
e

n
c
e

 i
n

te
n

s
it
y
 [
%

]

R
e

la
ti
v
e

 c
e

llu
la

r 
N

A
D

P
H

 l
e

v
e

l 
[%

]

R
e

la
ti
v
e

 a
m

o
u

n
t 
o

f 
m

e
ta

b
o

lit
e

 [
%

]
R

a
ti
o

 o
f 
E

d
U

/H
o

e
c
h

s
t 
p

o
s
it
iv

e
 c

e
lls

R
e

la
ti
v
e

 a
m

o
u

n
t 
o

f 
m

e
ta

b
o

lit
e

 [
%

]

G
6
P

D
 a

c
ti
v
it
y
 

[U
/g

 t
o

ta
l 
p

ro
te

in
]

shYY1

shYY1

shCon + pcCon

shYY1 + pcCon

shYY1 + pcG6PD

pcG6PD

pcG6PD

shYY1

shCon

shYY1

shYY1

shYY1

pcG6PD

shYY1
pcG6PD

shYY1 shYY1

pcG6PD

shYY1

pcG6PD

pcG6PD

shYY1
pcG6PD

–
–

–
–

–

–

+

+ +

–
– –

+ +
+

+

+ –
– –

+ +

– –
– –– –

+ + +
+

+

–
–

–
– –

–
+

++
+

+
+

+

+
–
– –

+ +
++

shCon

+pcCon

shYY1

shYY1

+pcCon

+pcG6PD

Nile Red

DAPI

Merge

Merge

Hoechst

EdU

140

120

100

80

60

40

20

0

140

120

100

80

60

40

20

0

6-P-gluconate Ribose-5-P

1.2

1.0

0.8

0.6

0.4

0.2

0

C
e

ll 
n

u
m

b
e

r 
(×

1
0

,0
0

0
)

8

6

4

2

0

0                  1                  2                  3

Time (days)

+pcCon

+pcCon

+pcG6PD

+pcG6PD

120

100

80

60

40

20

0

C
o

lo
n

y
 n

u
m

b
e

r

A

D

F

H

G

E

B C

Figure 4.

G6PD restores the effect of YY1 silencing on tumor cell proliferation by enhancing PPP. A, G6PD activity in YY1-silenced, G6PD-overexpressed HCT116WT cells. Total

protein was used for normalization. B, Intracellular NADPH level in YY1-silenced, G6PD-overexpressed HCT116WT cells. Total protein was used for normalization, and

the results are shown as relative to control. C, Intracellular ROS level in YY1-silenced, G6PD-overexpressed HCT116WT cells. Representative images (left) and relative

fluorescence intensity (right) are shown. D, Lipid accumulation in YY1-silenced, G6PD-overexpressed HCT116WT cells was stained using Nile Red. Representative

images are shown. E, The amounts of 6-phosphogluconate (6-P-gluconate) and ribose-5-phosphate (ribose-5-P) in YY1-silenced, G6PD-overexpressed HCT116WT

cells as analyzed using LC-MS. Total protein was used for normalization, and the results are shown as relative to control. F, The ratio of de novo DNA synthesis

determined using EdU incorporation assay. Representative images (left) and the quantitative results (right) are shown. Hoechst was used to stain the nuclei. The ratio

of de novo DNA synthesis is shown as relative to control. G, Total cell number of YY1-silenced, G6PD-overexpressed HCT116WT cells was examined at indicated time

points. H, Colony formation potentials of YY1-silenced, G6PD-overexpressed HCT116WT cells. Cells transfected with shCon and pcCon were used as control.

Quantitative data are expressed as mean � SEM of three independent experiments. � , P < 0.05; �� , P < 0.01. pcCon, pcDNA3.1(þ). Scale bars, 200 mm.
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cells (13, 17). However, whether the effect of YY1 on tumor cell

proliferation could be linked to its regulation of the PPP, and

particularly G6PD expression, remains unknown. As shown

in Fig. 4G and H, G6PD overexpression robustly restored both

the proliferation and colony formation potentials previously

suppressed by YY1 silencing. Together, these results strongly

indicate that YY1 exerts its critical effect on tumor cell survival,

proliferation, and colonization by regulating G6PD expression

and enhancing the PPP.

YY1 regulates G6PD transcriptional activity by direct binding to

the G6PD promoter region

Given that YY1 is a transcriptional factor, we used the UCSC

Genome Browser (http://genome.ucsc.edu/, ref. 27) to search for

a potential YY1 binding site within the G6PD promoter. Given

that a YY1-binding site (ATGG, ref. 28) was predicted at position

�205 to�202 of the G6PD promoter region, we constructed two

luciferase reporter assay vectors with or without the predicted

binding site (G6PD-Luc andG6PD-del-Luc, Fig. 5A, respectively).

Luciferase reporter assay results clearly showed that knocking

down YY1 could grossly suppress the activity of G6PD-Luc;

however, this suppressive effect could not be observed when

G6PD-del-Luc was used (Fig. 5B, left). Similarly, although YY1

overexpression could conspicuously promote the luciferase

reporter activity of G6PD-Luc, it failed to have any significant

effect on G6PD-del-Luc (Fig. 5B, right). These results indicated

that the�419 toþ57 region was critical for YY1 to regulate G6PD

transcriptional activity. Next, we designed a set of primers for a

chromatin immunoprecipitation (ChIP) assay, with which to

confirm the binding of YY1 to the predicted promoter region

(Fig. 5C, top). As shown in Fig. 5C (bottom), ChIP assay results

clearly showed that YY1 could bind to the�312 to�110 region of

the G6PD promoter. Finally, to assess whether the predicted

binding site was functional, we constructed a G6PD luciferase

reporter vector with four point mutations in the YY1 core binding

site (G6PDmut-Luc): theATGGsequence from thewild-typeG6PD

promoter was mutated into TCTT (Fig. 5D). We found that while

YY1 silencing could robustly suppress the luciferase activity of the

wild-type G6PD reporter vector (G6PD-Luc), this effect was

diminished whenG6PDmut-Luc was used (Fig. 5E, left). Similarly,

while YY1 overexpression greatly induced G6PD-Luc activity, it

failed to affect the luciferase activity of G6PDmut-Luc (Fig. 5E,

right). Together, these results strongly indicate that YY1 could

directly bind to the G6PD promoter, and that such binding is

critical for its transcriptional regulation.

p53 is known as a critical inhibitor of G6PD enzyme activity

(8),whereas YY1 is knownas anegative regulator of p53 (20).Our

results indicated that YY1 regulated G6PD directly at its transcrip-

tional level, most plausibly by binding to its promoter region.

These facts suggested the possibility that YY1 might regulate

G6PD expression in a p53-independent way. To verify this

hypothesis, we first investigated the level of G6PD in HCT116WT

cells, in which both YY1 and p53 were transiently silenced. Our

results showed that YY1 silencing suppressed G6PD expression in

p53-silenced cells (Supplementary Fig. S4A). Consequently, YY1

silencing reduced G6PD activity and glucose consumption pre-

viously induced by p53 silencing (Supplementary Fig. S4B and

S4C, respectively), indicating the presence of a p53-independent

way for YY1 to regulateG6PD. To further confirm this pathway,we

investigated the effect of YY1 silencing in HCT116p53null cells. We

first confirmed the knockdown efficacy of our shYY1 vectors in

HCT116p53null cells (Supplementary Fig. S5A) and measured

G6PD expression in YY1-silenced or YY1-overexpressing

HCT116p53null cells. Our results clearly showed that in

HCT116p53null cells, YY1 silencing suppressed G6PD mRNA

and protein expression, whereas YY1 overexpression induced it

(Fig. 5F and G). Furthermore, manipulation of YY1 levels affected

G6PD activity even in the absence of p53 (Fig. 5H). The fact that

YY1 could directly regulate G6PD transcription and alter tumor

metabolism even in the absence of p53 was further confirmed by

the suppression of glucose consumption and lactate production

in p53-null colon cancer cells upon YY1 silencing, and their

induction upon YY1 overexpression (Supplementary Fig. S5B and

S5C). These results suggest that transcriptional regulation of

G6PD by YY1 could occur in a p53-independent manner, further

confirming the direct action of YY1 in regulating G6PD activity.

G6PD-mediated YY1 regulation of the PPP occurs in a p53-

independent manner

To further verify the functionality of the p53-independent

YY1/G6PD axis on tumor cell PPP, we first analyzed the effect of

YY1 expression on the intracellular NADPH level in

HCT116p53null cells. In the absence of p53, YY1 silencing

significantly suppressed the level of intracellular NADPH (Fig.

6A, left); in contrast, YY1 overexpression grossly upregulated it

(Supplementary Fig. S6A). Moreover, the effect of YY1 silencing

on intracellular NADPH could be diminished by overexpres-

sing G6PD (Fig. 6A, right). Concomitantly, the intracellular

ROS level in HCT116p53null cells was robustly increased by YY1

silencing (Fig. 6B), but was restored by G6PD overexpression

(Fig. 6C). YY1-dependent activation of G6PD and the PPP also

regulate the antioxidant defenses of HCT116p53null cells.

Indeed, cell viability upon exposure to oxidative stress correlated

positively with YY1 expression (Supplementary Fig. S6B), whereas

G6PD overexpression restored the antioxidant defense suppressed

by YY1 silencing (Supplementary Fig. S6C). Intracellular lipid

accumulation showed a similar trend: G6PD overexpression pre-

vented the inhibition of lipid accumulation caused by YY1 silenc-

ing (Fig. 6D).

Next, we examined the role of the YY1/G6PD pathway on

de novo DNA synthesis in p53-null tumor cells. We found that

while YY1 silencing significantly suppressed the number of EdU-

positive HCT116p53null cells (Supplementary Fig. S6D), overex-

pression ofG6PD restored it (Fig. 6E). Furthermore, YY1 silencing

suppressed the proliferation and colony formation potentials of

HCT116p53null cells (Supplementary Fig. S6E and S6F), whereas

G6PD blocked these effects (Fig. 6F and G).

Given that the PPP could produce ribose-5-phosphate and

NADPH, and thus is crucial for the biosynthesis of nucleotides

and for suppressing intracellular ROS, we examined the effect

of adding an ROS scavenger and/or a mixture of four deoxyr-

ibonucleosides and four ribonucleosides on the proliferation

potential of YY1-silenced HCT116p53null cells as described

previously (25, 26). As shown in Fig. 6H, addition of both

ROS scavenger and nucleosides mixture significantly reverted

the effect of YY1 silencing on the proliferation of HCT116p53null

cells. Thus, increased intracellular ROS level and impaired

nucleotide biosynthesis contribute to the disruption of tumor

cell proliferation caused by YY1 silencing. Together, our results

demonstrate, for the first time, that YY1 could activate the PPP

in tumor cells in a p53-independent manner by directly regu-

lating G6PD.
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YY1 directly binds G6PD promoter and regulates its transcriptional activity. A and B, The activities of G6PD-luciferase reporter vectors with or without predicted

YY1 binding site (G6PD-Luc and G6PD-del-Luc, respectively). Schematic diagram (A) and relative luciferase activities to control (B) are shown. C, Binding of YY1 to

the promoter region of G6PD was examined using ChIP assay with anti-YY1 antibody, followed by PCR in HCT116WT cells. The predicted YY1 binding site on the

promoter region of G6PD and the location of primer set used for PCR are shown. D and E, The activity of YY1 binding site mutated G6PD-luciferase reporter vector

(G6PDmut-Luc). Schematic diagram (D) and luciferase activities of G6PD-Luc and G6PDmut-Luc in YY1-silenced (left) and YY1-overexpressed (right) HCT116WT cells (E)

are shown. Luciferase activities are shown as relative to control. Mutated base pairs are indicated in gray. F and G, The mRNA (F) and protein (G) expression levels of

G6PD in YY1-silenced (left) and YY1-overexpressed (right) HCT116p53null cells were analyzed using qPCR and Western blotting, respectively. b-Actin was used

for qPCR normalization andWestern blotting loading control. The mRNA expression levels are shown as relative to control. H, G6PD activity in YY1-silenced (left) and

YY1-overexpressed (right) HCT116p53null cells. Total protein was used for normalization. Cells transfected with shCon or pcCon were used as control. Quantitative data

are expressed as mean � SEM of three independent experiments. �� , P < 0.01; NS, not significant; pcCon, pcDNA3.1(þ).
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Figure 6.

YY1 regulates PPP p53 independently. A, Intracellular NADPH level in YY1-silenced (left) and YY1-silenced, G6PD-overexpressed (right) HCT116p53null cells was

determined. Total protein was used for normalization, and the results are shown as relative to control. B and C, The level of ROS in YY1-silenced (B)

and YY1-silenced, G6PD-overexpressed (C) HCT116p53null cells. Representative images (left) and relative fluorescence intensity (right) are shown. D, Lipid

accumulation in YY1-silenced, G6PD-overexpressed HCT116p53null cells was stained using Nile Red. Representative images are shown. E, The ratio of de novo

DNA synthesis determined using EdU incorporation assay in YY1-silenced, G6PD-overexpressed HCT116p53null cells. Representative images (left) and the

quantitative results (right) are shown. Hoechst was used to stain the nuclei. The ratio of de novoDNA synthesis is shown as relative to control. F, Total cell number of

YY1-silenced, G6PD-overexpressed HCT116p53null cells was examined at indicated time points. G, Colony formation potentials of YY1-silenced, G6PD-overexpressed

HCT116p53null cells. H, Relative cell number of YY1-silenced HCT116p53null cells cultured in the presence of nucleosides mixture (Nuc, final concentration,

200 mmol/L each) and/or ROS scavenger (N-acetyl-l-cysteine, Nac, final concentration, 2 mmol/L) as measured at the third day after the addition of nucleosides

mixture and/or ROS scavenger. Cells transfected with shCon or shCon and pcCon were used as control. Quantitative data are expressed as mean � SEM

of three independent experiments. � , P < 0.05; �� , P < 0.01. pcCon, pcDNA3.1(þ). Scale bars, 200 mm.
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The YY1/G6PD axis alters tumor growth in a p53-independent

manner

Finally, we examined the pathological function of the YY1/

G6PD pathway in tumorigenesis in vivo by transplanting

HCT116p53null/Con, HCT116p53null/shYY1, and HCT116p53null/

shYY1/G6PD stable cell lines subcutaneously into BALB/c-nu/nu

mice. As shown in Fig. 7A and B, while YY1 silencing signif-

icantly decreased the tumorigenesis potential of HCT116p53null

cells, G6PD overexpression restored it. Furthermore, Western

blotting revealed that expression of G6PD was negatively

regulated in YY1-silenced cells (Fig. 7C), and immunohis-

tochemistry of tissue sections from xenografted tumors

further confirmed the above results (Fig. 7D). Moreover, a

significant decrease in the enzyme activities of G6PD and 6-
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Figure 7.

G6PD is involved in YY1-mediated tumorigenesis. A and B, Tumorigenesis potentials of HCT116p53null/Con (Control), HCT116p53null/shYY1 (shYY1), and

HCT116p53null/shYY1/pcG6PD (shYY1/G6PD) stable cell lines were examined in vivo by subcutaneous injection into Balb/c-nu/nu mice (n¼ 6). Volume of the tumor

generated was measured at indicated time points (A), and the representative images are shown (B). C, The protein expression levels of YY1 and G6PD in

the tumor formed were examined using Western blotting. b-Actin was used as loading control. D, Immunohistochemistry staining images against YY1 and G6PD in

tissue sections of xenografted tumors in Balb/c-nu/nu mice injected with indicated cell lines. Scale bars, 50 mm. E and F, G6PD (E) and 6PGD (F) enzyme

activities in tissues of xenografted tumors in Balb/c-nu/numice injected with indicated cell lines. Total protein was used for normalization, and the results are shown

as relative to control. G, Schematic diagram showing the mechanism of YY1 regulation on the tumorigenesis via G6PD-induced PPP. Quantitative data are

expressed as mean � SEM of three independent experiments. ��, P < 0.01.

YY1 Enhances Tumor Cells' Pentose Phosphate Pathway

www.aacrjournals.org Cancer Res; 78(16) August 15, 2018 4559

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/1

6
/4

5
4
9
/2

7
6
9
6
7
7
/4

5
4
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



phosphogluconate dehydrogenase (6PGD), which had been

reported to quantitatively correspond to G6PD activity (29),

was observed in the tumors produced from HCT116p53null/

shYY1 cells; however, the activities of both enzymes were restored

in xenografted tumors originating from HCT116p53null/shYY1/

G6PD cells (Fig. 7E and F).

Together, these findings reveal a novel role of YY1 in regulating

thePPP in tumor cells. Through thedirect activationofG6PD, YY1

induces tumor cell metabolic reprogramming in a p53-indepen-

dent manner; this function is a crucial feature explaining the

regulatory role of YY1 in tumorigenesis (Fig. 7G).

Discussion

Metabolic alteration is a hallmark of tumor cells as it confers

them important growth advantages. Discovered first by Otto

Warburg (2), it is now clear that metabolic reprogramming

facilitates tumor cell growth not only through the generation of

ATP, but also by providing tumor cells with nucleotide and lipid

precursors for macromolecular synthesis, as well as NADPH (4).

The latter acts as a reducing equivalent for synthesizing macro-

molecules such as lipids, and as a crucial factor for tumor cell

antioxidant defense (8, 25, 26, 30, 31). Our findings show that

YY1 positively regulates glucose consumption and lactate pro-

duction by tumor cells, thus linking YY1 to tumor cell metabolic

reprogramming.

We demonstrate that YY1 enhances the PPP, a highly conserved

metabolic pathway (32). The PPP, which is activated in various

tumor cells (33), generates ribose-5-phosphate for de novo syn-

thesis of the DNA and RNA phosphoribosylamine backbone (3)

and is themain source of intracellular NADPH (34, 35). Excessive

oxidative stress is hazardous as it could damage cellular compo-

nents including DNA, proteins, and lipids (3, 36, 37), eventually

initiating cell death signaling pathways, while NADPH provides

the reducing power for both the glutathione and thioredoxin

systems, which are crucial for the clearance of ROS produced

during rapid cell proliferation and for repairing ROS-induced

damage (35). Hence, the PPP links glucose catabolism to the

biosynthesis ofmacromolecules essential for supporting the rapid

proliferation of tumor cells and also contributes to tumor growth

and survival under oxidative stress condition, which arises due to

rapid proliferation of tumor cells.

Indeed, our results show that an increase in intracellular oxi-

dative stress and a decrease in nucleotides biosynthesis contribute

to the impaired tumor cell proliferation caused by YY1 silencing.

Interestingly, restoration of either oxidative stress or the intracel-

lular amount of nucleosides failed to significantly affect tumor cell

proliferation, indicating that these two factors are of equal impor-

tance. Thus, our results strongly suggest that YY1 enhances thePPP

and subsequently supports tumor cell viability and proliferation

by acting as a guardian against excessive oxidative stress and by

providing precursor for producing nucleic acids.

YY1 itself is a transcriptional regulator that could act positively

or negatively, depending on its target genes (11). Aberrant YY1

expressionhasbeen confirmed in various cancers, including colon

carcinoma, pancreatic cancer, bladder cancer, and breast cancer

(13, 16–19). YY1 has been found to regulate various protumori-

genic pathways by, for example, facilitating the interaction

between MDM2 proto-oncogene and p53 to increase p53 ubi-

quitination (20), blocking p300-mediated p53 transcription and

stabilization (38), stabilizing HIF1a (13), and inhibiting a tumor

suppressor microRNA (18). Through these pathways, YY1 stimu-

lates tumor cell proliferation, angiogenesis, and metastasis. Our

present findings demonstrated a new role for YY1 in tumorigen-

esis, i.e., altering tumor cell metabolism by enhancing the PPP.

Given that metabolic reprogramming is a key enabler of tumor

cell proliferation, survival, and metastasis, the regulatory effect of

YY1 on the PPP indicates that YY1 is critical for key functions of

tumor cells.

As a transcription factor, YY1operates on awide range of targets

involved in various biological pathways. Indeed, our results

indicate that YY1 might affect, even if to a low extent, the

expression of other glucose metabolism genes, including glycol-

ysis-related factors GLUT1, PFK2, PKM2, and LDHA (Fig. 1C), as

well as PPP-related factors 6PGD and RPE (Supplementary Fig.

S7). Our results show that YY1-silencing robustly suppresses the

amount of 6-phosphogluconate, a PPP intermediate produced in

the upstream of 6PGD and RPE enzymatic reactions, and is the

substrate of 6PGD; and that excessive ROS and impaired nucleo-

tides biosynthesis critically influenced YY1 regulation of tumor

cell growth, indicating that YY1 is critical for regulating PPP in

tumor cells. Furthermore, given that G6PD restores cellular 6-

phosphogluconate, ribose-5-phosphate, and NADPH levels, as

well as tumor cell proliferation and colony formation potentials

altered byYY1manipulation, our results highlight the importance

of the YY1/G6PD pathway. Hence, while YY1 might also affect

other relevant metabolic pathways such as glycolysis, as well as

ROS metabolism, our findings strongly suggest a novel, critical

role of YY1 in regulating the PPP in tumor cells by acting on its

pacesetter enzyme G6PD.

We show that regulation of the PPP by YY1 occurred regardless

of p53 status, as it could bind directly and activate the G6PD

promoter in p53-null cells. G6PD is the limiting enzyme that

catalyzes the first committing step of the PPP, i.e., the oxidation of

glucose-6-phosphate, and concomitantly reduces NADPþ to

NADPH (34, 39). Deregulated G6PD expression could be

observed in various tumors, such as colon cancer, glioblastoma,

andbreast cancer (40–42) and is related tometabolic alteration of

tumor cells. YY1 has been known as an inhibitor of the p53

pathway (20, 38), and a recent study has shown that p53 is

involved in suppressing the PPP through inactivation of G6PD

(8); however, our findings clearly indicate that YY1 regulates

G6PD even in the absence of p53. Thus, regulation of G6PD by

YY1 could occur in both p53-dependent and p53-independent

manners. Several current anticancer drugs inhibit tumor cell

growth by activating p53 (43, 44) and p53 mutation and down-

regulation have been reported in many tumor patients (45).

Therefore, together with our previous results describing the

p53-independent function of YY1 in stabilizing HIF1a and

inducing tumor angiogenesis (13), our present findings further

emphasize the potential of targeting YY1 for cancer therapy.

The benefit of such approach would entail a consistent clinical

outcome regardless of p53 status.

In summary, we report a previously unknown YY1-dependent

modulation of the PPP, which promotes tumor cell growth via

enhanced biosynthesis ofmacromolecules required for tumor cell

proliferation and protection from hazardous oxidative stress.

These findings provide newmechanistic insights into the function

of YY1 in tumorigenesis.
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