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D-ribose-5-phosphate inactivates YAP e

and functions as a metabolic checkpoint
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Abstract

Background Targeting glucose uptake by glucose transporter (GLUT) inhibitors is a therapeutic opportunity,

but efforts on GLUT inhibitors have not been successful in the clinic and the underlying mechanism remains unclear.
We aim to identify the key metabolic changes responsible for cancer cell survival from glucose limitation and eluci-
date its mechanism.

Methods The level of phosphorylated YAP was analyzed with Western blotting and Phos-tag immunoblotting. Glu-
cose limitation-induced metabolic changes were analyzed using targeted metabolomics (600MRM). The anti-cancer
role of metabolite was examined using colony formation assay and APC™™* mice. Co-immunoprecipitation, LS-MS,
gRT-PCR, and immunofluorescence were performed to explore the underlying mechanisms.

Results We found that D-Ribose-5-phosphate (D5P), a product of the pentose phosphate pathway connecting
glucose metabolism and nucleotide metabolism, functions as a metabolic checkpoint to activate YAP under glucose
limitation to promote cancer cell survival. Mechanistically, in glucose-deprived cancer cells, D5P is decreased, which
facilitates the interaction between MYH9 and LATS1, resulting in MYH9-mediated LATS1 aggregation, degradation,
and further YAP activation. Interestingly, activated YAP further promotes purine nucleoside phosphorylase (PNP)-
mediated breakdown of purine nucleoside to restore D5P in a feedback manner. Importantly, D5P synergistically
enhances the tumor-suppressive effect of GLUT inhibitors and inhibits cancer progression in mice.

Conclusions Our study identifies D5P as a metabolic checkpoint linking glucose limitation stress and YAP activation,
indicating that D5P may be a potential anti-cancer metabolite by enhancing glucose limitation sensitivity.
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Background

Metabolic reprogramming during malignant transforma-
tion allows cancer cells to undergo extraordinarily vigor-
ous anabolism to synthesize macromolecules that favor
survival and replication [1-3]. Such changes are accom-
panied by high demands of the requisite nutrients, of
which glucose is particularly important. Thus, targeting
glucose metabolism is a therapeutic opportunity for can-
cer. However, the efforts on glucose metabolism targeted
inhibitors have not been successful to produce effec-
tive treatment in clinic [4, 5]. Metabolic heterogeneity
should be the key reason, since cancer cells with differ-
ent metabolic preferences may respond totally differently
to the same metabolic stress [6—10]. For example, upon
glucose deprivation (GD), some cancer cell lines, such
as HCT116, UMRC6, LN18, and U87, exhibit rapid cell
death, whereas others (e.g., DLD1, 786-O and LN229)
could survive for longer time [8, 11]. Therefore, it is an
essential prerequisite to understand the heterogeneity of
intrinsic signaling networks in distinct cancer cells for
improving the efficacy of glucose-targeted therapy.

Yes-associated protein (YAP) is a crucial transcrip-
tional coactivator that functions in many physiological
processes, and its activity is tightly regulated by spa-
tial translocation and posttranslational modifications.
In fully confluent cells, YAP is phosphorylated by large
tumor suppressors (LATSs) at Serine 127 (S127), which
promotes its binding to 14-3-3 protein, resulting in cyto-
plasmic localization and functional inactivation [12].
Un-phosphorylated YAP is translocated to the nucleus
and enhances the transcription of target genes (CTGE
CYR61, NUAK2, THBSI, etc.) to promote proliferation
and cell survival [13, 14]. Importantly, YAP is also an
essential mediator of the cellular response to nutritional
stress [15-21]. It was previously reported that YAP was
inactivated by GD and glycolysis inhibition in HEK293,
MCF10A and MEF cells [18, 21, 22]. However, the sign-
aling pathways responding to GD, especially mediated
through non-glycolysis pathway, such as pentose phos-
phate pathway (PPP), remain largely unknown.

PPP is an essential branch of glucose metabolism to
generate D-Ribose-5-phosphate (D5P), an important
metabolite for de novo nucleotide biosynthesis [23].
Thus, D5P acts as a link between glucose metabolism
and de novo nucleotide biosynthesis. In addition to the
PPP, D5P can also be converted from ribose-1-phosphate
(R1P), a product of purine nucleotide degradation, under
the catalysis of phosphoglucomutase 2 (PGM2) [24, 25].
Therefore, D5P, as a linker among PPP, de novo nucleo-
tide biosynthesis, and purine nucleotide degradation,
may serve as a checkpoint for the balance of these path-
ways. While, how it responds to glucose limitation and
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its roles in linking glucose metabolism and nucleotide
metabolism need to be further disclosed.

Here, we elucidated the crosstalk between glucose
metabolism and nucleotide metabolism under GD
through a MYH9/LATS1-YAP-PNP-D5P negative feed-
back loop. GD-induced D5P downregulation promoted
MYH9-mediated LATS1 degradation and consequent
YAP activation, which potentiated purine nucleoside
degradation by enhancing PNP activity to recover the
D5P level. Significantly, D5P-mediated YAP inactivation
inhibited the progression of APC mutation-driven colo-
rectal cancer and also sensitized cancer cells to inhibi-
tors of glucose transporters (GLUT). Considering that
there are no GLUT inhibitors approved in clinical prac-
tice so far, D5P may be a synergist for GLUT inhibitors
to improve its clinical efficacy. Importantly, D5P itself
showed a significant anti-cancer effect, indicating a
potential application in cancer treatment.

Methods

Cell culture and reagents

All cancer cell lines were obtained from the American
Type Culture Collection. All cell lines were free from
mycoplasma contamination (tested by PCR). Cells were
cultured in DMEM with 10% fetal bovine serum (Corn-
ing) in a 5% CO, air atmosphere. DMEM without glu-
cose was purchased from Life Technologies (11966-025,
Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Nucleosides, nucleotides, guanine were purchased
from Merck Sigma-Aldrich. PNP assay kit (ab204706)
was purchased from Abcam. GLUT inhibitor KL-11743
was purchased form MCE. D5P, FDP and 6PG were
obtained from Shanghai YuanYe Bio-Technology. The
cell death detection kit was purchased from Beyotime
(Shanghai, China).

Treatments

For glucose deprivation, cells seeded in 12-well plates
or 6 cm dishes were cultured to 90% confluence. After
washing with PBS, conditioned medium prewarmed
to 37 °C was gently added to each sample, and the cells
were cultured for the indicated times. For the recovery
experiment, adenosine, guanosine, D5P, guanine or other
nucleosides/nucleotides were supplemented in glucose-
free medium before being added to the samples, and then
the cells were cultured for the indicated times.

Mice, histology and immunofluorescence

All mice were maintained in specific-pathogen-free
(SPF) facility and were performed in compliance with
the guide for the care and use of laboratory animals and
were approved by the institutional biomedical research
ethics committee of the Institutional Animal Care and
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Use Committee of Zhengzhou University. APC™"* mice
(Strain NO. T001457) were purchased from GemPhar-
matech (Nanjing, China). Mice were sacrificed at the
indicated time points, and colons were collected imme-
diately after sacrifice, and prepared for experiments. For
Histology and Immunofluorescence experiments, tissues
were fixed overnight in 4% paraformaldehyde, prepared
using the Swiss roll technique, embedded in paraffin, and
cut into 7-pm sections.

Organoid experiment

In brief, the tissue from colorectal cancer patient was
washed by 1xXPBS and digested by collagenase I. Then a
100 pL mixture of Matrigel (BD Biosciences) and com-
plete growth medium (2:1) was added with a pellet of
500-1000 crypts. After polymerization, 100 pL of com-
plete growth medium [Advanced DMEM/F12 (Invitro-
gen) containing growth factors: 50 ng/mL EGF, 500 ng/
mL R-spondinl, and 100 ng/mL Noggin (PeproTech)]
was added and refreshed every 2—-3 days. On the fifth day,
6 mM D5P and 3 puM KL-11743 was added. After a 60 h
culture, the organoids were photographed to record the
volume and measured by MD50 software from Mshot.

Stable cell line generation

The short hairpin RNA (shRNA) used in this paper was
constructed with the pLKO.1 system, and the lentiviral
plasmid overexpressing YAP-5SA was constructed with
the pLVX-IRES-Puro system. Cell lines with specific gene
silencing or overexpression were generated as previously
described. In brief, HEK293T cells were transfected with
either the pLKO.1 or pLV plasmid, together with A8.9
and the VSVg third-generation lentiviral packaging sys-
tem using Lipofectamine 2000 reagent (Life Technolo-
gies) according to the manufacturer’s instructions. After
transfection, lentivirus particles in the medium were col-
lected every twenty-four hours, and after three collec-
tions, the medium was filtered, and the target cell lines
were infected. At 48 h after infection, 2 pg/ml puromycin
was added to obtain stable cell lines with successful trans-
duction. The sequences of shRNAs used in this study:
shYAP-1: CAGGTGATACTATCAACCAAA; shYAP-2:
GACCAATAGCTCAGATCCTTT; shPNP: GCTCTC
AGTACCTGGAAACAA; shPGM2: CGACTAATAGCA
GAAGGTAAT; shMYH9: GACAGCAATCTGTACCGC
ATT; shMYH10: GCTCGGATGAAGCAGCTTAAA.

Western blotting

Proteins were separated by FuturePAGE™ surePAGE™
and SDS-PAGE and transferred to PVDF or nitrocellu-
lose membranes with a wet transfer system. Membranes
were blocked with TBST containing 5% milk or 5% BSA
before overnight incubation with primary antibodies.
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After incubation with secondary horseradish peroxidase-
coupled antibodies, signals were detected using ECL-
based chemiluminescence. The primary antibodies and
concentrations used for western blotting were as follows:
YAP (1:1000, CST, 14074), P-YAP (1:1000, CST, 13008),
LATS1 (1:1000, CST, 3477), MYH9 (1:2000, CST, 3403),
P-JNK (1:1000, CST, 9255), PNP (1:100, Santa Cruz,
sc-365551), LC3A/B (1:1000, CST, 4108), P21(1:1000,
CST, 2947), PARP (1:1000, CST, 9542), c-PARP (1:1000,
CST, 5625), G3BP1 (1:1000, CST, 61559), GAPDH
(1:10000, Proteintech, 66004), actin (1:10000, Protein-
tech, 66009), and tubulin (1:10000, Proteintech, 66031).
Phos-tag acrylamide was purchased from Wako. Phos-
tag western blotting was performed in gels containing 8%
acrylamide, 50 pM MnCl, and 25 pM Phos-tag and was
followed by immunoblotting.

Protein isolation

Most proteins were collected with 1xloading buffer. For
supernatant and pellet separation, collected cells were
lysed with 160 pl of Pierce™ IP Lysis Buffer (#87787
Thermo Fisher Scientific) supplemented with cOm-
plete protease inhibitor (Roche) and PhosSTOP phos-
phatase inhibitor (Roche). Then, 80 pl of cell lysate was
transferred to a new tube with 80 pl of 3 xloading buffer,
and incubated on ice for 15 min. After incubation, the
tubes were centrifuged at 13,000 rpm for 15 min, 80 pl
of supernatant was transferred to a new tube with 40 pl
of 3xloading buffer, and the insoluble pellet was resus-
pended in 120 pl of 1 xloading buffer.

Immunoprecipitation (IP) and Mass Spectrometry (MS)

For IP assays, cells were lysed and washed with Pierce™
IP Lysis Buffer (#87787, Thermo Fisher Scientific) sup-
plemented with cOmplete protease inhibitor (Roche) and
PhosSTOP phosphatase inhibitor (Roche). Cell lysates
were incubated overnight at 4 °C with the indicated
primary antibody and Pierce” Protein A/G Magnetic
Beads (#88802, Thermo Fisher Scientific). Beads were
washed 4 times with IP lysis buffer and boiled in SDS-
loading buffer for 10 min at 95 °C. Samples were run on
a SurePAGE" gel (M00657, Genscript.) and stained with
Coomassie brilliant blue staining solution to identify the
differential bands. Then, the bands were excised and sent
out for MS identification (Biotree, Shanghai, China).

RNA isolation and RT—qPCR

RNA was isolated using TRIzol followed by RQ1 RNase-
free DNase Set treatment (Promega) according to the
manufacturer’s instructions. First-strand cDNA was
synthesized using Superscript II (Takara), and 1 pg of
total RNA was used in each cDNA synthesis reaction.
TB Green Master Mix reagents (Takara) and primer
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mixtures were used for real-time PCR. Student’s t test
was used for statistical analysis, and a P value less than
0.05 was considered significant. Primers: CTGF: CAG
CATGGACGTTCGTCTG and AACCACGGTTTGGTC
CTTGG; CYR61: CTCGCCTTAGTCGTCACCC and
CGCCGAAGTTGCATTCCAG; THBS1: GCCATCCGC
ACTAACTACATT and TCCGTTGTGATAGCATAG
GGG; NUAK2: GATGCACATACGGAGGGAGAT and
GCTGGCATACTCCATGACGAT; PGM2: GAGGCA
GTGAAACGACTAATAGC and CTGTCCCAAACT
CCATTCGGG; MYH9: CCTCAAGGAGCGTTACTA
CTCA and CTGTAGGCGGTGTCTGTGAT; MYHI10:
TGGTTTTGAGGCAGCTAGTATCA and AGTCCT
GAATAGTAGCGATCCTT.

RNA-Seq

Samples were subjected to Illumina NovaSeq 6000 per-
formed by Mingma Technologies. mRNA was extracted
from total RNA using magnetic beads with oligo-dT and
then fragmented randomly. First- and second-strand
c¢DNA were then synthesized using reverse transcriptase.
The reverse transcription product was subjected to ter-
minal repair, followed by the addition of an A base at
the 3’ end. Subsequently, the fragments were ligated
with an Illumina universal adapter. After PCR ampli-
fication, the ligation products were purified to remove
the incompletely ligated fragment and the self-ligated
adapter. Library sizes were determined using an Agilent
2100 Bioanalyzer, and library concentrations were ascer-
tained using Qubit 2.0. DNA sequencing was performed
according to Illumina’s standard protocol. edgeR used
the overdispersed Poisson model and empirical Bayes
model to estimate the dispersion of all gene expression
levels. In this project, raw read counts of gene expres-
sion were applied to estimate the differentiation between
paired samples or groups by using the edgeR package in
R. Genes with CPM and TMM values greater than 1 in
at least one sample were selected. The criteria for sig-
nificantly differentially expressed genes were P-adj<0.05
and |FC|>=2. The Ensembl, GO, and KEGG databases
were used to annotate differentially expressed genes to
illustrate the biological processes related to these genes.
Enrichment analysis was based on hypergeometric distri-
bution statistics to determine whether a group of genes
was significantly enriched in a certain function or KEGG
pathway. In this project, a set of significantly upregulated
or downregulated genes was used as the input to exam-
ine the significance of gene enrichment in a GO function
or KEGG pathway by using the GOstat package in R. The
criteria was P value <0.01.
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Cell death analysis

After the indicated treatment, cells were digested
and collected. After centrifugation, the medium was
removed, and the cells were resuspended in the corre-
sponding staining buffer. After incubation, the samples
were analyzed by Attune NxT.

PNP activity assay

Cells seeded in 12-well plates were treated as indicated,
and then harvested to detect PNP activity using PNP
activity assay kit (ab204706, abcam). Briefly, to pre-
pare cell extract, add 150-300 pL of cold 1 XPNP Assay
Buffer containing protease inhibitor cocktail to 1-5x10°
fresh cells and pipette several times to disrupt the cells.
Transfer cell homogenate including cell debris to a cold
microfuge tube and agitate on a rotary shaker at 4 °C for
at least 15 min. Centrifuge cell homogenate at 10,000 g,
4 °C for 15 min. Transfer the clarified supernatant to
a fresh pre-chilled tube and store on ice. Use lysates
immediately to examine PNP activity. The fluorescent
product was measured at ex=>535 nm/em=>587 nm in a
kinetic mode. And calculate the activity of PNP using the
formula provided in the manual.

Immunofluorescence

Cells grown on coverslips were fixed with 4% paraform-
aldehyde (DF0135, Leagene, Beijing, China) for 15 min
at RT, washed for three times with 1xPBS, blocked in
blocking buffer (5% goat serum, 0.3% Triton X-100 in
1xPBS) for at least one hour at RT, and incubated with
primary antibodies diluted in blocking buffer for 2 h at
RT or 4 °C overnight. After three washes in 1xXPBS, the
samples were treated with secondary antibodies tagged
with Alexa Fluor 647 (4414S, CST) for one hour at RT
in the dark. Cells were washed twice in 1 XPBS and then
stained with DAPI (D9542, Sigma-Aldrich). Glass slides
were mounted in ProLong  Diamond Antifade Mount-
ant (P36965, Invitrogen). Images were acquired using a
Leica THUNDER microscope and processed by LAS X.
Actin was stained by CellMask = Green Actin Tracking
Stain.

Untargeted metabolomics analysis

Metabolite extraction: Cells were grown in individual
60 mm plates with 6-10 biological replicates per sam-
ple group, and each sample had an equivalent amount of
protein (~ 10 mg) or number of cells (1x10” or 1x 10°).
Samples were collected in an EP tube, and 1000 pL of
extract solution (methanol: acetonitrile: water=2:2:1)
was added. Then, the samples were homogenized at
60 Hz for 3 min at —20 °C. Then, the samples were incu-
bated for 1 h at —20 °C and centrifuged at 12,000 rpm
(RCF=13,800 xg, R=8.6 cm) for 15 min at 4 °C. The
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resulting supernatant was transferred to a fresh glass vial
for analysis. LC-MS/MS Analysis: LC-MS/MS analyzes
were performed using an UHPLC system (ExionLC AD,
AB SCIEX, USA) with an ACQUITY UPLC BEH Amide
column (2.1 mmx 100 mm, 1.7 um, Waters) coupled to a
quadruple time-of-flight mass spectrometer (TripleTOF
5600+, AB SCIEX, USA). The column temperature was
maintained at 25 °C. Mobile phase A was 25 mM ammo-
nium hydroxide (NH,OH)+25 mM ammonium acetate
(NH,OAc) in water, and mobile phase B was ACN for
both the positive (ESI+) and negative (ESI-) modes.
The elution flow rate was 0.3 mL/min, and the gradi-
ent was as follows: 0—1 min: 95% B, 1-14 min: 95% B to
65% B, 14-16 min: 65% B to 40% B, 16—18 min: 40% B,
18-18.1 min: 40% B to 95% B, and 18.1-23 min: 95% B.
The injection volume was 2 pL. All samples were injected
randomly during data acquisition, which occurred in
information-dependent acquisition (IDA) mode. The
source parameters were set as follows: ion source gas 1
(GAS1), 50 psi; ion source gas 2 (GAS2), 50 psi; curtain
gas (CUR), 35 psi; temperature (TEM), 500 °C; declus-
tering potential (DP), 80 V or—80 V in positive or nega-
tive modes, respectively; and ion spray voltage floating
(ISVF), 5500 or —4500 V in positive or negative modes,
respectively. The TOF MS scan parameters were set as
follows: mass range, 60—1200 Da; accumulation time,
200 ms; and dynamic background subtraction, on. The
product ion scan parameters were set as follows: mass
range, 25-1200 Da; accumulation time, 50 ms; colli-
sion energy, 35 or—35 V in positive or negative modes,
respectively; collision energy spread, 15; resolution,
UNIT; charge state, 1 to 1; intensity, 100 cps; exclude iso-
topes within 4 Da; mass tolerance, 10 ppm; maximum
number of candidate ions to monitor per cycle, 10; and
exclude former target ions for 4 s after two occurrences.
Data preprocessing and annotation for Fig. 2A, B and F:
The raw data were processed with XCMSPlus v3.6.3 for
peak detection, extraction, alignment, integration, and
annotation. The centWave algorithm was used for peak
picking with a resolution of 15 ppm, minimum and maxi-
mum chromatographic peak widths from 5 to 20 s, and
a signal-to-noise ratio of 6. The Obiwarp algorithm was
applied for retention time correction.

Targeted metabolomics analysis (600MRM)

We performed 600MRM analysis (Biotree, Shanghai,
China) in Figs. 2C and 5A. After the addition of 200 pL
of H,0, the samples were vortexed for 30 s. The samples
were precooled in dry ice, underwent three freeze—thaw
cycles in liquid nitrogen, and vortexed for 30 s. After
the addition of 800 pL of acetonitrile-methanol (1:1, v/v
precooled at —40 °C), the samples were vortexed for
30 s and sonicated for 15 min in an ice water bath. This
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was followed by incubation at —40 °C for 2 h and cen-
trifugation at 12,000 rpm (RCF=13,800 X g, R=8.6 cm)
and 4 °C for 15 min. An 800 pL aliquot of the superna-
tant of each sample was transferred to a new Eppendorf
tube and dried with a centrifugal concentrator. Then,
160 pL of 60% acetonitrile was added to the Eppendorf
tube to reconstitute the dried sample, and the Eppen-
dorf tube was vortexed until the powder was dissolved,
followed by centrifugation at 12,000 rpm and 4 °C for
15 min. Finally, 100 pL of the supernatant of each sam-
ple was transferred to a glass vial for LC-MS/MS analy-
sis. A mixture of standard metabolites was prepared as
a QC sample. Standard Solution Preparation: Different
volumes of each standard stock solution were transferred
to a flask to create a mixed working standard solution. A
series of calibration standard solutions were then pre-
pared by stepwise dilution of this mixed standard solu-
tion (containing an isotopically labelled internal standard
mixture that had concentrations identical to those in the
samples). The criteria for significantly altered metabolites
were P<0.05 and VIP (Variable Importance in the Projec-
tion) > 1. The mass spectrum data acquisition and quanti-
tative analysis of metabolites were completed by SCIEX
Analyst Work Station Software (1.7.3) and BIOTREE-
BioBud (2.0.3). The enrichment analysis was performed
using R (KEGGgraph) Software (1.46.0, 2.4-2).

Statistical analysis

All experiments in vitro were done independently with
at least three biological replicates. The data presentation
form and statistical analyses are given in the correspond-
ing figure legends. Data analyses were carried out with
GraphPad Prism (v9.0, La Jolla, USA). P values<0.05
were considered as statistically significant.

Results

Differential responses of YAP activation to glucose
deprivation in different cancer cells

To explore how cells respond to glucose deprivation
(GD), colorectal cancer (CRC) HCT116 cells with high
confluency were treated with or without GD for 6 h
and subjected to RNA sequencing (RNA-seq) analy-
sis. Interestingly, CTGE THBS1 and CYR61, which are
the well-known YAP target genes, were among the top
genes induced by GD (Fig. 1A). Moreover, KEGG analy-
sis showed the Hippo signaling pathway, the well-known
upstream signaling of YAP activation, was also enriched
from these differentially expressed genes (Fig. 1B), sug-
gesting that YAP was activated by GD. This phenotype
was not consistent with previous studies reporting that
YAP activity was inhibited by GD in some cell lines like
HEK293, MCF10A and MEF cells [16, 18, 22], which
may be due to the metabolic preference, malignancy or
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differential responses from different cell types to GD
treatment. To further validate the effect of GD on YAP
activation, YAP phosphorylation at Serine 127 was exam-
ined by immunoblotting in other cell lines, including
colorectal cancer cells, lung cancer cells, and hepatocellu-
lar carcinoma cells, as well as one immortalized intestinal
epithelial cell line. As shown, GD-induced YAP activation
was observed in most tested cell lines, but not in some
cell lines like HT29, DLD1, and SW620 cells (Fig. 1C-E;
Figure S1A and S1B). Meanwhile, consistent with previ-
ous reports [16, 18, 22], in NCM460, an immortalized
intestinal epithelial cell, GD treatment slightly inactivated
YAP by increasing YAP phosphorylation (Fig. 1C). These
results suggest that different cells might adopt various
strategies to overcome glucose deficiency, and YAP is
activated by GD in most tested cancer cells. Additionally,
when glucose was re-added to GD-treated HCT116 cells,
the inactivated form of YAP with S127 phosphorylation
was significantly recovered and GD-induced JNK phos-
phorylation was diminished [26, 27] (Fig. 1F). In addi-
tion to GD, a low concentration (<1.2 mM) of glucose
also activated YAP in HCT116 cells (Figures S1C and
S1D). Also, GD-induced YAP activation was observed
not only in cells with high confluency but also with low
confluency (Figures S1E and S1F). Moreover, the RNA-
seq data from the HCT116-NC and HCT116-shYAP
cell lines showed that GD-induced upregulation of YAP
target genes (CTGF, CYR61 and THBSI) and activa-
tion of the Hippo signaling pathway were dependent on
YAP (Fig. 1G-I). Consistent with GD, GLUT inhibitor
KL-11743 treatment, which mimicked glucose limitation,
also activated YAP in a dose-dependent manner (Fig. 1]J—
K). YAP activation is often associated with the increase of
its nuclear localization. Consistently, YAP staining dem-
onstrated that GD promoted the nuclear localization of
YAP (Fig. 1L). As YAP is a well-known pro-survival sign-
aling [28], we also asked whether YAP activation would
increase the probability of cell survival under glucose

(See figure on next page.)
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limitation. Cell apoptosis analysis showed that silencing
YAP significantly promoted GD-induced apoptosis (Fig-
ure S1G), suggesting that GD-induced YAP activation
protected cancer cells from cell death. These results dem-
onstrate that cancer cells response to GD differently, and
the relationship between YAP and glucose requires fur-
ther investigation.

GD induces purine nucleotide degradation

GD-induced metabolic changes have been recognized
as essential regulators of signal transduction [29]. To
investigate whether GD-induced YAP activation was
ascribed to the metabolic alterations, we conducted
untargeted metabolomics analysis in HCT116 (YAP acti-
vated) and DLD1 (YAP non-activated) cells. Interest-
ingly, the metabolic pathways most significantly altered
in HCT116 cells were nucleotide metabolism-associated
pathways, whereas those in DLD1 cells were the canoni-
cal glucose metabolism-associated pathways (Fig. 2A, B;
Figure S2A). As untargeted metabolomics analysis only
provided relatively quantitative results, we further per-
formed targeted metabolomics analysis of GD-treated
HCT116 cells to confirm this result. Quantitative analy-
sis (600MRM analysis) showed that purine metabolism
was the most enriched nucleotide metabolism-associated
pathway in HCT116 cells (Fig. 2C). Specifically, purine
nucleotides were significantly degraded, shown as the
reduction of purine nucleotides (AMP, GDP and GMP)
and the increase of purine nucleotide degradation prod-
ucts (hypoxanthine, Guanine and xanthine) (Fig. 2D, E).
Furthermore, consistent with HCT116, the GD-induced
nucleotide metabolic alterations were also observed in
other YAP-activated cells (H520 and A549), but not in
YAP non-activated cells (HT29 and NCM460), which
showed similar metabolic alterations to DLD1 (Fig. 2F
and Table S1). These results indicate that the differences
in metabolic response may result in the differences in
cellular intrinsic signaling responding to GD, and GD

Fig. 1 Differential responses of YAP activation to glucose deprivation in different cancer cells. A Volcano plot of the genes differentially expressed
under glucose deprivation (GD). The target genes of YAP (CTGF, CYR61 and THBST) were shown in red. B KEGG pathway enrichment analysis

of genes upregulated by GD (https://david.ncifcrf.gov/). C-E Immunoblotting analysis of YAP phosphorylation (serine 127) in GD-treated colorectal
cancer cells (C), lung cancer cells (D), and hepatocellular carcinoma cells (E). GAPDH was used as a loading control. F Immunoblotting of YAP
phosphorylation (serine 127) and JNK phosphorylation (Threonine183/Tyrosine185) in HCT116 cells treated under GD for 4 h, and then treated
with glucose for the indicated times. Tubulin was used as a loading control. G RNA-seq analysis of HCT116-shNC and HCT116-shYAP cells treated
with or without GD (0 mM, 6 h). H RT-gPCR analysis of YAP target genes (CTGF, CYR61 and THBST) in the samples from (G). | KEGG pathway
enrichment analysis of genes downregulated by YAP knockdown under GD. J RT-gPCR analysis of YAP target genes (CTGF, CYR61 and THBST)

in HCT116 cells treated with different doses of GLUT inhibitor KL-11743. K Immunoblotting analysis of YAP phosphorylation (serine 127) in HCT116
cells treated with different doses of GLUT inhibitor KL-11743 for 4 h. Actin was used as a loading control. L Immunofluorescence staining of YAP
localization in HCT116 cells or SW480 cells treated with or without GD (0 mM, 4 h). DAPI served as the nuclear stain. The experiments in (C), (D),
(E), (F) and (K) were repeated twice independently. In (H) and (J), data are the mean +5.D;; P values were calculated using a two-tailed unpaired

Student’s t-test. **, P<0.01
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mainly induces purine nucleotide degradation in YAP-
activated cells.

GD-induced D5P reduction is responsible for GD-induced
YAP activation

Next, we examined the effect of nucleotide metabolism
on GD-induced YAP activation. As nucleotides can-
not be directly absorbed by cells, we tested the effects of
nucleosides on GD-induced YAP activation. Surprisingly,
the activation of YAP and also the cell death induced by
GD were significantly reduced by the supplementation
of purine nucleosides (A and G, especially G), but not
pyrimidine nucleosides (U and C) (Fig. 3A; Figures S2B—
S2E), suggesting that purine nucleotides or their down-
stream metabolites suppressed GD-induced YAP
activation. In cells, guanosine cannot be re-phospho-
rylated to generate GMDP, instead, is degraded by purine
nucleoside phosphorylase (PNP) to produce ribose-
1-phosphate (R1P) and one purine base, which are recy-
cled back into the salvage pathway [30, 31] (Fig. 3B). We
then asked whether the effect observed above is ascribed
to guanosine itself or its downstream metabolites. Inter-
estingly, blocking purine nucleoside degradation by
silencing PNP attenuated the effect of guanosine (Fig. 3C,
and 3E upper panel), indicating that the guanosine
breakdown product, but not guanosine itself, rescued
GD-induced YAP activation. R1P, one of the guano-
sine breakdown products, can be further converted into
D-ribose-5-phosphate (D5P) by Phosphopentomutase 2
(PGM2) [32]. More importantly, PGM2 silencing atten-
uated the rescuing effect of guanosine by blocking the
transformation of R1P to D5P (Fig. 3D, and 3E lower
panel; Figure S3A). Additionally, supplementation with
D5P, but not guanine (purine base from guanosine degra-
dation), blocked GD-induced or KL11743-induced YAP
activation in CRC cells or CRC organoids (Fig. 3F, G; Fig-
ure S3B-D). As a well-known GD-responsive signaling,
the change of p-JNK level was similar to YAP activation
(Fig. 3C, D, F). Consistently, the D5P level was largely
decreased in glucose-deprived cells (Fig. 3H; Figure S3E).
All these findings indicate the central role of D5P in
GD-induced YAP activation. D5P can also be converted

(See figure on next page.)
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from 6PG (6-phosphogluconate) through the PPP. Con-
sistent with the role of D5P, supplementation with 6-PG
also diminished GD-induced YAP activation (Figure S3F
and S3G), suggesting that GD-induced D5P reduction is
responsible for YAP activation.

GD-induced D5P downregulation increases MYH9/LATS1
aggregation and LATS1 degradation to activate YAP

To further elucidate the mechanisms of GD-induced YAP
activation, we conducted time-course experiments and
found that YAP was dephosphorylated within 1 h after
medium changing and re-phosphorylated gradually in
the control group, guanosine, and D5P supplementation
groups, but not in the GD-treated group (Fig. 4A, B; Fig-
ure S4A). These findings suggested that the glucose-free
condition might restrict the kinase responsible for YAP
phosphorylation. As LATS1 is the canonical upstream
kinase of YAP [33], we further asked whether LATS1 was
involved in GD-induced YAP activation. As expected,
LATS1 was significantly downregulated in the whole
cell lysate (WCL) of GD-treated HCT116 cells, and this
downregulation could be abolished by the autophagy
inhibitor 3MA and P62 knockdown, but not the proteas-
ome inhibitor MG132 (Fig. 4C, D; Figure S4B), indicating
that LATS1 might be degraded through the autophagy-
lysosome pathway upon GD treatment. Autophagy is the
main degradation pathway responsible for eliminating
abnormal protein aggregates [34]. To examine whether
LATS1 had been incorporated into aggregates, we ana-
lyzed the LATSI protein levels in the soluble (superna-
tant) and insoluble (pellet) fractions of the cell lysate.
Interestingly, the GD-induced reduction of LATS1 in the
supernatant was more remarkable than that in the WCL,
whereas the accumulation of LATS1 was detected in the
pellets (Fig. 4C; Figure S4C). Consistent with the role
of guanosine in inhibiting the YAP activation, supple-
mentation with guanosine also diminished GD-induced
LATSI1 accumulation in the pellets (Fig. 4E; Figure S4C).
These data suggest that GD promotes the accumulation
of LATSI in aggregates, which may result in autophagy-
lysosome mediated LATS1 degradation and further YAP
activation.

Fig. 2 GD induces purine nucleotide degradation. A Metabolite set enrichment of the polar metabolites from HCT116 cells with GD versus normal
culture as determined by untargeted metabolomics analysis (XCMS). B Metabolite set enrichment of the polar metabolites from DLD1 cells

with GD versus normal culture as determined by untargeted metabolomics analysis (XCMS). € Metabolic pathway enrichment analysis of changed
metabolites from HCT116 cells under GD determined by targeted metabolomics analysis (quantitative 500MRM analysis). Purine metabolism

was marked with a yellow box. D Levels of metabolites involved in adenine nucleotide degradation from HCT116 cells under normal conditions

or GD (0 mM, 4 h). E Levels of metabolites involved in guanine nucleotide degradation from HCT116 cells under normal conditions or GD

(0 mM, 4 h). F Pie chart of nucleotide associated metabolic pathways among GD-induced changed metabolic pathways in YAP activated or YAP
non-activated cells. In (D), (E), data are the mean+S.D.; P values were calculated using a two-tailed unpaired Student’s t-test. *, P<0.05; **, P<0.01;

ns, no significance
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Fig. 3 GD-induced D5P downregulation is responsible for GD-induced YAP activation. A Immunoblotting analysis of YAP phosphorylation (serine
127) and YAP expression in glucose-deprived HCT116 (upper panel) and SW480 cells (lower panel) with or without supplementation with adenosine
(A), uridine (U), guanosine (G), or cytidine (C). GAPDH was used as a loading control. B Schematic diagram of the purine nucleotide degradation
pathway. D5P, D-ribose-5-phosphate; R1P, ribose-1-phosphate. C Immunoblotting of YAP phosphorylation (serine 127) and JNK phosphorylation

in HCT116 NC and shPNP cells under normal conditions or GD (0 mM, 4 h) treated with or without G supplementation. D Immunoblotting of YAP
phosphorylation (serine 127) and JNK phosphorylation (Threonine 183/Tyrosine 185) in HCT116 NC and shPGM2 cells under normal conditions

or GD (0 mM, 6 h) treated with or without G supplementation. E RT-gPCR analysis of YAP target genes (CTGF, THBST and NUAK2) in HCT116 NC

and shPNP cells (upper panel) or shPGM2 cells (lower panel) under normal conditions or GD (0 mM, 6 h) treated with or without G supplementation.
F Immunoblotting of YAP phosphorylation (serine 127) and JNK phosphorylation in HCT116 cells under normal conditions or GD (0 mM, 4 h)
treated with or without D5P or guanine supplementation. G RT-gPCR analysis of YAP target genes (CTGF, NUAK2 and THBST) in HCT116 cells

under normal conditions or GD (0 mM, 6 h) treated with or without D5P/guanine supplementation. H GD reduced D5P levels in HCT116 cells.

The experiments in (A), (C), (D), (F) were repeated twice independently. In (E), (G), (H), data are the mean+S.D,; P values were calculated using

a two-tailed unpaired Student’s t-test. *, P< 0.05; **, P<0.01; *** P<0.001
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To explore the mechanism underlying GD-triggered
LATS1 accumulation in the insoluble fraction, co-immu-
noprecipitation assays were performed using anti-LATS1
antibody. The band at ~ 250 kDa was notably increased in
the immunoprecipitates from GD-treated cells (Fig. 4F,
left penal) and could also be observed in its insoluble
fraction (Figure S4D). Mass spectral analysis identi-
fied that MYH9, MYH10 and MYH14 proteins were the
major components of these bands and were significantly
increased in GD-treated samples (Fig. 4F, right penal).
MYHO9 is an actin cytoskeleton protein and involved in
autophagy-lysosome mediated degradation pathway [35].
The GD-induced interaction between MYH9 and LATS1,
and the suppressive effect of guanosine were further veri-
fied using Co-IP and immunoblotting assays (Fig. 4G).
Moreover, coaggregation of MYH9 and LATS1 was
detected in glucose-deprived cells, and guanosine supple-
mentation attenuated this accumulation (Fig. 4H), which
was consistent with the changes of YAP phosphorylation
(Fig. 4A). Similar to GD, GLUT inhibitor KL-11743 treat-
ment promoted the accumulation of LATS1 and MYH9 in
aggregates while guanosine supplementation attenuated
this effect, indicating a consistent mechanism for GLUT
inhibitor (Fig. 4I). As MYH9 had been characterized as
an actin-binding protein and the involvement of actin in
autophagy has also been reported [35], we wondered if
LATS1 was anchored on actin filaments. Consistently, the
Co-IP assays showed that GD significantly induced the

(See figure on next page.)
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interaction between LATS1 and actin, while guanosine
supplementation diminished this interaction (Fig. 4]).
Also, LATS1 aggregation and its colocalization with actin
were obviously induced upon GD, and rescued by guano-
sine supplementation (Fig. 4K). Furthermore, MYH9 or
MYH10 depletion (Figure S4E) significantly attenuated
GD-induced YAP nuclear localization (Fig. 4L), LATS1
accumulation in the pellets (Fig. 4M), and the transcrip-
tion of YAP target genes (Figure S4F), confirming the
effect of MYH9/10 on GD-induced YAP activation. Con-
sistent with the role of D5P, PGM2 silencing resulted in
a reduction in the rescue effect of guanosine on LATS1
aggregation (Fig. 4N). Furthermore, the supplementa-
tion of D5P in both glucose-free culture medium and the
lysate of GD-treated cells significantly mitigated the GD-
induced aggregation of LATS1 (Fig. 40; Figure S4G). To
further validate the association between MYH9/10/14
and YAP activation, we analyzed the correlation between
MYH9/10/14 expression and YAP signature (including
CTGE CYR61, THBS1, MYC, Gli2, Bcl2, AXL and COX2)
in colon adenocarcinoma using the GEPIA database
(http://gepia.cancer-pku.cn/index.html), which showed
that the expression of MYH9/10, but not MYH14, was
positively correlated with YAP downstream genes (Fig-
ure S4H). This result further confirmed the regulation
of MYH9/10 on YAP activation. Also, we checked the
YAP activation under MST1/2 inhibition and cytoskel-
eton dysregulation, both of these treatments showed little

Fig. 4 GD-induced D5P downregulation increases MYH9/LATS1 aggregation and LATS1 degradation to activate YAP. A, BImmunoblotting
analysis of phosphorylated YAP (serine 127) and YAP in HCT116 cells cultured with normal medium, glucose-free medium or glucose-free
medium supplemented with G (A) or D5P (B) for the indicated times. GAPDH or a-Tubulin was used as the loading control. C Immunoblotting
analysis of LATS1 in the supernatants (Sup) and pellets of the HCT116 cell lysate treated with or without GD (0 mM, 4 h). GAPDH was used

as a loading control. D Immunoblotting analysis of LATST, YAR, LC3A/B and P21 expression in HCT116 cells under normal conditions or GD (0 mM,
4 h) with or without MG132 or 3MA. a-Tubulin was used as a loading control. E Guanosine supplementation diminished GD-induced LATS1
insolubilization. HCT116 cells were cultured with normal medium, glucose-free medium or glucose-free medium supplemented with G for 4 h.
Tubulin was used as a loading control. F Coomassie blue staining and MS analysis of GD-induced LATS1-interacting proteins in HCT116 cells. The
bands marked in the red boxes (left) were sent for MS analysis. G The effects of GD and G/GMP supplementation on the interaction between MYH9
and LATS1 in HCT116 cells were examined using Co-IP assay. H HCT116 cells were cultured with normal medium (CTRL), glucose-free medium

or glucose-free medium supplemented with 5 mM G for indicated time before immunoblotting analysis of MYH9 and LATS1. G3BP1 was used

as a loading control for the pellets. | Guanosine supplementation diminished KL-11743-induced LATS1 insolubilization. HCT116 cells were cultured
under normal conditions, treated with or without KL-11743, or KL-11743 plus G supplementation for 4 h. PNP or actin was used as a loading control.
J Immunoblotting analysis of the recruitment of LATST to actin in SW480 cells under normal conditions, GD (0 mM) or GD supplemented with G.

K Representative fluorescence images of LATS1 aggregation and F-actin in LATS1-GFP overexpressing HCT116 cells under normal conditions,

GD (0 mM) or GD supplemented with G for 3 h. DAPI served as the nuclear stain. L Representative immunofluorescence images and quantitative
analysis of YAP nuclear localization in HCT116 NC, shMYH9 and shMYH10 cells treated with GD (0 mM) for 4 h. DAPI served as the nuclear stain. M
Immunoblotting analysis of LATS1 in the supernatants (Sup) and pellets of HCT116 NC, shMYH9, and shMYH10 cells under normal conditions or GD
(4 h). G3BP1 was used as a loading control. N Immunoblotting analysis of MYH9, LATS1, phosphorylated YAP (serine 127) and phosphorylated JNK
in the supernatants (Sup) and pellets of HCT116 NC and shPGM2 cells treated under normal conditions, GD (4 h) or GD supplemented with G (4 h).
GAPDH was used as a loading control. O Immunoblotting analysis of LATS1 and YAP in the supernatants (Sup) and pellets of HCT116 cells treated
under normal conditions, GD (0 mM, 4 h) or GD supplemented with D5P. GAPDH was used as a loading control. P Schematic diagram depicting
that D5P disrupts the interaction between LATST and MYH9/F-actin and recovers the inhibition of LATS1 on YAP. The experiments in (A-E), (G-J),
and (M-0) were repeated twice independently. In (L), data are the mean +5.D,; P values were calculated using a two-tailed unpaired Student's t-test.
*** P<0.001
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effect on GD-induced YAP activation, further demon-
strated the specificity of MYH9/10 for GD-induced YAP
activation (Figure S4I, J). Taken together, these results
indicate that D5P exhaustion after GD treatment induces
the MYH9/actin-mediated incorporation of LATS1 into
aggregates, resulting in LATS1 degradation and YAP
activation (Fig. 4P).

Dysregulation of YAP activity reprograms purine
nucleotide metabolism and cellular response to GD
During the process of cell culture, we observed that
YAP activity was negatively correlated with the acidity
of the medium (Figures S5A, B). Therefore, it is reason-
ably hypothesized that YAP involved in regulating cellu-
lar metabolism. To analyze the role of YAP in metabolic
reprogramming, untargeted metabolomics analysis was
performed to identify the metabolic alterations in YAP-
silenced and YAP-5SA (a constitutively activated mutant
of YAP)-overexpressing HCT116 cells. Interestingly,
YAP deficiency enhanced multiple cellular metabolism
pathways, including glucose metabolism and purine
metabolism (Fig. 5A; Figure S5C). Considering that inter-
mediates of purine metabolism, including guanosine and
D5P, regulate GD-induced YAP activation, we further
focus on the role of YAP in purine metabolism. Metabo-
lite quantification analysis revealed that YAP deficiency
significantly augmented glucose metabolism, particularly
D5P production (Fig. 5B). The increases in G3P (Glycer-
aldehyde-3-phosphate), pyruvate and lactate indicated an
enhanced glycolysis in HCT116™A? cells (Fig. 5B), which
accounted for the heightened acidity of the medium.
These findings suggest that YAP might regulate the
metabolic flux of glucose metabolism. Moreover, purine
nucleotide-associated metabolites, including nucleosides
(adenosine, guanosine and inosine), were upregulated in
HCT116"YAP cells, while the metabolites derived from
purine nucleoside degradation (adenine, xanthine and
guanine) showed slight accumulations or even decrease

(See figure on next page.)
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(Fig. 5C). Consistently, adenosine and guanosine were
downregulated by the continuous activation of YAP in
HCT116YAP%54 cells (Fig. 5D; Figure S5D). In addition,
both up- and down-regulation of YAP activity weakly
regulated pyrimidine nucleotide-related metabolism in
HCT116 cells (Figure S5E, F). These results suggest that
YAP activation might be mainly correlated with purine
nucleotide metabolism. Further quantitative analysis of
the metabolites from HCT116N¢ and HCT116"A? cells
with or without GD treatment showed that the change
trends of three clusters of metabolites induced by GD
were completely reversed by YAP silencing, among which
26.5% (17/64) of the metabolites were nucleotide-related
metabolites (Fig. 5E; Figure S6A; Table S2). Moreover, we
found that the catalytic activity of PNP, the key enzyme
catalyzing phosphorolysis of purine nucleosides, was
increased by GD treatment in HCT116 cells (Fig. 5G).
In contrast, this phenotype was reduced in HCT116°MYA?
cells (Fig. 5F), indicating that silencing YAP attenuated
GD-induced PNP activity. Furthermore, D5P supplemen-
tation attenuated GD-induced PNP activity (Fig. 5QG),
which was consistent with its effect on YAP activation.
Together, these findings indicate that GD-activated YAP
promotes purine nucleotide degradation by enhancing
PNP activity (Fig. 5H).

Theoretically, YAP-mediated purine nucleoside deg-
radation would increase D5P/R1P levels, which further
prevent the formation of MYH9/LATS1 aggregates and
upregulate LATS1 to inactive YAP via a negative feed-
back loop. Indeed, our results showed that silencing YAP
further increased the level of LATS1 in the insoluble frac-
tions of glucose-deprived cells (Fig. 51, Lane 2 vs. Lane
5), and attenuated the rescue effect of guanosine (Fig. 5I,
Lane 3 vs. Lane 6). Further evidence was obtained from
GD-induced JNK activation, a responsive signal that is
activated by GD [36]. Under GD treatment, JNK phos-
phorylation was decreased in YAP-silenced cancer cells,
while increased in YAP overexpressed cells (Fig. 51, Lane

Fig. 5 Dysregulation of YAP activity reprograms purine nucleotide metabolism and cellular response to GD. A Set enrichment of polar metabolites
from HCT116-shYAP and HCT116-NC cells as determined by 600MRM analysis. B Relative levels of metabolites involved in glucose metabolism
in HCT116-NC and HCT116-shYAP cells. C Relative levels of metabolites involved in purine (adenine and guanine) nucleotide metabolism

in HCT116-NC and HCT116-shYAP cells. D Relative levels of metabolites involved in purine (adenine and guanine) nucleotide metabolism

in HCT116-EV- and HCT116-YAP-5SA-overexpressing cells. E Cluster analysis of polar metabolites of HCT116-NC and HCT116-shYAP cells

under normal culture or GD conditions (0 mM, 6 h). F Analysis of PNP enzyme activity in HCT116-NC and HCT116-shYAP cells treated under GD.
G Analysis of PNP enzyme activity in HCT116 cells treated under GD with or without D5P supplementation. H Schematic diagram depicting

that GD-induced D5P downregulation triggers YAP activation, promoting PNP activity to recover D5P level. I Immunoblotting analysis of LATST,
YAP and phosphorylated JNK in the supernatants (Sup) or LATS1 in the pellets of HCT116-NC and HCT116-shYAP cells under the indicated
treatment. G3BP1 was used as a loading control. J Immunoblotting analysis of LATS1, YAP and phosphorylated JNK in the supernatants

of HCT116-EV- and YAP-55A-overexpressing cells with the indicated treatment. Tubulin was used as a loading control. The experiments in (I), (J)
were repeated twice independently. In (B-D) and (F-G), data are the mean+S.D,; P values were calculated using a two-tailed unpaired Student’s

t-test. *, P<0.05; **, P<0.01; ***, P<0.001; ns, no significance
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Fig. 6 D5P sensitizes cancer cells to GLUT inhibitor by suppressing YAP. A RT-qPCR of JNK downstream genes (JUN and GADD45A) in HCT116

cells treated under normal conditions, GD or GD supplemented with D5P. B Immunoblotting analysis of phosphorylated YAP (serine 127)

and phosphorylated JNKin HCT116 NC and shPGM2 cells treated under normal conditions, GD (4 h) or GD supplemented with D5P or G (4 h). C
Schematic diagram of signaling pathways stimulated by GD or GLUT inhibitor treatment. D Immunoblotting analysis of PARP, cleaved PARP (c-PARP)
and phosphorylated JNKin HCT116 cells treated under normal conditions or GD with or without D5P supplementation (12 h). Actin was used

as a loading control. E Immunoblotting analysis of cleaved PARP (c-PARP), phosphorylated YAP (serine 127), and phosphorylated JNKin HCT116 cells
treated with GLUT inhibitor (KL-11743) supplemented with or without D5P (24 h). Actin was used as a loading control. F, G Representative images
(F) and quantitative results (G) of soft agar colony formation assays in HCT116 cells treated with KL-11743 supplemented with or without D5P (48 h).
H Cell growth curves of HCT116 cells treated with KL-11743, D5P, or both. I, J Representative images (I) and quantitative results (J) of organoid
cultures treated with KL-11743 supplemented with or without D5P (60 h). K Immunoblotting analysis of PARP, cleaved PARP (c-PARP) and PNP

in HCT116 NC and shPNP cells treated under normal conditions, GD or GD supplemented with D5P (8 h). Actin was used as a loading control. In (A),
(G), (H), data are the mean £ S.D,; P values were calculated using Dunnett’s multiple comparison test or Student’s t-test. *, P<0.05; **, P<0.01; ***,
P<0.001; ns, no significance



Tu et al. Journal of Hematology & Oncology (2025) 18:2

2vs. Lane 5; Fig. 5], Lane 2 vs. Lane 6), suggesting a posi-
tive correlation between JNK and YAP, which was con-
sistent with previously reports [37]. However, with the
supplementation of guanosine, although its rescue effect
on JNK phosphorylation was enhanced by consistent
YAP activation (Fig. 5], Lane 3&4 vs. Lane 7&8), YAP
silencing reversed this rescuing effect (Fig. 51, Lane 3 vs.
Lane 6). These results suggest that dysregulation of YAP
activity reprograms purine nucleotide metabolism and
cellular response to GD.

D5P sensitizes cancer cells to GLUT inhibitor

by suppressing YAP

GLUT inhibitors have been considered as a promising
cancer treatment option [38]. As shown in Figs. 3F, 6A,
B and S3C, D5P could attenuate GD-induced YAP acti-
vation, while having no impact on GD-induced p-JNK or
the expression of JNK downstream genes, including JUN
and GADD45A. These findings suggested that D5P may
promote GD- or GLUT inhibitor (KL-11743)-induced
cell death by specifically suppressing YAP activation
(Fig. 6C). In agreement with our hypothesis, supple-
menting D5P in glucose-free or KL-11743-containing
medium significantly promoted cell death, as evidenced
by increased cleaved PARP, decreased colony formation
and delayed cell growth curves (Fig. 6D-H and Figure
S7A). Moreover, CRC organoid culture assay showed
that D5P supplementation enhanced the growth inhibi-
tory effect of KL-11743 (Fig. 6I-]). Consistently, GD-
induced cleaved PARP was attenuated by PNP deficiency
(Fig. 6K, lane 4 vs. lane 3), and this phenotype was par-
tially restored by D5P supplementation (Fig. 6K, lane 6
vs. lane 4). These results indicate that D5P has the poten-
tial to enhance the inhibitory effect of GLUT inhibitors
by suppressing YAP activation.

Oral administration of D5P attenuates CRC development

in APC mutant mice

Although D5P can synergize with GLUT inhibitor to
promote cancer cell death, there are no GLUT inhibitors
approved in clinic so far [4, 5]. Therefore, we assessed the

(See figure on next page.)
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therapeutic potential of D5P as a standalone treatment
for cancer. First, we investigated the clinical relevance
of PNP and PGM2 in colon adenocarcinoma using the
GEPIA database (http://gepia.cancer-pku.cn/) [39]. Inter-
estingly, patients with higher PNP or PGM2 expression,
especially PNP, had favorable prognosis than those with
lower levels (Fig. 7A; Figure S7B), suggesting that higher
PNP might inhibit cancer progression through increas-
ing D5P level. Furthermore, we analyzed the relation-
ship between PNP, PGM2 and YAP in another database
GSE14333 [40], and found that PNP, but not PGM2, was
negatively associated with YAP target genes (Figure S7C,
D). To better clarify the function of the PNP-D5P axis
in cancer progression, APC™"* mice were employed.
Surprisingly, the APC"™* mice treated with D5P in
the drinking water exhibited much less rectal prolapse
and longer survival (Fig. 7B, C). Moreover, the num-
bers of macroscopically visible tumors were significantly
decreased from APC™™* mice with D5P treatment
(Fig. 7D, E). Importantly, haematoxylin & eosin (H&E)
staining showed that the tumors in the D5P group exhib-
ited smaller size and lower grade carcinoma (Fig. 7F),
indicating an anti-cancer effect of D5P. It is worth not-
ing that the phosphorylation modification of YAP plays
an inhibitory role in regulating its protein stability and
nuclear localization. Our results showed that the over-
all level of YAP in tumors in the control group was sig-
nificantly higher than that in the D5P group (Fig. 7G, H).
More importantly, the YAP nuclear localization exhib-
ited a considerably higher intensity in the malignant
cells of the control group compared to that of D5P group
(Fig. 7I), indicating that anti-cancer effect of D5P might
be mediated through inhibiting YAP activation. Taken
together, these findings demonstrate that D5P could be a
potential anti-cancer selection for patients with high YAP
activity.

Discussion

In this study, we demonstrate that GD or GLUT inhibi-
tor treatment induces YAP activation in multiple cancer
cell lines and propose a negative feedback loop of MYH9/

Fig. 7 Oral administration of D5P attenuates CRC development in APC mutant mice. A Kaplan—-Meier survival analysis of colon adenocarcinoma
patients stratified by PNP expression. Data from GEPIA database. B Rectal prolapse observation showing that the onset of CRC in APC™*

mice treated with D5P was delayed. C Survival probability analysis of APC™™* mice treated with or without D5P (4 mM) in drinking water. D
Representative colon images of the APC™™* mice treated with or without DSP (4 mM). E The quantification of tumor number presented in (D).
Colon tumor number of APC™™* mice treated with or without D5P (4 mM). F Representative H&E staining of colon tumor from mice treated

with or without D5P (4 mM). G Large field view of YAP staining in colon sections of mice treated with or without D5P (4 mM). The numeric labeled
regions were zoom in and showed in (H) and (I). H A representative image of non-cancerous area in (G). YAP staining of the non-cancerous area
of colon from mice treated with or without D5P (4 mM). | A representative image of cancerous area in (G) and quantitative results of YAP staining
in the cancerous area of colon from mice treated with or without D5P (4 mM). J Schematic diagram showing the anti-cancer function of D5P

via the MYH9/LATS1-YAP-PNP-D5P negative feedback loop. *, P< 0.05; **, P<0.01
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LATS1-YAP-PNP-D5P under glucose limitation (Fig. 7J).
These findings suggest that D5P, a metabolite derived
from both glucose metabolism and purine nucleotide
degradation, functions as a metabolic checkpoint for
YAP activation. Importantly, our results indicate that
D5P synergizes with GLUT inhibitors to promote cancer
cell death, and even D5P alone has the potential to atten-
uate CRC progression in APC mutant mice.

Glucose metabolism has been intensively investigated
since the discovery of Otto Warburg effect in the late
1920s. The initial studies mainly focused on the cancer
promoting role of glucose and the importance of glycoly-
sis and tricarboxylic acid cycle (TCA) in cancer [41] [42].
Given the importance of glucose metabolism, targeting
glucose metabolism has great potential for cancer ther-
apy [43, 44]. Nevertheless, despite nearly 6 decades of
research, targeting glucose metabolism for cancer treat-
ment remains challenging. This fact indicates that the
role of glucose metabolism in cancer is much more com-
plicated. Recent studies implied that glucose metabolism
is highly intertwined with intrinsic signaling45. Interest-
ingly, we found that different cancer cell lines exhibited
different responses to GD. GD induced YAP activation
in some cells like HCT116, SW480, A549 and SK-Hepl,
but not in cells like DLD1, HT29 and SW620. In line with
this, glucose withdrawal has been reported to induce
supra-physiological levels of phopho-tyrosine signaling
in glucose withdrawal-sensitive cells, but not in insensi-
tive cells (Graham et al. 2012). Although GD has been
reported to inhibit YAP activation in non-cancer cell
lines like HEK293, MCF10A and MEF cells [18, 21, 22],
the different responses might potentially arise from the
different primary metabolic network coupled with glu-
cose, yet the molecular mechanism governing the diver-
gent responses to GD remains to be elucidated.

Several studies reported that D5P could be converted
to intermediates in the glycolytic pathway to fuel central
carbon metabolism [46-48]. In agreement with these
studies, we analyzed our metabolomic data and found
that D5P supplementation also increased the metabo-
lites of glycolytic pathway, further verified the conclu-
sion that D5P fueled central carbon metabolism (Figure
S8A). However, our findings showed that D5P enhanced
the inhibitory effect of glucose deprivation, seemingly
contradictory to the previous studies. We and other
groups have demonstrated that GD-induced cell death is
largely dependent on the accumulation of ROS [11, 49].
As shown in Figure S8A, theoretically, D5P supplemen-
tation could increase glycolytic metabolites, while having
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no contribution to the production of NADPH, thereby
doesn’t influence GD-induced ROS-dependent cell death.
Furthermore, D5P inhibits the activation of YAP, a pro-
survival signal, to promote cell death under GD. Interest-
ingly, based on the observation of cell lines tested in this
study, both HCT116 and SW480 are GD-sensitive and
present GD-induced YAP activation, while both DLD1
and RKO are GD-insensitive and GD has no impact on
YAP activation in these cells (Figure S8B and S8C), which
suggests a correlation between GD-sensitivity and YAP
activation. Considering that D5P is undetectable in GD-
insensitive DLD1 cells (Figure S8D), we hypothesize this
correlation may be ascribed to D5P level. For GD-insen-
sitive cells like DLD1, the absence of D5P leads to the
over-activation of YAP under both normal glucose and
GD, resulting in GD-resistant capacity. While for GD-
sensitive cells, YAP is less activated under normal glu-
cose due to the high level of D5P and tightly controlled
by D5P-MYH/LATS1-YAP-PNP feedback loop under
GD, which restricts the over-activation of YAP therefore
resulting in a GD-sensitive phenotype. Meanwhile, our
results showed that suppressing YAP activation by D5P
treatment or shYAP significantly promoted GD-induced
HCT116 cell death (Fig. 6D and Figure S8B), indicating
that GD-induced YAP activation is essential for the sur-
vival of GD-sensitive cells.

Ribose-phosphates (D5P and RI1P) are the central
metabolites that links multiple metabolic pathways,
including glucose metabolism associated PPP, de novo
nucleotide synthesis, and nucleotide degradation and
salvage pathway. However, the role of D5P/R1P in glu-
cose and nucleotide metabolism has not been assessed,
and the function of D5P on cancer progression is rarely
studied. Here in this study, we revealed that ribose-phos-
phates served as signaling metabolites to attenuate GD-
induced YAP activation and CRC progression in APC
mutant mice by inhibiting YAP signaling. Mechanisti-
cally, D5P disrupted the interaction between MYH9 and
LATS], and further inhibited MYH9-mediated recruit-
ment and degradation of LATS1. MYH9 is an actin
cytoskeleton protein and can be targeted for autophagic
degradation through its interaction with NIMA-related
kinase 9 (NEK9) [35]. Recently, another study has
reported that the interaction between MYH9 and actin
was enhanced by GD [11], supporting that MYH9 plays
an important role in GD-induced response. Our study
offers significant evidence that ribose-phosphates are
involved in establishing a connection between cellular
signaling and metabolic networks. Furthermore, previous
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reports have indicated the activation of JNK by GD. Our
investigation revealed that the activation of JNK induced
by GD was suppressed by the supplementation of glu-
cose, but not D5P. This suggests that the impact of D5P
on YAP inactivation is specific. Interestingly, we found
that in YAP-unresponding cells such as DLD1 (Figure
S8D), the amount of D5P is very low and even undetect-
able by MS. Therefore, D5P-mediated YAP activation
under GD is absent in these cells which might explain
why GD cannot induce YAP activation. This result fur-
ther confirmed the central role of D5P in GD-mediated
YAP activation.

PNP is the key enzyme in purine nucleotide degrada-
tion and mediates the generation of Ribose-phosphate,
and its insufficiency has been reported to associate both
with immune deficiency and autoimmunity diseases
[30, 50]. Although PNP inhibitors, such as forodesine,
have been developed to treat leukemia [51], its role in
solid cancer is not clear. This study investigated the
impact of the PNP-D5P axis on CRC, revealing that
increased PNP expression was associated with a favora-
ble prognosis in patients, and higher PNP expression
correlated negatively with YAP activity. Consistently,
our findings also demonstrate that D5P, a product of
PNP-mediated purine nucleoside degradation, exerts
an anti-cancer effect by inhibiting YAP activation in
the mouse model of CRC. All these results suggest that
PNP may function as a potential clinical biomarker for
selecting D5P responsive CRC patients. As PNP expres-
sion is negatively correlated with YAP activity, D5P
treatment may be beneficial for patients with low PNP
expression through inhibiting YAP-dependent cancer
progression. Consistent with the regulatory role of PNP
on YAP activation, we observed a significant increase
of PNP expression in radiation-induced rectum injury
(Figure S8E), which required YAP-mediated intestinal
stem cell activation for injury repair, indicating that
PNP-D5P-YAP axis may play roles in different biologi-
cal processes.

In summary, we reveal that different cancer cells
exhibit distinct metabolic preferences and respond
differently to the same nutrient stress. In glucose-sen-
sitive cells, YAP signaling would be activated to assist
cancer cells to survive from glucose-limitation stress,
whereas D5P supplementation specifically attenu-
ates GD-induced YAP signaling and promote glucose
limitation-induced cell death. Our research offers new
insights into the regulatory mechanism of cancer cells
responding to glucose limitation. Importantly, our find-
ings propose a potential anti-cancer role of D5P, either
as a standalone treatment or in combination with glu-
cose transporter inhibitors for cancer therapy.
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