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synthetases regulates nucleotide metabolism
Jingyi Li1,2,6, Jichun Shao1,6, Zhijun Zeng1,6, Yumin He3, Can Tang2, Su Hwan Park4, Jong-Ho Lee4,5 and Rui Liu 3✉

© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e Morte Cellulare 2021

Cells coordinate their behaviors with the mechanical properties of the extracellular matrix (ECM). Tumor cells frequently harbor an
enhanced nucleotide synthesis, presumably to meet the increased demands for rapid proliferation. Nevertheless, how ECM rigidity
regulates nucleotide metabolism remains elusive. Here we show that shift from stiff to soft matrix blunts glycolysis-derived
nucleotide synthesis in tumor cells. Soft ECM results in TNF receptor-associated factor 2 (TRAF2)-dependent K29 ubiquitination and
degradation of phosphoribosyl pyrophosphate synthetase (PRPS)1/2. Recruitment of TRAF2 to PRPS1/2 requires phosphorylation of
PRPS1 S285 or PRPS2 T285, which is mediated by low stiffness-activated large tumor suppressor (LATS)1/2 kinases. Further, non-
phosphoryable or non-ubiquitinatable PRPS1/2 mutations maintain PRPS1/2 expression and nucleotide synthesis at low stiffness,
and promote tumor growth and metastasis. Our findings demonstrate that PRPS1/2 stability and nucleotide metabolism is ECM
rigidity-sensitive, and thereby highlight a regulatory cascade underlying mechanics-guided tumor metabolism reprogramming.
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INTRODUCTION
Solid tumors are characterized by an abnormally developed
stroma that endows the tumor environment with an increased
extracellular matrix (ECM) rigidity [1]. ECM rigidity, varying with its
composition and organization, depicts the capacity to which a
material resists deformation upon exerted forces. The mechanical
signals that tumor cells sense during interaction with the
surroundings dictate a wide spectrum of cellular processes, such
as filopodia formation and extension, and are evidenced to
modulate tumor progression [2]. However, the key factors
involved in mechanotransduction during cell-matrix interplay
remain elusive.
Nucleotide metabolism provides building blocks for DNA and

RNA synthesis to support the rapid proliferation of tumor cells. The
five-carbon ribose of nucleotides originates from glycolysis.
Pentose phosphate pathway (PPP), an alternative branch of
glycolysis, utilizes glycolytic intermediates glucose-6-phosphate
and fructose-6-phosphate to produce ribose-5-phosphate (R5P)
and subsequent phosphoribosyl pyrophosphate (PRPP), which is
prerequisite in both de novo and salvage pathways to yield
nucleotides [3] (Fig. S1A). Conversion of R5P to PRPP, where the β-
and γ-diphosphoryl moieties of adenosine triphosphate (ATP)
were transferred onto the C1-hydroxy group of R5P, is governed
by a group of phosphoribosyl pyrophosphate synthetases (PRPSs)
[4] and is the rate-limiting step for nucleotide synthesis. In total,
mammalians have three distinct PRPS genes, whose coding
products share high similarities with each other. Among them,

expression of PRPS1 and PRPS2 is detected in a variety of organs,
while expression of PRPS3 is testis-specific [5]. However, whether
nucleotide metabolism is regulated in response to ECM rigidity is
largely unknown.
In this study, we demonstrate that large tumor suppressor

kinase (LATS)1/2 phosphorylate PRPS1 S285 and PRPS2 T285 at
low stiffness, which in turn results in PRPS1/2 K29 ubiquitination
and degradation in an E3 ligase TRAF2-dependent manner.
Stabilization of PRPS1/2 restores low stiffness-repressed nucleo-
tide synthesis and accelerates tumorigenesis.

RESULTS
Low stiffness dampens nucleotide synthesis and PRPS1/2
expression
To examine the impact of matrix rigidity on the regulation of
nucleotide synthesis, human colorectal cancer HCT116 cells,
prostate cancer DU145 cells, and oral squamous cell carcinoma
HSC-3 cells were cultured on stiff (40.19 ± 3.19 kPa, referred to
40 kPa) or soft (0.98 ± 0.029 kPa, referred to 1 kPa) polyacrylamide
(PAAm)-based matrix [6, 7], which caused palpable changes in the
GTP-bound form of RhoA, ROCK1/2 activity and phosphorylation
of MYPT1 T696 [8] (Fig. S1B). After incubation with [14C]-glucose
(0.01 mmol/L), we found an apparently lowered production of
radioactive DNA and RNA in those cells cultured at 1 kPa (Figs. 1A
and S1C). A more pronounced decrease was observed in
comparison with the cells cultured on basement membrane-
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coated plastics (Fig. S1D, E). Consistently, soft matrix decreased
the cellular level of either purine and pyrimidine intermediates
(Figs. 1B and S1F), as well as the conversion of [13C]-glucose to
these intermediates (Figs. 1C and S1G). Notably, both steady level
and synthesis of PRPP were reduced at low stiffness (Figs. 1D, E
and S1H, I). To determine the effects on the de novo and salvage
pathways, both of which utilize PRPP as a substrate, HCT116 cells
were labeled with [13C2,

15N]-glycine or [13C5,
15N4]-hypoxanthine,

respectively. Indeed, the level of glycine or hypoxanthine-derived
inosine monophosphate (IMP), a purine intermediate, was
substantially declined in response to low matrix rigidity, indicating
a reduction in both pathways (Fig. 1F, G). Nevertheless, no
palpable differences were found in the level of fructose-6-P or R5P
in HCT116, DU145 or HSC-3 cells (Figs. 1H, I and, S1J, K),
suggesting that the altered nucleotide synthesis was not likely
due to the changes in glycolysis or PPP pathway.
Production of PRPP from R5P is governed by PRPSs [4]. Separate

knockdown of PRPS1 or PPRS2 caused about 25–65% reduction in
cellular PRPS activity in HCT116, DU145, or HSC-3 cells (Fig. S1L,
M). Strikingly, the culture of these cells on the soft matrix resulted
in a considerable decrease in PRPS1/2 expression, shown by
immunoblot analyses (Figs. 1J, S1N, and S1O). Accordingly, PRPS
activity in cell lysates was conformably decreased (Fig. 1K, S1N,

and S1O). These results suggest that low stiffness dampens
nucleotide synthesis and PRPS1/2 expression.

TRAF2 mediates poly-ubiquitination and degradation of
PRPS1/2 at low stiffness
We next tested whether PRPS1/2 gene transcription was altered in
response to ECM rigidity. However, reverse transcription-polymerase
chain reaction (RT-PCR) analysis revealed comparable PRPS1/2
mRNA levels (Fig. S2A). To determine whether PRPS1/2 protein
stability was altered, we treated HCT116 cells with cycloheximide
(CHX) to block protein synthesis. Normalization of the immunoblot
signals revealed that culture on soft matrix largely shortened the
half-life of PRPS1/2 protein (Figs. 2A and S2B). Further, soft matrix-
repressed PRPS1/2 expression could be restored by treatment with
proteasome inhibitor MG132, hinting at the possible involvement of
proteasome-dependent protein degradation (Fig. S2C). Indeed, soft
matrix enhanced a high molecular weight smear of the ubiquity-
nated PRPS1/2 (Fig. S2D). Of note, this ubiquitination was abrogated
by expression of an HA-ubiquitin lysine (K)48arginine (R) mutant, but
not K63R mutant (Fig. S2D), which prevents poly-ubiquitin chain
formation by intermolecular cross-linking at K48 or K63, respectively.
These data suggest that matrix rigidity regulates PRPS1/2 stability
through K48-dependent ubiquitylation.

Fig. 1 Low stiffness dampened nucleotide synthesis and PRPS1/2 expression. A–K Cells were cultured on a stiff (40 kPa) or soft (1 kPa)
matrix for 24 h before the indicated measurement or treatment. A–I, K Data represent the mean and SD from three independent experiments.
*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. A HCT116 cells were labeled with 14C6-glucose (1 μCi, 0.01 mmol/L) for 2 h, and the
amounts of 14C-DNA and 14C-RNA were measured. B, D, H, I Indicated metabolites in HCT116 cells were measured. C, E HCT116 cells were
labeled with 13C6-glucose (10mmol/L) for 2 h, and the indicated 13C-labeled metabolites were measured. F, G HCT116 cells were labeled with
[13C2,

15N]-glycine (0.4 mmol/L, (F)) or [13C5,
15N4]-hypoxanthine (0.1 mmol/L, (G)) for 2 h, and the levels of labeled IMP were measured.

J Expression of PRPS1/2 was measured by immunoblot. The anti-PRPS1/2 antibody recognizes both PRPS1 and PRPS2. K PRPS activities in
HCT116 cell lysates were measured.
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Analysis of PRPS1/2 protein sequences revealed a shared and
conserved four-residue motif 276PQED279 (Fig. S2E), as an analog of
the recognition consensus (P/S/A/T)x(Q/E)E for TRAF E3 ligases 1,
2, 3, and 5 [9]. The aspartic acid (D) at the C-termini of this motif
possessed a negatively charged side chain, which is similar to
glutamic acid (E) [10]. Immunoprecipitation analysis showed that
soft matrix increased endogenous PRPS1/2 associated with TRAF2,
rather than TRAFs 1, 3, or 5 (Figs. 2B and S2F, G). Further,
disrupting this binding motif by mutation of E278/D279 into
alanine (A) abrogated the association of endogenous TRAF2 with
Flag-PRPS1 or His-PRPS2 (Fig. 2C).
We next examined whether TRAF2 was responsible for

mechano-regulated PRPS1/2 ubiquitination. ShRNA-mediated
knockdown of TRAF2 substantially blocked PRPS1/2 ubiquitination
in HCT116 cells cultured on the soft matrix (Fig. 2D). Expression of
a ring domain-truncated TRAF2 mutant [11], which lost its E3

ligase activity, failed to induce comparable PRPS1/2 ubiquitination
in the endogenous TRAF2-depleted HEK293T cells (Fig. 2E).
Similarly, PRPS1/2 E278A/D279A mutants showed an apparently
reduced ubiquitination at low stiffness, compared to their wild-
type (WT) counterparts (Fig. 2F). Consistently, knockdown of
TRAF2 or mutation of TRAF2-binding motif rescued low stiffness-
repressed PRPS1/2 expression in multiple cell lines (Figs. 2G, H and
S2H). Further, double knock-in expression of PRPS1/2 E278A/
D279A in HCT116 cells (Fig. S2I), by the CRISPR/Cas9 genome
editing strategy, showed that mutated PRPS1/2 were less sensitive
to be ubiquitinated (Fig. 2I), and were detected at comparable
expression levels at low stiffness (Fig. 2J). These data suggest that
TRAF2 mediates PRPS1/2 ubiquitination and degradation in
response to low stiffness.
To identify the ubiquitylation site, we scanned PRPS1/2

protein sequences via the online prediction website UbPred

Fig. 2 TRAF2 mediates poly-ubiquitination and degradation of PRPS1/2 at low stiffness. A–M Cells were cultured on a stiff (40 kPa) or soft
(1 kPa) PAAm matrix for 24 h before the indicated measurement or treatment. Immunoblot analyses were performed with the indicated
antibodies. A HCT116 cells were treated with CHX (100 μg/ml) for the indicated periods of time. B Immunoprecipitation was performed using
HCT116 cell lysates with the PRPS1 or PRPS2 antibodies. RhoA activity was examined. WCL, whole-cell lysate. C HCT116 cells were expressed
with WT Flag-PRPS1, Flag-PRPS1 E278A/D279A, WT His-PRPS2, or His-PRPS2 E278A/D279A. Immunoprecipitation analyses with anti-Flag M2
agarose beads and Ni-NTA agarose bead pulldown were performed. D HCT116 cells with expression of TRAF2 shRNA, Flag-PRPS1, or His-PRPS2
were incubated with MG132 (10 μM) for 6 h. Immunoprecipitation analyses with anti-Flag M2 agarose beads and Ni-NTA agarose bead
pulldown were performed. E TRAF2 KO HEK293 cells with expression of WT HA-TRAF2, HA-TRAF2 ΔRing, Flag-PRPS1, or His-PRPS2 were
incubated with MG132 (10 μM) for 6 h. Immunoprecipitation analyses with anti-Flag M2 agarose beads and Ni-NTA agarose bead pulldown
were performed. F HCT116 cells with expression of WT Flag-PRPS1, Flag-PRPS1 E278A/D279A, WT His-PRPS2 or His-PRPS2 E278A/D279A were
incubated with MG132 (10 μM) for 6 h. Immunoprecipitation analyses with anti-Flag M2 agarose beads and Ni-NTA agarose bead pulldown
were performed. G HCT116 cells were expressed with or without TRAF2 shRNA. H HCT116 cells were stably expressed with WT Flag-PRPS1,
Flag-PRPS1 E278A/D279A, WT His-PRPS2, or His-PRPS2 E278A/D279A. I HCT116 cells with knock-in expression of PRPS1/2 E278A/D279A
were incubated with MG132 (10 μM) for 6 h. Immunoprecipitation analyses were performed using indicated antibodies. J HCT116 cells
were with a knock-in expression of PRPS1/2 E278A/D279A. K HCT116 cells with expression of WT Flag-PRPS1, Flag-PRPS1 K29R, Flag-PRPS1
K176R, WT His-PRPS2, His-PRPS2 K29R, or His-PRPS2 K176R were incubated with MG132 (10 μM) for 6 h. Immunoprecipitation analyses with
anti-Flag M2 agarose beads and Ni-NTA agarose bead pulldown were performed. L HCT116 cells were stably expressed with WT Flag-PRPS1,
Flag-PRPS1 K29R, WT His-PRPS2, or His-PRPS2 K29R. M HCT116 cells with knock-in expression of PRPS1/2 K29R were incubated with MG132
(10 μM) for 6 h. Immunoprecipitation analyses were performed using indicated antibodies. N HCT116 cells were with a knock-in expression of
PRPS1/2 K29R.
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(http://www.ubpred.org/), and three lysine residues, K29, K110,
and K176, that were shared by PRPS1/2, were found. Analysis of
human PRPS1 structure (PDB code: 3EFH) revealed that K29 were
exposed on the surface of PRPS1 hexamer, while K110 and K176
were localized in the interface between two units in the hexamer
(Fig. S2J), where it was not likely to accommodate a poly-ubiquitin
chain. Due to the high homology in the sequences of these two
proteins, the spatial localization of these lysine residues in PRPS2
was supposed to be similar to that in PRPS1, though human
PRPS2 structure was not available. Replacement of these lysines by
arginine discovered that only mutation in K29, which is conserved
among species (Fig. S2K), abolished soft matrix-induced PRPS1/2
ubiquitination (Fig. 2K). In line with this, compared to WT proteins,
PRPS1/2 K29R mutants showed a higher expression level in
HCT116, DU145, and HSC-3 cells cultured on the soft matrix
(Figs. 2L and S2L). Further, knock-in of K29R mutation also blunted
low stiffness-induced PRPS1/2 ubiquitination (Figs. 2M and S2M)
and rescued PRPS1/2 expression (Fig. 2N). Such TRAF2-dependent
mechanism was also observed between cells cultured on soft
PAAm matrix and plastics (Fig. S3A–F). In addition, no obvious
changes were found in the ubiquitination of the other two
TRAF2 substrates MKP6 [12] and DYRK1A [13] (Fig. S3G), or the
recruitment of TRAF2 in the lipid raft domain (Fig. S3H), where
TRAF2 could be activated by TNF receptors [14], implying that the
use of the soft and stiff hydrogels did not modulate the activity of
TRAF2. Together, these results suggest that TRAF2 mediates the
mechano-regulated ubiquitylation of PRPS1/2 at K29 and sub-
sequent degradation of PRPS1/2.

LATS1/2 phosphorylate PRPS1 S285 and PRPS2 T285 at low
stiffness
We purified Flag-PRPS1 or His-PRPS2 protein from soft matrix-
stimulated HCT116 cells and observed that treating these proteins
with intestinal alkaline phosphatase (CIP) largely abolished their
binding with bacterially purified GST-TRAF2 protein (Fig. S4A),
implying that stiffness-responsive phosphorylation on PRPS1/2
was probably required for PRPS1/2 binding with TRAF2. To identify
the potential kinase, Flag-PRPS1 protein was immunoprecipitated
from the cell lysate of HCT116 cells cultured on soft matrix, and
LATS2 was found in the PRPS1 immunoprecipitates by mass
spectrometry analysis (Fig. S4B). Interaction of endogenous PRPS1/
2 with LATS2 and its homolog kinase LATS1 was validated in
HCT116 and HSC-3 cells (Figs. 3A and S4C). As a matter of course,
TRAF2 was also identified in this proteomic screening (Fig. S4B).
LATS1/2 are serine/threonine protein kinases that play impor-

tant roles in mechanoresponses [15]. At low stiffness, LATS1/2
were found to be active in HCT116, DU145, and HSC-3 cells, as
shown by the markedly increased phosphorylation at LATS1 T1079
and LATS2 T1041 (Fig. S4D) [16]. An in vitro kinase assay revealed
that phosphorylation of purified PRPS1 or PRPS2 proteins could be
detected after incubation with WT LATS1 or LATS2 proteins
purified from HEK293 cells, but not the kinase-dead LATS1 K734M
or LATS2 K697A mutant (Figs. 3B and S4E). PRPS1 or PRPS2
proteins derived from the in vitro protein kinase assay were
further examined by liquid chromatography-tandem mass spec-
trometry, which discovered phosphorylation on PRPS1 S285 and
PRPS2 T285 (Fig. S4F). Both serine and threonine possess a polar

Fig. 3 LATS1/2 phosphorylate PRPS1 S285 and PRPS2 T285 at low stiffness. A–F Immunoblotting analyses were performed with the
indicated antibodies. A HCT116 cells were cultured at indicated stiffness for 24 h. Immunoprecipitation was performed with the indicated
antibodies. RhoA activity was examined. B Bacterially purified His-PRPS1 (left panel) or His-PRPS2 (right panel) protein was incubated with
purified WT Flag-LATS1 or kinase-dead Flag-LATS1 K734M proteins in presence of [γ-32P]-ATP for an in vitro kinase assay. C Bacterially purified
WT His-PRPS1, His-PRPS1 S285A (left panel), WT His-PRPS2 or His-PRPS2 T285A (right panel) protein was incubated with purified Flag-LATS1
protein in presence of [γ-32P]-ATP for an in vitro kinase assay. D Bacterially purified WT His-PRPS1, His-PRPS1 S285A, WT His-PRPS2, or His-
PRPS2 T285A protein was incubated with bacterially purified WT GST-LATS1, GST-LATS1 K734M protein in presence of [γ-32P]-ATP for
an in vitro kinase assay. E, F WT or LATS1/2 DKO MEFs (E), or HCT116 cells (F) with the expression of Flag-PRPS1 or His-PRPS2 were cultured at
40 kPa or 1 kPa for 24 h. Immunoprecipitation analyses with anti-Flag M2 agarose beads and Ni-NTA agarose bead pulldown were performed.
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phosphoryable side chain, and alignment analysis revealed that
the protein sequences flanking PRPS1/2 S/T285 were evolutionally
conserved among species (Fig. S4G). Notably, replacement of
PRPS1/2 S/T285 by alanine rescinded LATS1/2-mediated phos-
phorylation of PRPS1/2 (Figs. 3C and S4H). These observations
were further confirmed by using bacterially purified GST-tagged
LATS1 and LATS2 proteins (Figs. 3D and S4I). We then prepared
antibodies specifically recognizing the phosphorylated PRPS1
S285 or PRPS2 T285, respectively (Fig. S4J), and found that double-
knockout (DKO) of LATS1/2 in mouse embryonic fibroblasts (MEFs)
(Figs. 3E and S4K) or expression of PRPS1 S285A and PRPS2 T285A
(hereafter abbreviated as PRPS1/2 S/T285A) mutants in HCT116
cells (Fig. 3F) abrogated these phosphorylations. These results
indicate that LATS1/2 phosphorylate PRPS1/2 S/T285 in response
to low rigidity.

LATS1/2-dependent PRPS1/2 S/T285 phosphorylation is
required for PRPS1/2 ubiquitination and degradation at low
stiffness
PRPS1/2 S/T285 was close to TRAF2-binding motif P276/E278/
D279 (Fig. S4G), hinting at a potential impact of this phosphoryla-
tion on the interaction between PRPS1/2 and TRAF2. We pulled
down the Flag-PRPS1 or His-PRPS2 proteins from WT or LATS1/2
DKO MEFs, and found very few PRPS1/2-associated TRAF2 proteins
at high stiffness, regardless of LATS1/2 expression. While, at low
stiffness, loss of LATS1/2 markedly reduced the amount of TRAF2
protein detected in PRPS1/2 precipitates (Fig. 4A). In addition,
non-phosphorylatable PRPS1/2 S/T285A mutants failed to pull
down a similar amount of TRAF2 protein at low stiffness compared
to WT PRPS1/2, even in the presence of active LATS1/2 (Fig. 4B).
Further, we incubated bacterially purified WT or mutant PRPS1/2

Fig. 4 LATS1/2-dependent S/T285 phosphorylation is required for PRPS1/2 ubiquitination and degradation at low stiffness. A, B, D–K
Cells were cultured on a stiff (40 kPa) or soft (1 kPa) matrix for 24 h before indicated measurement or treatment. A–K Immunoblot analyses
were performed with the indicated antibodies. A WT or LATS1/2 DKO MEFs were expressed with Flag-PRPS1 (upper panel) or His-PRPS2
(bottom panel). Immunoprecipitation analyses with anti-Flag M2 agarose beads or Ni-NTA agarose bead pulldown were performed. B HCT116
cells were expressed WT Flag-PRPS1, Flag-PRPS1 S285A (left panel), WT His-PRPS2, or His-PRPS2 T285A (right panel). Immunoprecipitation
analyses with anti-Flag M2 agarose beads and Ni-NTA agarose bead pulldown were performed. C Bacterially purified WT His-PRPS1, His-PRPS1
S285A, His-PRPS1 E278A/D279A (left panel), WT His-PRPS2, His-PRPS2 T285A, or His-PRPS2 E278A/D279A (right panel) protein was incubated
with purified Flag-LATS1 protein for an in vitro kinase assay. The PRPS1/2 proteins were pulldown, washed, incubated with bacterially purified
TRAF2 proteins. A Ni-NTA agarose bead pulldown was performed. D WT or LATS1/2 DKO MEFs with an expression of Flag-PRPS1 or His-PRPS2
were incubated with MG132 (10 μM) for 6 h. Immunoprecipitation analyses with anti-Flag M2 agarose beads and Ni-NTA agarose bead
pulldown were performed. E HCT116 cells were incubated with 5 μM BML279 in the presence of MG132 (10 μM) for 9 h. Immunoprecipitation
analyses with anti-Flag M2 agarose beads and Ni-NTA agarose bead pulldown were performed. F HCT116 cells with expression of WT Flag-
PRPS1, Flag-PRPS1 S285A, WT His-PRPS2, or His-PRPS2 T285A were incubated with MG132 (10 μM) for 6 h. Immunoprecipitation analyses with
anti-Flag M2 agarose beads and Ni-NTA agarose bead pulldown were performed. G WT or LATS1/2 DKO MEFs were used. H HCT116 cells were
incubated with 5 μM BML279 for 12 h. I HCT116 cells were stably expressed with WT Flag-PRPS1, Flag-PRPS1 S285A, WT His-PRPS2, or His-
PRPS2 T285A. J HCT116 cells with knock-in expression of PRPS1/2 S/T285A were incubated with MG132 (10 μM) for 6 h. Immunoprecipitation
analyses were performed with indicated antibodies. K HCT116 cells were with the knock-in expression of PRPS1/2 S/T285A.
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proteins with purified Flag-LATS1 protein for an in vitro kinase
assay and measured the binding affinity of these PRPS1/2 proteins
to purified GST-TRAF2 protein. This assay revealed that only
phosphorylated WT PRPS1/2 proteins could efficiently associate
with TRAF2 protein (Fig. 4C). These results suggest that LATS1/2-
dependent S/T285 phosphorylation is required for PRPS1/2
binding to TRAF2.
Rho/ROCK operates through the Hippo pathway in response to

extracellular signals [15, 17]. Indeed, when cultured on stiff matrix,
treatment with Rho inhibitor Rhosin [18], ROCK inhibitor Y27632
[19], or non-muscle myosin inhibitor Blebbistatin [20] markedly
induced S/T285 phosphorylation, TRAF2 interaction, and ubiqui-
tination of PRPS1/2 in HCT116 (Fig. S5A–F). These effects were
accompanied by the activation of LATS1/2, increased phosphor-
ylation of YAP1 S127 and TAZ S89, and reduced expression of
YAP1 and TAZ (Fig. S5A, C, F). Low ECM rigidity acts through
phospholipase Cγ1 (PLCγ1) and phospholipase D1/2 (PLD1/2) to
accumulate phosphatidic acid on the cell membrane, which
sequentially activates mammalian STE20-like kinases MST1/2 and
LATS1/2 (Fig. S6A) [15]. In MST1/2-silenced HCT116 cells, soft
matrix-induced LATS1/2 activation was largely abolished com-
pared to MST1/2 intact cells (Fig. S6B). Accordingly, PRPS1/2 were
barely phosphorylated at S/T285 and interacted with much less
TRAF2 protein (Fig. S6B). Similar results were observed under
BML279-mediated inhibition of PLD1/2 (Fig. S6C). Intriguingly,
treatment with PLCγ1 antagonist U73122, which enriched a GFP-
tagged PtdIns(4,5)P2 reporter in the plasma membrane, induced
PRPS1/2 phosphorylation and their binding with TRAF2 in HCT116
cells even at high stiffness (Fig. S6D, E).
In line with the aforementioned findings, either loss of LATS1/2,

treatment of BML279, or expression of PRPS1/2 S/T285A mutants
abrogated PRPS1/2 ubiquitination and restored PRPS1/2 expres-
sion in multiple cell lines cultured at soft matrix (Figs. 4D–I and

S6F). Similarly, CRIPSR/Cas9 technology-introduced knock-in of S/
T285A mutation rendered PRPS1/2 proteins resistant to low
stiffness-induced ubiquitination and degradation (Figs. 4J, K and
S6G–I). Together, these data suggested that LATS1/2-dependent
S/T285 phosphorylation is a prerequisite for PRPS1/2 ubiquitina-
tion and degradation.
We further knockdown endogenous YAP1 and TAZ in HCT116

cells and stably expressed YAP1 5SA or TAZ 4SA mutants, whose
LATS1/2 phosphorylation sites were replaced (YAP1: S61A, S109A,
S127A, S164A, and S381A; TAZ: S66A, S89A, S117A, and S311A)
[21, 22]. We found that these YAP1 and TAZ mutants were
apparently more stable at low stiffness compared to their WT
counterparts (Fig. S6J). Nevertheless, though the expression of
YAP1 5SA and TAZ S4A markedly restored the expression of their
target gene CYR61, only limited effects were observed on PRPS1/2
binding to TRAF2, PRPS1/2 ubiquitination, or the cellular expres-
sion level of PRPS1/2 (Fig. S6J–L), suggesting that YAP1 or TAZ are
not likely involved in mechanics-mediated regulation of PRPS1/2.

PRPS1/2 S/T285 phosphorylation and K29 ubiquitination is
required for low stiffness-repressed nucleotide synthesis
At low stiffness, either knock-in expression of PRPS1/2 S/T285A,
E278A/D279A, or K29R mutants in HCT116 cells or reconstituted
expression of these mutants in endogenous PRPS1/2-silenced HSC-
3 cells (Fig. S7A) substantially restored the cellular PRPS activity
(Figs. 5A and S7B). Expression of these PRPS1/2 mutants
augmented both the steady level and synthesis of PRPP and
nucleotide intermediates (Figs. 5B–E and S7C–F). Consistently,
more [14C]-glucose-derived DNA or RNA were detected in PRPS1/2-
mutated HCT116 or HSC-3 cells cultured on soft matrix, compared
to their WT counterparts (Figs. 5F and S7G). These results suggest
that PRPS1/2 S/T285 phosphorylation and K29 ubiquitination are
required for matrix solidity-regulated nucleotide synthesis.

Fig. 5 PRPS1/2 S/T285 phosphorylation and K29 ubiquitination are required for low stiffness-repressed nucleotide synthesis.
A–F Cells were cultured on a stiff (40 kPa) or soft (1 kPa) matrix for 24 h before indicated measurement or treatment. Data represent the
mean and SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. A PRPS activities in cell lysates from WT or indicated
mutant HCT116 cells were examined. B, C Indicated metabolites in WT or indicated mutant HCT116 cells were measured. D, E WT or indicated
mutant HCT116 cells were labeled with 13C6-glucose (10mmol/L) for 2 h, and the indicated 13C-labeled metabolites were measured. F WT or
indicated mutant HCT116 cells were labeled with 14C6-glucose (1 μCi, 0.01 mmol/L) for 2 h, and the amounts of 14C-DNA and 14C-RNA were
measured.
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Stabilized PRPS1/2 promotes tumor cell proliferation and
tumorigenesis
We next determined the impact of ECM rigidity-regulated
RPPS1/2 stability on tumor cell proliferation. The shift from stiff
to soft matrix impeded proliferation in both HCT116 and HSC-3
cells (Figs. 6A and S8A). Knock-in expression of PRPS1/2 S/
T285A, E278A/D279A or K29R in HCT116 cells or reconstituted
expression of these mutants in HSC-3 cells enhanced cell
proliferation at low stiffness, but showed minor effects on those
cells cultured on the stiff matrix (Figs. 6A and S8A), suggesting
that disruption of PRPS1/2 degradation selectively regulated cell
growth at low stiffness. In line with this, loss of LATS1/
2 significantly restored the proliferation of HCT116 cells cultured
on the soft matrix (Fig. S8B, C).

Further, WT HCT116 cells were mixed with a chondroitin sulfate-
containing hydrogel and subcutaneously injected in mice, to
recapitulate a soft (0.60 ± 0.13 kPa) or stiff (33 ± 2.73 kPa) tissue
environment [23]. As expected, soft hydrogel palpably impeded
tumor growth (Fig. S8D), with increased LATS1/2 T1079/1041
phosphorylation, declined MYPT1 T696 phosphorylation, and
repressed PRPS1/2 and Ki67 expression (Fig. S8E). Notably, at
low stiffness, HCT116 cells with S/T285A, E278A/D279A, or K29R
mutations grew faster, and showed a higher PRPS1/2 and Ki67
expression, compared to WT cells (Fig. 6B, C). Accordingly,
knockdown of LATS1/2 by distinct shRNAs also accelerated the
formation of tumor xenografts (Fig. S8F).
We then microinjected the fluorescent dye-probed HCT116

cells, that were suspended in 50% Matrigel (0.1 ± 0.022 kPa) [24],

Fig. 6 Stabilized PRPS1/2 promotes tumorigenesis. A WT or the indicated mutant HCT116 cells were cultured at 40 or 1 kPa for 48 h. Cell
numbers were counted. Data represent the mean and SD from three independent experiments. *P < 0.05, **P < 0.01. B, C WT or HCT116 cells
with knock-in expression of the indicated mutants were subcutaneously injected in mice with soft hydrogel (0.60 ± 0.13 kPa). The volume of
mice tumor xenografts (n= 7) was measured 21 days after injection. The images of two representative xenografts from each group were
shown. Data represent the mean and SD. ***P < 0.001 (B). Tumor tissues were analyzed by IHC staining with the indicated antibodies. Scale
bar, 50 μm (C). D WTor HCT116 cells with knock-in expression of the indicated mutants were stained with CM-Dil Dye (red), suspended in 50%
Matrigel (0.1 ± 0.022 kPa), and then microinjected into the pericardial cavity of Tg(flk1: EGFP) zebrafish (blood vessels labeled with GFP). The
number of tumor cells in each group (n= 15) were counted immediately and 5 days after injection. The boxed areas were enlarged and
shown underneath. Scale bar for original images, 300 μm; for enlarging images, 100 μm. Data represent the mean and SD. ***P < 0.001. E, F
Endogenous PRPS1/2-depleted HSC-3 cells with expression of WT Flag-rPRPS1, WT His-PRPS2, or indicated mutants were intracranially
injected in mice (n= 7). Mice were sacrificed 21 days after injection and the tumor growth was analyzed by H&E staining (E). Tumor volume
was measured (F). Data represent the mean and SD. ***P < 0.001. G Expression of PRPS1/2 was examined in colorectal cancer tissues (n= 60)
and non-cancerous adjacent tissues (n= 60). The boxed areas are enlarged. Scale bar for the original image, 1.5 mm; scale bar for enlarged
images, 400 μm. H Kaplan–Meier plots of the overall survival time of colorectal cancer patients (n= 60) with high or low expression of PRPS1
pS285, PRPS2 pT285, or PRPS1/2 were performed. P value was calculated using the log-rank test. I Model of LATS1/2 and TRAF2-governed
PRPS1/2 stability and nucleotide metabolism in response to mechanical signals.
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into the pericardial cavity of EGFP-labeled zebrafish embryos, so
that in vivo tumor growth could be visualized (Fig. S8G) [25, 26].
As expected, despite a nearly equal number of HCT116 cells
injected, much more PRPS1/2-mutated tumor cells were found in
the pericardial cavity 5 days after injection, compared to WT cells
(Fig. 6D).
Lung and brain, both of which are among the softest tissues

for mammalians [1], are documented as the distant metastatic
sites for colorectal cancer and oral squamous cell carcinoma,
respectively [27, 28]. To test the intracranial growth of oral
squamous cell carcinoma cells, we injected HSC-3 cells into the
mouse brain. We found that those cells with non-phosphoryable
or non-ubiquitinatable PRPS1/2 mutations resulted in signifi-
cantly larger intracranial tumor xenografts (Fig. 6E, F). In line
with this, injection of genetically engineered HCT116 cells
through mouse caudal vein caused more metastatic nodules on
lung surface (Fig. S8H). These data strongly suggest that
stabilization of PRPS1/2 promotes tumor cell growth in a low-
stiff environment.

PRPS1/2 S/T285 phosphorylation correlates with clinical
aggressiveness of colorectal cancer
We next performed IHC analyses of clinical colorectal tumor
tissues and found that PRPS1/2 was highly expressed in tumor
tissues compared to non-cancerous adjacent tissues (Figs. 6G and
S8I), which was consistent with the previous findings that tumor
tissues are stiffer than non-tumorous normal tissues [1]. The IHC
staining scores of PRPS1/2 S/T285 phosphorylation were positively
correlated with LATS1/2 T1079/T1041 phosphorylation but nega-
tively correlated with PRPS1/2 expression (Fig. S8J). In addition,
those patients who had high phosphorylation of PRPS1/2 S/T285
or low expression of PRPS1/2 showed a longer survival duration
(Fig. 6H). These results suggest a relationship between PRPS1/2 S/
T285 phosphorylation and clinical aggressiveness of colorectal
cancer.

DISCUSSION
A tumor-hosting environment elicits variable mechanical cues that
establish complex interplay between cells and their surroundings
[1]. It is documented that tumor niche stiffening induces
glutaminase-dependent aspartate production, which in turn
enhances the biosynthesis of purine and pyrimidine rings in
tumor cells [29]. Nevertheless, it is still largely unclear how
nucleotide metabolism is tuned with extracellular mechanical
forces. In this study, we demonstrate that ECM stiffness regulates
PRPP production, which is an upstream step prior to the formation
of purine and pyrimidine rings during nucleotide synthesis. We
found a repressed nucleotide synthesis in tumor cells at low ECM
stiffness, as evidenced by the decreased steady level and synthesis
of nucleotide intermediates, and the reduced amounts of glucose-
derived DNA and RNA. Importantly, the shrunken nucleotide pool
was caused by the impaired PRPP synthesis, since the metabolic
flux from glucose to fructose-6-P and R5P stayed intact. It is
reported that environmental stiffness modulated glycolytic rates
in non-small-cell lung cancer cells [30]. Therefore, glycolysis, PPP
pathway, and nucleotide synthesis are probably separately
regulated in response to ECM rigidity in a cell type-dependent
manner.
The hippo pathway is widely established as a crucial effector in

mechanotransduction [1]. MST/LATS kinases, the core components
of the Hippo pathway, reconcile the phosphorylation of transcrip-
tional co-activators YAP1/TAZ to regulate tumor progression [31].
Consistently in this report, we demonstrate that culture on soft
matrix evoked LATS1/2 activation, which could be abolished by
modulating Rho/ROCK cascade, MST1/2, PLD1/2, or PLCγ1. Of
note, our data also show that activated LATS1/2 phosphorylated
PRPS1/2 at S/T285, which primed PRPS1/2 binding with TRAF2,

leading to TRAF2-mediated K29 ubiquitination and degradation of
PRPS1/2. This LATS1/2 and TRAF2-dependent mechanism ren-
dered the stability of PRPS1/2 protein sensitive to mechanical
signals and thereby coupled nucleotide metabolism to ECM
rigidity. In addition, it is observed that mechanical cues modulated
the expression of a couple of enzymes involved in deoxynucleo-
tide synthesis, including ribonucleotide reductase subunits RRM1
and RRM2, thymidylate synthetase, deoxythymidylate kinase, and
thymidine kinase, in a YPA/TAZ-dependent manner [32]. In the
present data, however, stiffness regulated PRPS1/2 phosphoryla-
tion and ubiquitination regardless of the activation status of YAP1/
TAZ. Therefore, it is likely that nucleotide metabolic enzymes are
probably regulated in response to ECM remodeling through
distinct mechanisms.
Loss of mechano-homeostasis is a hallmark of tumor

development. In this study, our findings illustrate a novel and
important role of environmental mechano-cues in the regulation
of tumor cell metabolism. ECM rigidity signals govern nucleotide
synthesis by modulating PRPS1/2 stability in a LATS1/2 and
TRAF2-dependent manner (Fig. 6I). Disruption of this mechano-
sensitive cascade boosts nucleotide synthesis and benefits
tumor growth.

EXPERIMENTAL PROCEDURES
Materials
Rabbit polyclonal antibodies recognizing unmodified PRPS1,
PRPS2, and phosphorylated PRPS1 S285 or phosphorylated PRPS2
T285 were customized from Boer Biotechnology (Chengdu, China).
To prepare the PRPS1 antibody, a synthetic peptide (KWIRENI-
SEWRNCT) was injected into rabbits. Rabbit serum was collected
and purified using an affinity column conjugated with recombi-
nant PRPS2 protein to exclude antibodies recognizing PRPS2,
followed by an affinity column conjugated with recombinant
PRPS1 protein to bind to and purify the antibody. The PRPS2
antibody was generated by using a peptide immunogen
(QWIRENIAEWKNCI). To prepare antibody recognizing PRPS1
pS285 or PRPS2 pT285, peptides containing PRPS1 pS285 or
PRPS2 pT285 were injected into rabbits. The rabbit serum was
collected and purified using an affinity column conjugated with
non-modified peptide to exclude the antibodies recognizing non-
phosphorylated PRPS1/2, followed by an affinity column con-
jugated with PRPS1 pS285 or PRPS2 pT285 peptide to bind to and
purify the antibodies. Antibodies were then eluted and
concentrated.
Antibodies recognizing MST1 (#14946), MST2 (#3952), YAP1

(#12395), TAZ (#83669), TRAF2 (#4724), CYR61 (#14479), MYPT1
(#8574), MYPT1 pT696 (#5163), RhoA (#2117), CAV1 (#3238), DYRK1A
(#8765) and ubiquitin (#3936) were obtained from Cell Signaling
Technology. Antibody recognizing both PRPS1 and PRPS2 (sc-
100822) was obtained from Santa Cruz. Antibody recognizing both
LATS1 and LATS2 (BS-4081R) was obtained from Bioss. Antibodies
recognizing Tubulin (ab7291), LATS1/2 pT1079/T1041 (ab111344),
LATS1 (ab243656), LATS2 (ab243657), MKP6 (ab272587), Ki67
(ab16667), TRAF1 (ab252875), TRAF3 (ab239357), TRAF5
(ab137763), Flag (ab205606), GST (ab36415) and His (ab18184) were
obtained from Abcam. Antibody against anti-Flag M2 agarose beads,
streptavidin-conjugated agarose beads, Hoechst, ATP, and bovine
serum albumin was purchased from Sigma. GFP-Trap beads were
purchased from ChromoTek. BML279 was obtained from Abcam.
Rhosin was obtained from R&D Systems. U73122, Y27632,
Blebbistatin, MG132, and CHX were obtained from Sigma-Aldrich.
Horseradish peroxidase-conjugated goat anti-mouse or rabbit
secondary antibodies were obtained from Thermo Fisher Scientific.
[γ-32P]-ATP was purchased from MP Biomedicals. [13C6]-glucose,
[13C2,

15N]-glycine, and [13C5,
15N4]-hypoxanthine were purchased

from Cambridge Isotope Laboratories. Lipofectamine 2000 was
obtained from Thermo Fisher Scientific.
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DNA constructs and mutagenesis
PCR-amplified human Ub, PRPS1, PRPS2, TRAF2, YAP1, TAZ, LATS1,
and LATS2 were subcloned into pcDNA3.1/hygro(+)-Flag,
pcDNA3.1/hygro(+)-HA, pcDNA3.1/hygro(+)-Myc, pCDH-SFB, or
pCold I (His) vectors. Mutants were constructed using the
QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA).
The following shRNAs were used: control shRNA, GCT TCT AAC

ACC GGA GGT CTT; PRPS1 shRNA, GAT AAT ATG ATC TGC ACC T;
PRPS2 shRNA, TAA ACC AAT ACA AGC ACT G (targeting non-
coding region); YAP1 shRNA, ATA TAC AAC ACA GTG ATT G
(targeting non-coding region); TAZ shRNA, CCT GCA TTT CTG TGG
CAG ATA (targeting non-coding region); TRAF2 shRNA, AAC TCT
GT CTT CGT GAG CT (targeting non-coding region); MST1 shRNA,
TAT AAT TCC TTC CAG GAC C; MST2 shRNA, TTA ATT GCG ACA ACT
TGA C; LATS1 shRNA-1, CAC GGC AAG ATA GCA TGG ATT;
LATS1 shRNA-2, GAA GAT AAA GAC ACT AGG AAT; LATS2 shRNA-1,
GCC ATG AAG ACC CTA AGG AAA; LATS2 shRNA-2, CCT CTG GGA
TGA TGT GTC TAA.
ShRNA-resistant rPRPS1 vectors were generated by introducing

nonsense mutations of a568b, t571c, t574c, and t577c.

Cell culture
HCT116, DU145, and HEK293 cells were obtained from ATCC, and
HSC-3 cells were obtained from JCRB Cell Bank. All the cell lines
were authenticated and tested to confirm no mycoplasma
contamination before use. All the cell lines were maintained with
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal
bovine serum. Cells with or without knock-in or exogenous
expressions were cultured on the stiff or soft matrix for 24 h before
indicated measurements or treatments.
For generating shRNA-depleted stable cell lines, cells were

transfected with shRNA plasmids and selected by puromycin. For
generating gene-expressing stable cell lines, shRNA-depleted cells
were infected with lentivirus carrying WT or mutant gene and
selected by hygromycin or/and G418.
Transfection of plasmids was performed by using Lipofectamine

2000, following the manufacture’s instructions.

Preparation of cell culture matrix
For PAAm gel, acrylamide/bis-acrylamide (Bio-Rad, Hercules, CA) at
final concentrations of 3/0.1 or 8/0.5 w/v% was used to create the soft
(0.98 ± 0.029 kPa) or stiff (40.19 ± 3.19 kPa) PAAm gel, respectively
[6, 7]. The gelation reaction was triggered by adding 10% ammonium
persulfate and 1/1000 volume of N, N, N0, N0-
tetramethylethylenediamine into acrylamide and bis-acrylamide
Solutions (Fisher BioReagents). This solution was then sandwiched
between the methacrylate-functionalized coverslip and a DCDMS-
coated glass slide. After reacting for 30min, the polyacrylamide gels
were rinsed three times with PBS and allowed to hydrate in PBS
overnight. Gels were then sterilized in a tissue culture hood by
exposure to 254 nm, 30W UV light for 4 h. For protein attachment,
the surface of the PAAm gel was reacted with the photoactivated, bi-
functional crosslinker Sulfosuccinimidyl 6-(40-azido-20-nitrophenyla-
mino)hexanoate (sulfo-SANPAH. Pierce, 0.2mg/mL in 50mM HEPES
pH 8.5) under 365 nm UV light with a surface intensity of 0.85mW/cm
[2] for 10min. 10 μg/ml human placenta fibronectin (PureCol,
Advanced BioMatrix) was used to coat the hydrogels or plastic tissue
culture dishes, according to a previous report [15].

Cell proliferation assay
After indicated treatment, cell proliferation was evaluated by
counting the number of cells.

Mass spectrometric analysis
Protein bands visualized via Coomassie Brilliant Blue staining were
excised from SDS-PAGE gel and digested in 50mM ammonium
bicarbonate buffer containing RapiGest (Waters Corporation)

overnight at 37 °C with 200 ng of modified sequencing-grade
trypsin (Promega). The digested samples were analyzed using
high-sensitivity liquid chromatography-tandem mass spectrome-
try with an Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific). Proteins were identified by searching the fragment
spectra against the Swiss-Prot protein database (EBI) using the
Mascot search engine (version 2.3; Matrix Science) with the
Proteome Discoverer software program (version 1.4; Thermo
Fisher Scientific). The Mass spectrometric was deposited in
Mendeley Data (https://doi.org/10.17632/4pv52f45cy.1).

ROCK activity assay
ROCK activity was measured by using the ROCK activity assay kit
(Sigma-Aldrich) following the manufacture’s instruction.

Genomic editing
Genomic mutations in HCT116 cells were created using the
CRISPR/Cas9 system as described previously [33]. Single guide
RNAs (sgRNAs) were designed to target the genomic areas
adjacent to human PRSP1 or PRPS2 mutation sites. Annealed
guide oligos containing overhangs were inserted into the high-
fidelity PX458-HF vector (Addgene) digested with the BbsI
restriction enzyme. In a 24-well plate, HCT116 cells at 60%
confluence were co-transfected with a single-stranded donor
oligonucleotide (20 pmoles) used as a template to introduce the
mutations, a vector (0.5 μg) able to co-express a sgRNA targeting
the PRSP1 or PRPS2 gene, and WT hSpCas9 tagged with a green
fluorescent protein. 24 h after transfection, cells were trypsinized
and diluted in a medium for single-cell seeding into a 96-well
plate, and green fluorescent protein-positive cells were marked
and subjected to genomic DNA extraction. Genotyping was
performed by sequencing PCR products amplified from primers
spanning the mutation area.

Immunoprecipitation and immunoblot analysis
Extraction of proteins from cultured cells was performed with a
lysis buffer (50 mM Tris-HCl [pH 7.5], 0.1% SDS, 1% Triton X-100,
150mM NaCl, 1 mM dithiothreitol, 0.5 mM EDTA, 100 μM PMSF,
100 μM leupeptin, 1 μM aprotinin, 100 μM sodium orthovanadate,
100 μM sodium pyrophosphate, and 1mM sodium fluoride). Cell
extracts were clarified by centrifugation at 13,400 g, and the
supernatants were subjected to immunoprecipitation with the
indicated antibodies. After overnight incubation at 4 °C, protein A
or G agarose beads were added and incubated for another 3 h.
Immunocomplexes were washed with lysis buffer three times and
then subjected to immunoblot analyses.

Purification of recombinant proteins
Expression of Flag-PRPS1, His-PRPS1, His-PRPS2, GST-TRAF2, GST-
LATS1, GST-LATS2, and mutant proteins was induced in bacteria,
and these proteins were purified as described previously [33].
Briefly, BL21(DE3) cells expressing His-, or GST-tagged proteins
were cultured in 250ml of LB medium and treated with isopropyl
β-D-1-thiogalactopyranoside (IPTG) for 16 h at 30 °C before lysis
via sonication.
Flag-tagged LATS1 and LATS2 recombinant proteins were

expressed in HEK293 cells. Briefly, a pcDNA3.1 plasmid (10 μg)
expressing Flag-LATS1 or Flag-LATS2 recombinant proteins was
transfected into HEK293 cells seeded in a 15 cm-diameter dish
with the confluence of 70%. Forty-eight hours after transfection,
the cells were harvested with a non-denaturing lysis buffer
(20 mM Tris HCl pH 8.0, 137 mM NaCl, 1% NP-40).
For purification of His-tagged proteins, cell lysates were loaded

onto a Ni-NTA column (GE Healthcare Life Sciences) followed by
washing with five column volumes of 20 mM imidazole and
subsequent elution with 250mM imidazole.
For purification of Flag-tagged proteins, cell lysates were loaded

onto a column containing Anti-Flag M2 agarose affinity gel
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followed by washing with five column volumes of phosphate-
buffered saline (PBS) and subsequent elution with 100 μg/ml Flag
peptide.
For GST-tagged proteins, cell lysates were loaded onto a GSTrap

HP column (GE Healthcare Life Sciences) followed by washing with
five column volumes of PBS and subsequent elution with 10 mM
reduced glutathione.
The proteins were then loaded onto a HiPrep 16/60 Sephacryl

S-200 HR gel filtration column (GE Healthcare Life Sciences) to
remove contaminated proteins. The purification efficiency was
examined using SDS-PAGE and colloidal Coomassie Brilliant Blue
(G-250) staining.

RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. A cDNA library was
generated by reverse-transcribing 1 μg of RNA using an iScript
cDNA synthesis kit (Bio-Rad) and then amplified with primers
recognizing the inconsonant part of PRPS1/2 mRNA, as follows:
PRPS1-F: CCA CCA GGA CTT ATC TCA GAA AAT T; PRPS1-R: TGC
AGT AAC CCG GCT GGC; PRPS2-F: GAC CTG TCC CAG CGC GTG;
PRPS2-R: GAT CAC GGC AGT TAC TCT GGA TGA. The PCR products
were examined via 1.5% agarose gel.

Measurement of endogenous PRPS Activity
Endogenous PRPS activity was measured following previous
reports [34]. Briefly, 1 × 107 cells were quickly washed and
homogenized in 1 ml reaction buffer on ice. 100 μl of cell lysates
were supplemented with 4.7 mmol/l R5P, 3.2 mmol/l ATP and
20 µCi [γ-32P]ATP and incubated at 25 °C for 30 min. In total, 10 μl
reaction sample was mixed with 5 μl 0.33 M formic acid and
applied to PEI sheets. The sheets were chromatographed in 0.85 M
potassium phosphate, pH 3.4, and autoradiographed. The radio-
activity in the PRPP spots was determined by liquid scintillation
counting.

Ubiquitination assay
Ubiquitination assay was performed following the previous report
[35]. Cells were lysed using the denatured buffer (6 M guanidine-
HCl [pH 8.0], 0.1 M Na2HPO4/NaH2PO4, and 10mM imidazole)
containing 5mM N-ethylmaleimide to prevent deubiquitylation.
The cell lysates were immunoprecipitated using the indicated
antibodies, washed, and subjected to immunoblotting analysis.

In vitro LATS1/2 kinase assay
In vitro LATS1/2 kinase assay was performed following previous
report [36]. The purified LATS1, LATS2, or mutant proteins (20 ng)
were incubated with 100 ng purified PRPS1 or PRPS2 proteins in
kinase buffer (30 mM HEPES, 50 mM potassium acetate, 5 mM
MgCl2, 500 µM ATP) in the presence or absence of 10 µCi [γ-32P]
ATP for 30 min at 30 °C. The reaction was stopped by adding an
SDS sample buffer. The protein samples were separated by SDS-
PAGE and were detected by immunoblotting with indicated
antibodies or by autoradiography.

The influx of [14C]-labeled into DNA and RNA
The influx of [14C]-glucose to DNA and RNA was performed as
described previously [37]. In brief, cells were incubated with a
medium containing 1 μCi of D-[6-14C] glucose (0.01 mmol/L) for
the indicated time, followed by washing with PBS. RNA or DNA
was extracted, and [14C]-labeled RNA or DNA was quantified using
a scintillation counter. The intensity of [14C]-labeled RNA or DNA
was normalized to total RNA or DNA.

Analysis of intermediate metabolites by LC/MS-MS
Metabolites were analyzed by high-resolution mass spectrometry
(HRMS). For the cell sample, 5 × 107 cells were quickly washed with
ice-cold PBS to remove extra-medium components. Nucleotide

metabolites were extracted using 90/9/1 (v/v/v) acetonitrile/water/
formic acid, and PRPP were extracted by 75/25 (v/v) ethanol/10
mmol/l HEPES buffer. Samples were centrifuged at 17,000g for 5 m
at 4 °C, and supernatants were transferred to clean tubes, followed
by evaporation to dryness using nitrogen. Samples were
reconstituted in 0.2% ammonium hydroxide in ammonium
acetate (10 mmol/l), then 10 μl was injected into a Thermo
Scientific Vanquish liquid chromatography system containing a
Thermo Hypercarb HPLC column with mobile phase A (MPA)
consisting of 0.2% ammonium hydroxide in ammonium acetate
(10 mmol/L) and mobile phase B (MPB) consisting of 0.2%
ammonium hydroxide in acetonitrile. Using a flow rate of 0.3
mL/min, the gradient elution program was: 0 m (0% MPB)−2.0 m
(0% MPB)−15.0 m (30% MPB)−15.1 m (95% MPB)−20.0 m (95%
MPB)−20.1 m (0% MPB)−25.0 m (STOP). Data were acquired using
a Thermo Orbitrap Fusion Tribrid Mass Spectrometer via Selected
Ion Mode (SIM) electrospray positive mode. Peak integration and
area calculation were performed by using Thermo TraceFinder
software.
For tracing metabolic flux, cells were incubated with [13C6]-

glucose (10 mmol/l), [13C2,
15N]-glycine (0.4 mmol/l) or [13C5,

15N4]-
hypoxanthine (0.1 mmol/l) for indicated time. The metabolites
were analyzed by HRMS with similar protocol.

Measurement of intracellular R5P Levels
The intracellular concentration of R5P was measured by using
previously described methods, with some minor modifications
[38]. In brief, 1 × 107 cells were washed, homogenized, centrifuged
at 15,000 g for 10 min, and the supernatants were deproteinized
using 10 kDa spin columns (EMD Millipore). The flow-through was
mixed with 2× reaction buffer (100 mmol/l Tris-HCl [pH 8.0], 3.4
mmol/l ribulose-5-P, 0.004% w/v thiamine pyrophosphate, 30
mmol/l MgCl2, 0.4 mmol/L NADH, 1 U α-glycerophosphate
dehydrogenase, 10 U triosephosphate isomerase, and 1 U
transketolase). The reaction was initiated by adding D-ribulose-5-
phosphate 3-epimerase (0.5 U) and incubated at 25 °C for 30 min.
The absorbance was read at 340 nm using a multi-detection
microplate reader.

Rho activation assay
Rho activation assay was performed by using Active Rho Detection
Kit #8820 (Cell Signaling Technology) following the manufacture’s
instruction.

Lipid raft fraction preparation
Lipid raft fraction was prepared by using Minute™ Plasma
Membrane-Derived Lipid Raft Isolation Kit (Invent Biotechnologes,
Inc.) following the manufacture’s instruction.

Mice subcutaneous tumor model
Chondroitin sulfate methacrylate was synthesized following a
previously reported method [39]. Briefly, chondroitin sulfate
sodium salt was reacted with N-hydroxysuccinimide (NHS), and
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) in 50 mM
2-morpholinoethanesulfonic acid (containing 0.5 M NaCl, pH 6.5)
for 5 min before 2-aminoethyl methacrylate (AEMA) was added.
NHS, EDC, and AEMA were reacted at a molar ratio of 1:2:1 for 24 h
at room temperature, and were then dialyzed against water for
4 days, lyophilized, and stored at −20 °C.
Poly(ethylene glycol) dimethacrylate (MW 4.6 kDa) was dis-

solved in chondrogenic media to achieve final concentrations of
8% or 14% (w/v) for soft (0.60 ± 0.13 kPa) or stiff (33 ± 2.73 kPa)
matrixes, respectively [23]. Cells were added to the hydrogel
precursor solution, and the mixture was exposed to UV light (365
nm) for 3 min at 4 mW/cm2 for photocrosslinking in presence of
0.05% (w/v) Lithium phenyl-2,4,6-trimethylbenzoylphosphinate. In
total, 100 μL cell-hydrogel mixture containing 1 × 106 WT or
mutant cells was subcutaneously implanted into 6-week-old
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female BALB/c nude mice. Mice were sacrificed 21 days after
implantation, and the tumor volume was calculated by the
formula: 0.5 × length × width [2].

Mice intracranial tumor model
In total, 2 × 105 tumor cells suspended in 5 μl of DMEM medium
were intracranially injected into 6-week-old female BALB/c nude
mice, as described previously [35]. The mice were sacrificed
21 days after injection, and brain tissues were harvested, fixed in
4% formaldehyde, embedded in paraffin, sectioned, and subjected
to H&E staining. Tumor volumes were calculated by the formula:
0.5 × length × width [2].

Mice lung tumor model
For the lung metastasis model, 5 × 104 WT or mutant HCT116 cells
were injected into 6-week-old female BALB/c nude mice (n= 7)
through the tail vein. Animals were sacrificed 14 days after
injection and lungs were excised.

Zebrafish xenograft model
Zebrafish xenograft was established using Tg(flk1: EGFP) zebrafish
following a previous report [40]. WT or mutant HCT116 cells were
labeled with 2 µM CellTracker™ CM-Dil Dye (Thermo Fisher
Scientific), washed with PBS, and then suspended in 50% Matrigel
(0.1 ± 0.022 kPa) [24], and loaded onto a borosilicate glass needle
pulled by a Flaming/Brown micropipette puller (Narishige, Japan,
PN-30). Zebrafish embryos, 48 h postfertilization, were anesthetized
by 0.003% tricaine. In total, 20 nL suspensions containing about 20
cells was implanted into the pericardial cavity of zebrafish embryo
by using an electronically regulated air-pressure microinjector
(Harvard Apparatus, NY, PL1-90). After injection, digital micro-
graphs were taken with a Zeiss Imager. Z1 fluorescence micro-
scope (Carl Zeiss MicroimagingInc., Germany) equipped with an
AxioCam MRc5 digital CCD camera (Carl Zeiss Microimaging Inc.,
Germany). The number of CM-Dil-labeled tumor cells was
evaluated through automated cell counting by using a custom
Fiji (ImageJ2) software package [41, 42]. Those zebrafish embryos
with 20 tumor cells were selected for each group (n= 15).
Zebrafish were bred and maintained normally at 28 °C, pH
7.2–7.4. The CM-Dil-labeled tumor cells were quantified again
5 days after infection.

Clinical samples and immunohistochemical staining
The immunohistochemical staining was performed using the
VECTASTAIN ABC kit (VECTOR LABORATORIES, CA) according to
the manufacturer’s instructions. Slides were quantitatively
scored by 2 pathologists according to the percentage of positive
cells and staining intensity, as previously defined [43]. We
assigned the following proportion scores: 0 if 0% of the tumor
cells showed positive staining, 1 if 0–10%, 2 if 11–30%, 3 if
31–70%, and 4 if 71–100%. We also rated the intensity of
staining on a scale of 0 to 4: 0, negative; 1, weak; 2, moderate; 3,
strong; 4, very strong. We then multiply the proportion and
intensity scores to obtain a total score, which could be 10
distinct theoretical integer scores: 0, 1, 2, 3, 4, 6, 8, 9, 12, 16. The
samples with the 5 lower scores were defined as low expression,
while the samples with the 5 higher scores were defined as high
expression. A total of 60 paired colorectal cancer tissues and
non-cancerous adjacent normal tissues were obtained with
informed consent from all subjects.

Quantification and statistical analysis
The sample size was determined to be adequate based on the
magnitude and consistency of measurable differences between
groups in all experiments in this study. No randomization was
done, and no sample was excluded from the analyses. The
investigators were blinded to patient information during scoring
the IHC staining, while no blinding was used for other

experiments. Statistical analyses were conducted a using two-
sided Student’s t test or ANOVA test. All data represent the mean
± SD of at least three independent experiments/samples unless
otherwise specified. Differences in means were considered
statistically significant at P < 0.05. For every figure, statistical tests
are justified as appropriate and the data met the assumptions of
the tests. Finally, the variance between groups that were being
statistically compared was similar.

DATA AVAILABILITY
All the data in this study is available in Figs. 1–6 and Supplementary Figs. S1–S8.
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