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RESEARCH ARTICLE

PCYT2 inhibits epithelial-mesenchymal
transition in colorectal cancer by elevating
YAP1 phosphorylation

Lian Zhou,' Su Zhang," Lingli Wang," Xuegin Liu," Xuyang Yang,? Lei Qiu," Ying Zhou," Qing Huang,’
Yang Meng,’ Xue Lei," Linda Wen," and Junhong Han'

'Department of Biotherapy, Cancer Center and State Key Laboratory of Biotherapy, and Frontiers Science Center for
Disease-related Molecular Network, and Department of Gastrointestinal Surgery, West China Hospital, Sichuan

University, Chengdu, China.

Metabolic reprogramming is a common feature in tumor progression and metastasis. Like
proteins, lipids can transduce signals through lipid-protein interactions. During tumor initiation
and metastasis, dysregulation of the Hippo pathway plays a critical role. Specifically, the
inhibition of YAP1 phosphorylation leads to the relocation of YAP1 to the nucleus to activate
transcription of genes involved in metastasis. Although recent studies reveal the involvement of
phosphatidylethanolamine (PE) synthesis enzyme phosphoethanolamine cytidylyltransferase 2
(PCYT2) in tumor chemoresistance, the effect of PCYT2 on tumor metastasis remains elusive. Here,
we show that PCYT2 was significantly downregulated in metastatic colorectal cancer (CRC) and
acted as a tumor metastasis suppressor. Mechanistically, PCYT2 increased the interaction between
PEBP1and YAP1-phosphatase PPP2R1A, thus disrupting PPP2R1A-YAP1 association. As a result,
phosphorylated YAP1 levels were increased, leading to YAP1 degradation through the ubiquitin
protease pathway. YAP1 reduction in the nucleus repressed the transcription of ZEB1and SNAIL2,
eventually resulting in metastasis suppression. Our work provides insight into the role of PE
synthesis in regulating metastasis and presents PCYT2 as a potential therapeutic target for CRC.

Introduction
Colorectal cancer (CRC) is the most common gastrointestinal malignancy. CRC is the third most prevalent
cancer worldwide and the second leading cause of cancer-related deaths, with a mortality rate of approx-
imately 9.3% (1). Despite advancements in diagnostic and therapeutic techniques, prognoses remain poor
due to distant metastasis, which is the major cause of death in patients with CRC (2). Cancer exhibits
altered metabolism compared with normal tissues, including in the production of CO,, lactic acid, aspartic
acid, asparagine, oxaloacetic acid, and other organic acids (3—6). Metabolic reprogramming is a common
feature in cancer progression and metastasis (5, 7-10). While lipid composition has been shown to be
altered in some cancers during metastasis, the precise mechanistic contributions remain unknown.
Phosphatidyl ethanolamine (PE) is an essential component of biological membranes with keys role
in cell functions (11, 12). The majority of PE is produced via the Kennedy pathway, which involves the
stepwise conjugation of ethanolamine to PE in the endoplasmic reticulum (13). The synthesis of PE is
catalyzed by phosphoethanolamine cytidylyltransferase 2 (PCYT2), which is ubiquitously expressed in
most cells and tissues but aberrantly regulated in some cancers (14). Other genes required for PE biosyn-
thesis are ethanolamine kinase 1 and 2 (ETNK1 and ETNK2) (15, 16). Pcyt2 is reported to be essential
for embryonic development in mice, and Pcyt2”~ complete KO is embryonically lethal (17). Pcyt2 and the
PE synthesis pathway regulate phospholipid remodeling and promote the transition from mesenchymal to
epithelial cells, thus allowing cell pluripotency (18). Recent studies have also revealed the involvement of
PCYT2 and PE in tumor drug resistance and glutamine starvation (19, 20). The data suggest that targeting
the synthesis of PE by manipulating PCYT?2 expression is a potential therapeutic approach to treat cancer.
However, whether and how PCYT2 and the PE synthesis pathway influence cancer metastasis remains
unclear. Focusing on PCYT2 enzymatic activity, its effect on the PE synthesis pathway, and its regulation
roles in tumorigenesis and metastasis will clarify the effect of phospholipid metabolism in cancer and may
provide clinical opportunities for PCYT2-targeted therapy.
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Here, we decipher the mechanisms through which PCYT?2 functions as a master inhibitor of epithe-
lial-mesenchymal transition (EMT) by changing YAP]1 stability and accumulation in the nucleus. Briefly,
the key rate-limiting enzyme PCYT2 regulates the Kennedy pathway for de novo synthesis of PE. Then, PE
binds to PE binding protein 1 (PEBP1), which acts as a rheostat for the specificity of the PP2A phosphatase
complex member PPP2R1A. This PE-PEPBI interaction inhibits the catalytic competence of PPP2R1A
toward YAP1 and leads to the degradation of YAP1. Insufficient YAP1 in the nucleus due to its degrada-
tion attenuates the transcription of mesenchymal genes, such as ZEB1 and SNAIL2, eventually resulting in
suppression of EMT and metastasis. With these data, we can uncover the relevance of PE synthesis mech-
anisms affecting the Hippo signaling pathway to the pathophysiology of cancer metastasis and provide
insight into PCYT?2 as a potential therapeutic target for CRC.

Results

Downregulation of PCYT2 correlates with poor prognosis in CRCs. To evaluate the potential role of PCYT2,
a key rate-limiting enzyme of PE synthesis pathway in CRC progression, we analyzed PCYT2 protein
expression difference between tumor and normal tissue in the publicly available datasets. We found a sig-
nificant reduction in PCYT?2 expression in CRC (Figure 1A) and pancancer (Supplemental Figure 1; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.178823DS1). We
also observed that low levels of PCYT2 protein in the datasets positively correlated with poor disease-free
survival (DFS) and overall survival (OS) (Figure 1, B and C). To further verify PCYT2 expression, we col-
lected 33 paired samples of human CRC tissue and corresponding normal mucosa tissue from West China
Hospital, Sichuan University. Western blot and IHC showed significantly lower PCYT2 expression in most
CRC samples compared with expression in paired adjacent normal tissues (Figure 1, D and E). We also
examined the expression of PCYT2 in CRC cell lines (Lovo, SW480, HCT116, SW620, COLO320, and
HT29) and the normal colon cell line NCM460 and observed the highest expression in SW480 and SW620
cells compared with lower expression levels in HCT116 and HT29 cells (Figure 1F). To explore the role of
PCYT?2 in CRC metastasis, we examined PCYT?2 expression in patients with CRC with liver metastases, as
the liver is the most common metastasis site in CRC. Intriguingly, IHC revealed significantly lower expres-
sion of PCYT2 in live metastatic tumor compared with primary tumor (Figure 1G), implying the possible
involvement of PCYT2 in CRC liver metastasis. This possibility is supported by the results of IHC staining
in 40 CRC patient tissues, which indicated that patients with CRC with expression of PCYT2 (n» = 21) had
shorter progression-free survival (PFS) times, whereas patients with high PCYT2 expression (#z = 19) had
longer PFS times (Figure 1H). Collectively, these results indicate that PCYT?2 is critical for tumor develop-
ment and metastasis and may serve as a tumor suppressor in CRC.

PCYT2 inhibits CRC migration and EMT in vitro via its cytidine transferase domain. EMT is considered an
essential determinant in cancer progression (21). EMT refers to the reversible biological process by which
epithelial cells are transformed into mesenchymal phenotypes through specific procedures (22). EMT is driv-
en by Snaill, Snail2, zinc-finger E-box-binding (ZEB), and 2-handed E box binding zinc finger protein SIP1
and basic helix—loop-helix (PHLH) transcription factors, which repress epithelial marker genes and activate
genes associated with the mesenchymal phenotype (23-28). To ascertain the function of PCYT2 expression
on the metastasis of CRC cells, we constructed HCT116 and HT29 cells stably overexpressing PCYT2 and
found that overexpression of PCYT?2 led to upregulation of the epithelial marker E-cadherin but downreg-
ulation of mesenchymal markers (N-cadherin and Vimentin) and key transcription factors (Snaill, Twist,
Snail2, and ZEB1) (Figure 2, A-D). Meanwhile, PCYT2 knockdown in SW480 and SW620 cells decreased
epithelial marker expression and increased mesenchymal marker expression (Supplemental Figure 2, A-C).
To investigate cell migration, we employed scratch wound and Transwell assays and observed a noticeable
reduction in the migratory ability of HCT116 cells stably expressing PCYT2 (Figure 2, E and F). In contrast,
the migration abilities were improved in PCYT2-silenced CRC cells (Supplemental Figure 2, D and E). To
further examine migration capabilities, we examined the state of focal adhesion formation by measuring
paxillin clustering levels. Paxillin is a core component of focal adhesion complexes, and its clustering is a
characteristic of focal adhesion formation (29). In HCT116 cells stably overexpressing PCYT2, the number
of paxillin fluorescence spots were significantly reduced compared with control (Figure 2G). PCYT2-defi-
cient SW480 cells showed a significant increase in the number of paxillin fluorescence spots (Supplemental
Figure 2F), indicating the critical role of PCYT2 in the regulation of CRC migration. Overexpression of
PCYT?2 increased PE levels, while knockdown of PCYT2 decreased PE levels, indicating that PCYT?2 plays
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Figure 1. The downregulation of PCYT2 positively correlates with poor prognosis in colorectal cancer. (A) The relative protein expression of PCYT2 in
public Clinical Proteomic Tumor Analysis Consortium (CPTAC) datasets exhibited a lower level in primary tumors compared with normal tissues. (B and C)
Disease-free survival (DFS) (B) and Overall survival (OS) (C) of colorectal cancer patients in CPTAC datasets. (D) Detection of PCYT2 expression in 16 paired
CRC tissues (T) and the corresponding adjacent normal tissues (N) by Western blot. (E) Representative images of PCYT2 immunochistochemical detection
in paired patients with CRC tissues and their normal tissues. Representative images and quantification. Scale bar: 100 pm. P value was calculated with
2-tailed paired Student’s t test (****P < 0.0001). (F) Detection of PCYT2 expression in CRC cell lines and the normal intestinal epithelial cell line NCM460
by Western blot. (G) Representative images of PCYT2 IHC detection in patients with CRC paired with primary tumor, normal tissues, liver, and liver metas-
tases. Representative images and quantification. Scale bar: 50 pm. P value was calculated with 1-way ANOVA with Tukey's multiple-comparison test (*P
< 0.05, **P < 0.01, ****P < 0.0001). (H) Estimation of the relationship between PCYT2 expression and PFS times in 40 patients with CRC by Kaplan-Meier
analysis. P value was calculated with log-rank test (P = 0.0032).

a key rate-limiting role in the PE synthesis pathway (Supplemental Figure 2, G-J). Intriguingly, PCYT2
knockdown did not affect the proliferation of CRC cells (Supplemental Figure 3, A-D).

The PCYT?2 protein contains 2 catalytic domains responsible for cytidyl transferase activity: the C-termi-
nal cytidyl transferase domain and the N-terminal cytidyl transferase domain (30). We generated a mutant
variant of PCYT2 lacking the functional cytidyl transferase catalytic domain (Figure 2H) to investigate this
domain on the migratory capacity of CRC cells. First, we observed that exogenous overexpression of PCYT2
in PCYT2-knockdown HCT116 cells restored their migration ability (Figure 2I). However, only partial resto-
ration of migration ability was observed in PCYT2-knockdown HCT116 cells upon transfection with mutants
lacking either the C-terminal transferase domain or the N-terminal transferase domain (Figure 2I). Converse-
ly, no change in migration ability was observed in PCYT2-knockdown HCT116 cells when they were trans-
fected with mutants with deletions in both the C-terminal and N-terminal transferase domains (Figure 21).
Collectively, these results suggest that PCY T2 inhibits the metastasis of CRC in vitro, and the inhibitory effect
of PCYT2 on the metastasis of CRC cells in vitro is mediated by its cytidine transferase domain.

The overexpression of PCYTZ2 suppresses the metastasis of CRC in vivo. To investigate the effect of PCYT2
on in vivo metastasis of CRC cells, we established an orthotopic mouse model by intracecal injection of
PCYT2-overexpression and control (vehicle) luciferase-labeled metastatic HCT116 cells (z = 10 per group)
(Figure 3A). The progression and distribution of tumors were continuously evaluated by weekly injection
of fluorescein substrates using bioluminescence imaging. We found that the fluorescence intensity of the
PCYT2-overexpression group mice was weaker than that of the control group mice, indicating a deceler-
ated growth rate of tumor cells in PCYT2-overexpression group mice (Figure 3B). After the fluorescence
intensity of in vivo imaging reached its maximum, we dissected all mice to observe tumor growth. Our
findings reveal that 60% of the mice in the control group exhibited metastases to distant sites, including
the peritoneum, liver, kidney, and spleen, whereas only 20% of the mice from the PCYT2-overexpression
group showed peritoneal metastasis (Figure 3, C-E). The pathological H&E staining also demonstrated
the presence of tumor cells in the cecum, peritoneum, liver, kidney, and spleen tissues of the control group
mice, while tumor cells were only observed in the cecum and peritoneum of PCYT2-overexpression group
mice (Figure 3F).

The liver is the most common site for distant metastasis of CRC, followed by the lung as the second
most frequent target organ for metastasis of CRC (31, 32). To determine whether PCYT2 also has an
inhibitory effect on the metastasis of CRC to the lungs, we also established mouse models by inject-
ing PCYT2-overexpression and control (vehicle) luciferase-labeled metastatic HCT116 cells into BAL-
B/c nude mice (n = 7 per group) (Supplemental Figure 4A). Tumor progression and distribution were
evaluated by serial bioluminescence imaging after the injection of the luciferin substrate. Overexpression
of PCYT?2 significantly reduced the fluorescence in the lungs compared with the vehicle group (Supple-
mental Figure 4, B-D). Mice injected with PCYT2-overexpression HCT116 cells had a lower rate of
metastasis (2 of 7 mice) than those injected with vehicle control cells (6 of 7 mice) (Supplemental Figure
4, E and F). Pathological changes in ectopic foci tissues were detected using H&E and IHC staining. Mice
injected with PCYT2-overexpression HCT116 cells showed a significant decrease in the number of meta-
static tumor nodules and nodule size on the surface of the lungs compared with mice injected with vehicle
control cells (Supplemental Figure 4G). Meanwhile, the IHC results show that PCYT2 was significantly
overexpressed in cancer nodules (Supplemental Figure 4H). Collectively, these results suggest that PCYT2
inhibits the metastasis of CRC in vivo.

PCYT2 increases YAPI phosphorylation and relocates YAPI to cytoplasm for degradation. To investigate the
underlying mechanisms by which PCYT?2 suppresses metastasis, we first performed RNA-Seq in SW480
cells with PCYT2 knockdown (Figure 4A) and identified 224 differentially expressed genes, including 136
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Figure 2. Inhibition of CRC cell migration and EMT in vivo and in vitro by PCYT2 overexpression. (A and B) Detection of epithelial and mesenchymal
markers in PCYT2-overexpression HT29 (A) and HCT116 (B) cells by Western blot. (C and D) Transcriptional alteration of epithelial and mesenchymal marker
genes in PCYT2-overexpressed HCT116 (C) and HT29 (D) cells detected by quantitative PCR. (E) Representative images of scratch assays in PCYT2-over-
expression HCT116 cells and control group. The graph shows the area of a wound evaluated with Image] (NIH). Representative images and quantification.
Scale bar: 50 um. (F) Investigation of the cell migratory and invasion ability of PCYT2-overexpression HCT116 cells by Transwell assay. Representative
images and quantification. Scale bar: 100 um. (G) Representative images of immunofluorescence assays for the membrane localization of paxillin in
HCT116 cells with ectopic expression of PCYT2. Different colors represent different antibodies or dyes: DAPI (blue), paxillin (green), and phalloidine (red).
Representative images and quantification. Scale bar: 20 um. (H) Schematic diagram of WT PCYT2 and cytidine transferase catalytic domain deletion
mutants used in the study. (I) Representative images and quantification of Transwell assays for shPCYT2 cells with ectopic expression of WT PCYT2 or
deletion of the cytidine transferase catalytic domain of PCYT2. Statistical chart and representative images. Scale bar: 100 pm. Data represent the mean +
SD (n = 3). Statistical significance was assessed with 2-tailed unpaired Student’s t test (C-G) or 1-way ANOVA with Tukey's multiple-comparison test (I).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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upregulated and 88 downregulated genes with the threshold of (log,[fold-change]) > 1 and P < 0.01 (Figure
4B) (Supplemental Table 1). Pathway enrichment analysis of the differentially expressed genes was carried
out using the Kyoto Encyclopedia of Genes and Genomes (KEGG) public database (http://www.genome.
jp/kegg/), suggesting an enrichment for several signaling pathways, including the Hippo and PI3K/AKT
pathways (Figure 4C). Other biological processes (BPs), such as extracellular matrix disassembly and cell
adhesion, were also enriched (Figure 4C), indicating that PCYT2 is possibly involved in the regulation
of CRC cell migration. Among the enriched pathways identified, we particularly focused on the Hippo
signaling pathway. The role of the Hippo pathway in EMT has been gradually elucidated (33). The mam-
malian pathway consists of core kinases (MST1/2 and LATS1/2), adaptor proteins (SAV1 for MST1/2
and MOBI for LATS1/2), downstream effectors (YAP and its analog TAZ), and nuclear transcription
factors (TEAD1-4) (34). The Hippo signaling components LATS1/2, each encoding a tumor-suppressive
serine or threonine-protein kinase, phosphorylate their effectors TAZ/YAP, causing YAP1 and TAZ’s
cytoplasmic retention and destabilization. This retention in the cytoplasm inhibits TAZ/YAP activity by
preventing their translocation to the nucleus, resulting in the transcriptional inhibition of downstream tar-
gets such as oncogene c-MYC and mesenchymal genes ZEB1/SNAIL2, which drive metastasis (34-38).
During tumor development, YAP1 phosphorylation is inhibited, and its downstream regulators YAP1
and TAZ enter the nucleus, where they increase the transcriptional activation of genes involved in cell
proliferation and metastasis (36, 39).

To investigate the effect of PCYT2 on the Hippo pathway, the expression of its core effectors YAP1/
TAZ and the phosphorylation status of YAP1 at Ser127 were determined in PCYT2-knockdown CRC
cells. Western blot indicated an increase in YAP1 expression and a decrease in the phosphorylation of
YAP1 compared with control, while TAZ expression had a little change (Supplemental Figure 5A). In
contrast, a decrease in total YAP1 expression and an increase in the phosphorylation of YAP1 were
observed in PCYT2-overexpression CRC cells (Supplemental Figure 5B). YAP1 acts as the core com-
ponent of the Hippo pathway, and nuclear YAP localization indicates Hippo pathway inactivation (34).
Therefore, we detected the amount of YAP1 in the nucleus and cytoplasm by nucleocytoplasmic sepa-
ration in CRC cells with PCYT2 either knocked-down or overexpressed. We observed the remarkable
increase of YAP1 in the nucleus and reduction of phosphorylated YAP1 (p-YAP1) in the cytoplasm of
PCYT2-knockdown CRC cells (Figure 4D). Consistently, YAP1 was decreased significantly in the nucle-
us, while p-YAP1 was increased significantly in the cytoplasm of PCYT2-overexpressed CRC cells (Figure
4E). In line with the results of nucleocytoplasmic separation, the immunofluorescence results also clearly
indicated that PCYT?2 overexpression led to a marked reduction in YAP1 in the nucleus and to an obvious
increase in the cytoplasm (Figure 4F). Meanwhile, YAP1 was translocated into the nucleus after PCYT2
downregulation (Figure 4G). These data indicate the critical role of PCYT?2 in the regulation of YAP1
phosphorylation and nuclear localization.

p-YAP1 is ubiquitinated and degraded via the ubiquitin-proteasome pathway (40). Because PCYT2
affected p-YAP1 levels (Figure 4, D and E, and Supplemental Figure 5, A and B), we speculated that
changes in PCYT2 expression would eventually lead to altered YAP1 ubiquitin levels. Thus, we investi-
gated the ubiquitination level of YAP1 and found that it was indeed reduced in PCYT2-knockdown CRC
cells (Supplemental Figure 5C), while PCYT2-overexpression HCT116 cells tended to increase ubiquitin
levels (Supplemental Figure 5D). Simultaneously, we treated PCYT2-overexpression HCT116 and HT29
cells with proteasome inhibitor MG132, and we found that MG132 inhibited the degradation of YAP1 in
the PCYT2-overexpression group (Figure 4, H and I); however, it had no effect on PCYT2-knockdown
SW480 cells (Supplemental Figure 5E). Since YAP1 phosphorylation represses its transcriptional activity
by promoting YAP1 accumulation in the cytoplasm (34, 35), we evaluated the effect of PCYT2 on YAP1’s
transcriptional ability in regulating the EMT transcription program. We observed a significant reduction in
YAP1 bound to proximal promoter regions of CTGF, ZEB1, and SNAIL2 in HCT116 cells with ectopic
PCYT2 expression (Figure 4J). In contrast, loss of PCYT2 markedly increased the enrichment of YAP1
in proximal promoter regions of these genes (Figure 4J). In addition, we examined the effect of YAP1 on
EMT and migration and found that YAP1 could promote the migration and EMT of CRC (Supplemental
Figure 6, A-E). Importantly, expression of YAP1 in HCT116 cells counteracted the capacity of PCYT2 to
repress cell migration (Figure 4, K and L), supporting the idea that YAP1 functions as a target of PCYT?2.
Simultaneously, we observed that overexpression of PCYT?2 effectively reinstated the expression of YAPI,
p-YAP1, and the mesenchymal marker Snail2 in PCYT2-knockdown HCT116 cells (Figure 4M). However,
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Figure 3. Overexpression of PCYT2 inhibits metastasis of colorectal cancer cells in mice. (A) Schematic diagram of orthotopic mouse model of CRC. (B)
Representative images of fluorescence in orthotopic mouse after injection of CRC cells each week. (C) Representative images of abdominal tumors in mice
after 30 days of dissection. (D) Representative images of fluorescence in mouse organs. LN, lymph node. (E) The statistics of tumor metastasis rate. (F)
Representative images of HGE. The scale bar of the enlarged image is 20 pm, and the scale bar of the full image is 1 mm.

overexpression of mutants lacking the cytidylytransferase domain of PCYT2 failed to elicit such restorative
effects in PCYT2-knockdown HCT116 cells (Figure 4M). Therefore, these data suggest that YAP1 is one of
potential targets repressed by PCYT2 in manipulating the EMT transcription program.

PCYT2 regulates EMT in CRC by inducing YAPI relocation. Lipids are able to transduce signals in a vari-
ety of physiological processes through specific lipid-protein interactions (18, 41). Therefore, we hypothe-
sized that PCYT2 functions in the regulation of EMT by affecting PE synthesis and function in lipid-pro-
tein interactions. PEBP1 (also known as Rafl kinase inhibitory protein [RKIP]) belongs to the family of
PE-binding proteins (PEBPs) and has been implicated in various diseases, including cancer, Alzheimer’s
disease, diabetes, and retinopathies (42—46). In particular, PEBP1 is reported to suppress cell motility and
metastasis development and is downregulated in prostate cancer (45). Previous studies have shown that PE
binding to Pebp1 disrupts the association of Pebpl with Raf-1 and MAPK kinase 1 (MEK1) while enhanc-
ing its interaction with kinases upstream of NF-«B (18, 47, 48). However, the specific signaling pathways
regulated by PE-PEBP1 interaction in CRC metastasis remain elusive.

Therefore, we wondered whether PCYT2 functions in EMT regulation by affecting the binding of PE
with PEBP1. We initially investigated whether the upregulation of PEBP1 leads to the relocation of YAP1
to the nucleus. In concert with the finding of PCYT2-mediated YAP1 relocation, overexpression of PEBP1
in CRC cells led to a significant increase in p-YAP1 accumulation in the cytoplasm and a decrease in YAP1
accumulation in the nucleus (Figure 5A), suggesting that YAP1 may undergo ubiquitination and protein
degradation. Conversely, downregulation of PEBP1 resulted in markedly decreased expression of p-YAP1
and increased accumulation of YAP1 in the nucleus (Figure 5B). Meanwhile, the results of immunofluores-
cence analysis were consistent with those of Western blot, revealing that knockdown of PEBP1 in SW480
cells enhanced the accumulation of YAP1 in the nucleus and that overexpression of PEBP1 reduced the
aggregation of YAPI in the nucleus. (Figure 5, C-E). Additionally, we observed the inhibitory role of
PEBP1 in CRC cell migration (Supplemental Figure 7, A—G). In addition, ectopic expression of YAP1 in
HCT116 cells counteracted the repressive effect of PEBP1 on cell migration (Figure 5F). Collectively, these
results imply that PEBP1 inhibits CRC migration by altering YAP1 distribution in the nucleus, similar to
the effect of PCYT?2.

To further clarify the role of the PCYT2/PEBP1 axis on YAP1 relocation, we knocked down PEBP1 in
PCYT2-overexpression HCT116 cells. We observed that PEBP1 deficiency compensates the loss of YAP1
caused by PCYT2 overexpression and that YAP1 supplementation partially abolished PCYT2 inhibitory
role in CRC migration (Figure 5, G and H). The effects of overexpressing PCYT2 or its cytidyltransfer-
ase deletion mutant on the migration phenotype of PEBP1-knockdown HCT116 cells were simultaneously
examined. We found that overexpression of full-length PCYT?2 restored the expression of YAP1, p-YAPI,
and migration ability in PEBP1-knockdown cells (Figure 5, I and J). However, only partial restoration of
the expression of YAP1, p-YAP1, and migration ability was observed in PEBP1-knockdown HCT116 cells
when they were transfected with mutants lacking either the C-terminal transferase domain or the N-terminal
transferase domain alone (Figure 5, I and J). Conversely, overexpression of the deletion of both N-terminal
and C-terminal cytidylytransferase domains of PCYT2 did not affect the expression of YAP1, p-YAP1, or
migration ability changes in PEBP1-knockdown HCT116 cells (Figure 5, I and J). Therefore, these data
suggest that PCYT?2 regulates cell migration by affecting the nuclear distribution of YAP1 through PEBP1.

PEBP] binds to PPP2RI1A phosphatase but not YAPI. Next, we explored the mechanism by which the
PCYT2/PEBPI axis affects YAP1 phosphorylation levels and nuclear translocation. Binding of PE to
PEBP1 has been shown to disrupt the association between PEBP1 and certain kinases (18, 47). Thus, we
speculated that PEBP1 may bind to the upstream kinases of YAP1 to affect the protein phosphorylation cas-
cade in the Hippo pathway. To validate this hypothesis, we initially examined whether PEBP1 interacts with
MST1 and LATS1, the upstream kinases of YAP1. However, we did not observe the coimmunoprecipitation
(Co-IP) of MST1/LATS1 with PEBP1 in CRC cells (Figure 6A). This result prompted us to speculate the
possibility that PEBP1 probably does not function in direct interaction with kinases involved in YAP1 phos-
phorylation. To further identify the regulatory network of YAP1, we employed affinity purification—mass
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Figure 4. PCYT2 affects the phosphorylation levels of YAP1 and changes the proportion of YAP1 in the nucleus. (A) Heatmap showing upregulated and
downregulated genes after PCYT2 knockdown (P < 0.05, [FC Log2] > 1). (B) Volcanic maps of upregulated and downregulated genes with PCYT2 knockdown
(P < 0.05, [FC Log2] > 1). Red represents significantly upregulated genes, and green represents significantly downregulated genes. (C) Gene Ontology (GO)
terms and KEGG pathways related to PCYT2 knockdown (P < 0.05, [FC Log2] > 1). (D and E) Detection of the YAP1 and p-YAP protein expression levels

with PCYT2 knockdown (D) or PCYT2 overexpression (E) CRC cells in cytoplasm and nucleus, respectively, by Western blot. (F and G) Immunofluorescence
analysis for the nuclear proportion of YAP1in HT29, HCT116, and SW480 cells after PCYT2 overexpression (F) or knockdown (G). Different colors represent
different antibodies or dyes: DAPI (blue), YAP1 (green), and phalloidine (red). Scale bar: 20 um. (H and 1) Detection of the expression changes of YAP1in
PCYT2-overexpression HCT116 (H) and HT29 (1) cells treated with MG132 by Western blot. (J) The enrichment of YAP1in CTGF, ZEB1, and Snail2 promoters
detected by ChlIP assay. (K) Detection of epithelial and mesenchymal markers in CRC cell ectopic expression of vehicle, 3MYC-PCYT2, 3HA-YAP1, and 3MYC-
PCYT2/3HA-YAP1 by Western blot. (L) Transwell assay was performed to detect cell migration capacity in HCT116 cell ectopic expression of vehicle, 3MYC-
PCYT2, 3HA-YAP1, and 3MYC-PCYT2/3HA-YAP1. Statistical chart and representative images. Scale bar: 100 um. (M) Detection of YAP1, p-YAP1, and Snail2
protein level in PCYT2- knockdown HCT116 cell ectopic expression of ectopic expression of WT PCYT2 or deletion of the cytidine transferase catalytic
domain of PCYT2. Data represent the mean + SD (n = 3). Statistical significance was assessed with 2-tailed unpaired Student’s t test (J) or 1-way ANOVA
with Tukey’s multiple-comparison test (L). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

spectrometry (MS) to uncover the proteins associated with PEBP1. Among 201 candidate proteins identified
in GFP-PEBP1-overexpressing cells, PPP2R1A — a subunit of PP2A — attracted our attention (Supple-
mental Table 2) since PPP2R1A was listed as interacting with YAP1 in the BioGRID database (https://the-
biogrid.org/). To confirm the interaction among PEBP1, PPP2R1A, and YAP1, we performed Co-IP using
specific antibodies against each protein in CRC cells. We found that PEBP1 indeed interacts with PPP2R1A
and YAP1 and vice versa (Figure 6, A—C). The colocalization of these proteins in the cytoplasm detected by
immunofluorescence was also observed (Figure 6, D and E). To verify the authenticity of the interactions
detected in vivo, we performed an in vitro GST pull-down assay. Indeed, the PEBP1-PPP2R1A and YAP1-
PPP2R1A interactions were observed but not the PEBP1-YAP1 interaction (Figure 6, F-H), suggesting
that PEBP1 likely regulates YAP1 function by interacting with PPP2R1A. Intriguingly, this mutual interac-
tion between YAP1 and PPP2R1A was significantly reduced following the increase in PEBP1 protein level,
implying that PEBP1 can compete with YAP1 to bind PPP2R1A, which in turn stabilizes the YAP1 protein
(Figure 61). This possibility is supported by the finding that the PP2A complex negatively regulates Hippo
signaling by dephosphorylating YAP1 (49, 50). These results suggest that PEBP1 may affect the phosphor-
ylation of YAPI1 by binding to PPP2R1A. Therefore, we speculate that the change in PCYT2 expression
could affect the interaction between PEBP1 and downstream proteins. To test this possibility, we performed
Co-IP using a specific antibody against PPP2R1A to detect interactions among PPP2R1A, PEBP1, and
YAP1. The results show that PCYT2 knockdown weakened the binding of PPP2R1A to PEBP1, whereas it
induced the binding of YAP1 with PPP2R1A (Figure 6J). In contrast, overexpression of PCYT2 enhanced
the binding of PPP2R1A to PEBP1, while it weakened the binding of YAP1 to PPP2R1A (Figure 6K).
These findings indicate that PCYT2 regulates the phosphorylation of YAP1 by promoting the association of
PEBP1 with PPP2R1A in order to impede the interaction of PPP2R1A with YAP1.

PPP2R 1A facilitates nuclear distribution of YAPI and cell migration by reducing YAPI phosphorylation. Since
PPP2R1A is functionally annotated as a subunit of phosphatase PP2A, we hypothesize that PPP2R1A
could change YAP1 phosphorylation levels in CRC cells. To investigate this hypothesis, we detected YAP1
phosphorylation levels in CRC cells ectopically expressing PPP2R1A. PPP2R1A overexpression remark-
ably reduced the p-YAPI in the cytoplasm, while it increased the accumulation of YAP1 in the nucleus
(Figure 7A). Conversely, PPP2R1A knockdown greatly increased YAP1 phosphorylation, whereas total
YAP1 expression was decreased (Figure 7B). The immunofluorescence assays also showed an enhanced
fluorescence signal of YAPI in the nucleus after the overexpression of PPP2R1A, whereas PPP2R1A
knockdown weakened the signal (Figure 7, C and D). Additionally, we found that knocking down PPP2R1A
inhibited CRC cell migration, while PPP2R1A overexpression had the opposite effect (Figure 7, E-I).
These results indicate that PPP2R1A probably dephosphorylates YAP1 to promote YAP1 nuclear distribu-
tion and cell migration.

Discussion

The reprogramming of metabolism is a hallmark of cancer, and recent discoveries suggest that alterations in
lipid metabolism play an important role in tumor development. A better understanding of these metabolites
will be instrumental in the design of targeted agents for pharmacological interventions in tumorigenesis. The
regulation of lipid metabolism is extremely complicate, and metabolic processes commonly involve multiple
metabolic enzymes. Understanding these enzymes and pathways has provided potentially new avenues for
the development of therapeutic strategies targeting tumor-related diseases (7). PE is an essential component
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Figure 5. PCYT2 regulates EMT in CRC via YAP1 translocation induced by PEBP1. (A and B) Western blot results show the expression of YAP1 and phos-
phorylated YAP1 (p-YAP1) in the nuclear and cytoplasmic of PEBP1-overexpression HCT116 (A) and PEBP1-knockdown (B) SW480 cells. (C-E) Detection of
the expression changes in the nuclear proportion of YAP1in CRC cells with PEBP1-knockdown (C) or PEBP1-overexpression (D and E) by immunofluores-
cence assays. Different colors represent different antibodies or dyes: DAPI (blue), YAP1 (green), and phalloidine (red). Scale bar: 20 um. (F) Detection of the
cell migration capacity in ectopic expression of vehicle, 3MYC-PEBP1, 3HA-YAP1, and 3MYC-PEBP1/3HA-YAP1 HCT116 cells by Transwell assay. Statistical
chart and representative images. Scale bar: 100 um. (G) Detection of the expression of Snail2, YAP1, and p-YAP1in shPEBP1, 3MYC-PCYT2, and shPEB-
P1/3MYC-PCYT2 HCT116 cells by Western blot. (H) Transwell assays in HCT116 cells described in G. Scale bar: 100 um. Statistical chart and representative
images. (I) Detection of the expression of YAP1, p-YAP1, and epithelial and mesenchymal markers in PEBP1-knockdown HCT116 cells with PCYT2 or kinase
inactive PCYT2 mutant. (J) Representative images and of Transwell assays for shPEBP1 cells with ectopic expression of WT PCYT2 or deletion of the
cytidine transferase catalytic domain of PCYT2. Statistical chart and representative images. Scale bar: 100 um. Data represent the mean = SD (n = 3). *P<
0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Tukey’s multiple-comparison test.

of biological membranes that plays a key role in cell functions (11, 12). PCYT2 is a key enzyme in one of
the 2 major pathways of PE biosynthesis (51). In the current study, we showed that PCYT2 expression
was downregulated in tumor tissues compared with adjacent tissues, and patients with CRC had a better
prognosis when they showed higher PCYT2 expression. Furthermore, we identified that PCYT2 notice-
ably inhibited the metastasis of CRC cells. These results suggest the involvement of PCYT2 in negative
regulation on CRC metastasis.

PEBP1, also known as RKIP, is considered a potential tumor suppressor gene and plays a critical
role in multiple important signaling pathways (47, 52, 53). Here, we found that PEBP1 inhibited CRC
metastasis, which further supports the notion about PEBP1 is critical for signal transduction. In previous
reports, PEBP1 is also considered as a scaffold protein that inhibits protein kinase cascades such as the
ERK pathway and NF-«B pathway. However, our results do not indicate that PEBP1 functioned as a kinase
inhibitor in CRC, while it manipulated YAP1 phosphorylation by directly binding with PPP2R1A, a sub-
unit of phosphatase PP2A. Previous studies reveal that PCYT?2 affects the interaction between PEBP1 and
downstream kinases in 2 ways; PCYT?2 either disrupts the association between PEBP1 and certain kinases,
including RAF1 and MAPK kinase 1 (MEK1), or enhances the interaction of PEBP1 with kinases in
NF-kB pathway (18). In this study, we reveal a potentially new function of PCYT2: PCYT2 enhanced
the binding of PEBP1 to phosphatase PPP2R1A to regulate YAP1 phosphorylation.

Reversible protein phosphorylation is a widespread modification that is involved in multiple cellular
processes. While numerous studies have investigated the different kinases and substrates in the Hip-
po pathway, few have focused on dephosphorylation and phosphatase. Among the 150 known protein
phosphatases, 4 have been identified as regulators of the Hippo/YAP pathway, including PP2AC, which
targets MST kinases (49, 50, 54); PP1, which selectively dephosphorylates TAZ (55) and LATS1 (56);
Pez/PTPN14, which interacts with TAZ and LATS1 (57); PPM1A, which binds to YAP/TAZ in both
the cytoplasm and nucleus (58); and phosphatase PPP1R12A, which is regulated by phosphati-
dylserine (59). Based on our data, we showed that overexpression of PCYT2 or PEBP1 led to change
in the phosphorylation level of YAP1. To understand the underlying mechanism, we screened the inter-
acting protein of PEBP1 through liquid chromatography/MS (LC/MS) and identified PPP2R1A phos-
phatase as a potential candidate. Further evidence shows the direct interaction between PPP2R1A and
PEBP1, and PPP2R1A indeed regulates YAP1 phosphorylation. Though PP2AC induces the binding
and dephosphorylation of MST1/2 and MAP4Ks (50, 60), the finding by Zhou et al. reveal that the
reducing effect of PPP2R1A (PP2AA) on the transcriptional activity resulting from changing the phos-
phorylation of Hippo pathway is stronger than PP2AC (58). Therefore, we suspect that the phosphory-
lation of YAP1 is manipulated by PPP2R1A/PP2AA rather than PP2AC. Indeed, our finding supports
this speculation by which PPP2R1A/PP2AA directly binds to YAP1 to remove YAP1 phosphorylation
rather than via the phosphorylation of MST1/2. PPP2R1A directly targets on YAP1 (a core factor of the
Hippo pathway), and its regulation on YAP1 phosphorylation is stronger than PP2AC (while PP2AC
interacts with the upstream kinases MST1/2 and MAP4Ks), providing an explanation for the general
phenomenon (59). Interestingly, PCYT2 promotes the interaction of PPP2R1A and PEBP1 and simul-
taneously reduces the binding of PPP2R1A and YAPI, leading to the enhancement of YAP1 phosphor-
ylation, which in turn inhibits CRC cell migration and invasion. In line with this discovery, elevated
PPP2R1A expression promotes CRC cell migration and invasion.

In summary, we uncovered an underlying mechanism showing that PCYT2 attenuated the expression
of key EMT regulators by manipulating YAP1 phosphorylation in a PEBP1-dependent manner. Specifi-
cally, the downregulation of PCYT2 in cancer cells not only decreased PE level but also attenuated the
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Figure 6. PPP2R1A interacts with YAP1 and PEBP1. (A) Detection of the interaction between PEBP1and MST1/LATS1/YAP1/PPP2R1A in HCT116 and
SW480 cells by coimmunoprecipitation. (B) Detection of the interaction between PPP2R1A and PEBP1/YAP1in HCT116 and SW480 cells by coimmuno-
precipitation. (C) Detection of the interaction between YAP1and PEBP1/PPP2R1A in HCT116 and SW480 cells by coimmunoprecipitation. (D) The colo-
calization of LATS1/YAP1/PPP2R1A and GFP-PEBP1in HCT116 cells was detected by immunofluorescence. Scale bar: 20 um. (E) Representative images
of the colocalization of YAP1/PPP2R1A and GFP-PEBP1in HT29 cells. Scale bar: 20 um. (F) The validation of the interactions between PEBP1 and
PPP2R1A in vitro by GST pull-down assay. (G) The validation of the interactions between YAP1 and PPP2R1A in vitro by GST pull-down assay. (H) The
validation of the interactions between PEBP1 and YAP1 in vitro by GST pull-down assay. (I) The validation of the interactions between PEBP1, PPP2R1A,
and YAP1in vitro by GST pull-down assay. (J) Detection of the interaction between PPP2R1A and PEBP1/YAP1in PCYT2-knockdown SW620 cells by
coimmunoprecipitation. (K) Detection of the interaction between PPP2R1A and YAP1/PEBP1 after PCYT2 overexpression in HCT116 cells overexpressing

PCYT2 by coimmunoprecipitation.

interaction between PEBP1 and PPP2R1A. As a result, the interaction between YAP1 and PPP2R1A was
enhanced, leading to dephosphorylation of YAP1 and nucleus relocation to upregulate the transcription of
EMT key regulators such as ZEB1 and Snail2, eventually facilitating metastasis. Collectively, these findings
reveal that PCYT?2 inhibited the metastasis of CRC through the PCYT2/PEBP1/YAPI axis, supporting
the significance of metabolic pathways in regulation on cancer metastasis, and they shed light on PCYT2
as a potential therapeutic target for CRC metastasis.

Methods
Sex as a biological variable. This study involved male and female individual clinical specimens. Female mice
were used for all animal investigations. Sex was not considered as a biological variable.

Clinical samples. Tumor and surrounding nontumor tissue samples were obtained from patients with
CRC at West China Hospital, Sichuan University. All enrolled patients provided informed consent, and the
study was approved by the Ethics Committee of Clinical Research of the West China Hospital of Sichuan
University. Tissue specimens were approximately 0.5 cm® in size, and the surrounding nontumor tissue was
taken from the normal site within 1-3 cm from the tumor site. Specimens were cleaned with normal saline
immediately after removal and stored in liquid nitrogen within 30 minutes.

Lung metastasis mouse model of CRC. Six-week-old female BALB/c nude mice were purchased from
Beijing Huafukang Biotechnology Co. Ltd. The mice were injected with 1.5 x 10% of HCT116 cells contain-
ing the luciferase reporter gene and PCYT2 overexpression or vector control via tail vein. After injection,
fluorescein substrate was injected i.p. weekly to allow us to check lung fluorescence and observe lung tumor
metastasis. Tissue samples were fixed in 4% formalin and embedded to obtain 3-5 um-thick continuous
sections for H&E staining.

Orthotopic mouse model of CRC. Orthotopic mouse model of CRC was established according to ref. 61.
Six-week-old female NCG mice were purchased from GemPharmatech Co. Ltd. The mice were injected
with 1 X 10° of HCT116 cells containing the luciferase reporter gene and PCYT2 overexpression or vector
control via intracecal injection. After injection, fluorescein substrate was injected i.p. weekly to allow us to
check intracecal fluorescence and observe tumor metastasis. Tissue samples were fixed in 4% formalin and
embedded to obtain 3—5 um-—thick continuous sections for H&E staining.

Cell culture. Human normal intestinal epithelial cells (NCM460) and human CRC cells (HCT116,
HT29, SW480, SW620, and LOVO) were purchased from the cell bank of the Chinese Academy of Science
(Shanghai, China). All cell lines were tested for mycoplasma contamination, identified by short tandem
repeat analysis. Cells were cultured in high-glucose DMEM containing 10% FBS and 1% penicillin-strepto-
mycin double antibiotic solution at 37°C in atmosphere of 5% CO,.

IHC assay. Tissue samples were fixed in 4% formalin and embedded in paraffin to obtain 3-5 pm-—thick
serial sections for and IHC staining. The sections were dewaxed and deparaffinized in xylene and rehydrated
in graded alcohol solutions. After antigen retrieval by heating the sections for 30 minutes in sodium citrate
buffer, the slides were stained with specific antibodies (Supplemental Table 3). The sections were then coun-
terstained with hematoxylin, followed by dehydration and mounting. The immunoreactivity score was sepa-
rately for 2 variables, first according to the percentage of positive cells with staining (< 25% = 1, 26%—50% =
2, 51%-75% = 3, and > 75% = 4) and then according to the overall intensity of the immunoreactivity of cells
that stained positive (no staining = 0, light staining = 1, moderate staining = 2, and marked staining = 3).

Western blot. Western blot was performed as previously described (62). Briefly, total proteins were
extracted form cells using RIPA buffer containing protease and phosphatase inhibitors cocktail (Bimake,
B14001 and B15001). The protein lysates were subjected to separate on 12.5% or 10% SDS-PAGE and
subsequently transferred onto PVDF membranes. After being blocked in 5% milk, membranes were
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Figure 7. PPP2R1A dephosphorylates YAP1 and leads to changes in the proportion of YAP1 entering the nucleus. (A) Detection of the YAP1/p-YAP1
expression levels in the nucleoprotein and in cytoplasmic with ectopic expression of vehicle and 3MYC-PPP2R1A HCT116 and HT29 cells by nucleop-
lasmic separation and Western blot. (B) Detection of the YAP1/p-YAP1 expression in the nucleoprotein and cytoplasmic at SW480 cells infected with
control and shPPP2R1A by nucleoplasmic separation and Western blot. (C and D) Detection of the changes in the nuclear proportion of YAP1in CRC
cells with PPP2R1A overexpression (C) or knockdown (D) by immunofluorescence staining. Different colors represent different antibodies or dyes: DAPI
(blue), YAP1 (green), and phalloidine (red). Scale bar: 20 um. (E and F) Transwell assays of HCT116 (E) and SW480 (F) cells demonstrate that cells with
higher levels of PPP2R1A had a higher migratory ability than cells with lower PPP2R1A levels. Scale bar: 100 um. Representative images and statistical
chart. (G) Detection of the epithelial and mesenchymal markers with ectopic expression of vehicle and 3MYC-PPP2R1A HCT116 and HT29 cells by West-
ern blot. (H) Representative images of scratch assays in PPP2R1A-overexpression HCT116 cells and control group. The graph shows the area of a wound
evaluated with Image). Scale bar: 500 um. Representative images and quantification. (I) Immunofluorescence assays were performed to determine the
membrane localization of paxillin in HCT116 cells with PPP2R1A overexpression. Scale bar: 20 um. Representative images and statistical chart. Data
represent the mean + SD (n = 3). Statistical significance was assessed with 2-tailed unpaired Student’s t test (E, H, and I) or 1-way ANOVA with Tukey’s
multiple-comparison test (F). *P < 0. 05, **P < 0.01, ****P < 0.0001.

incubated with the primary antibody (Supplemental Table 3) at a diluted concentration based on the
manufacturer’s protocol. The immunoblot band were detected by enhanced chemiluminescence detec-
tion kit (MilliporeSigma, WBKLS0500).

Construction of shRNAs and plasmids. SARNA oligos of PCYT2/PEBP1/YAP1 (Supplemental Table
4) were cloned into pLKO.1-TRC and transfected into HEK293T cells, along with the packing plasmids
psPAX2 and pMD2G to package the PCYT2/PEBP1/YAP1 knockdown virus. CRC cells were infected
with virus for 48 hours and then selected with media containing 2.5 pg/mL puromycin until the density
of positively infected cells reached 80%—90% confluence. Human PCYT2/PEBP1/YAPI1 genes were
amplified by PCR and cloned into plenti-CMV-3MYC, plenti-CMV-GFP, or plenti-CMV-3HA. The
recombinant plasmid was transfected into CRC cell lines by using polyethylenimine (PEI) or plentivirus.
All plasmid constructs were confirmed by DNA-Seq before use, and the expression efficiency was vali-
dated by reverse transcription PCR (RT-PCR) and/or Western blot.

Migration assay. The migration and invasion abilities were analyzed using a Boyden chamber (Corning
Inc.) migration assay. After starvation incubation without FBS for 24 hours, proper CRC cells (30,000 per
well in HCT116 and 300,000 per well in SW480) were seeded per chamber in 24-well plates. Then, 800 pL
of medium containing 10% FBS was added to the lower chamber, and 200 pL of medium containing 2%
FBS was added to the upper chamber. Migratory cells on the lower surface of the filter were fixed in 4%
formaldehyde after 24-48 hours of incubation and stained with crystal violet solution. Cells were photo-
graphed and counted using a light microscope. The cell scratch area and the number of cells that penetrated
the Transwell chamber membrane were analyzed using ImagelJ.

Colony formation assay. CRC cells with PCYT2 knockdown, overexpression, or vector control (3,000 per
well) were seeded in 6-well plates and incubated at 37°C in a humidified incubator for 2 weeks. Cell colo-
nies were fixed with formalin and stained with crystal violet. The total number of colonies was calculated
at the end of each experiment.

RNA isolation and quantitative PCR. The FOREGENE Cell Total RNA Isolation Kit was used to extract
total RNA from cells. NanoDrop 2000c (Thermo Fisher Scientific) was used to determine RNA concentra-
tion and quality. An RT kit (PrimeScript RT Reagent Kit; Takara) was used to transcribe RNA into cDNA,
and quantitative PCR was performed using SYBR Green (NovoStart SYBR qPCR SuperMix Plus). Fold-
change analysis was performed used the method (63). ACTIN was used as the normalized control. Primers
used for quantitative real-time PCR are listed in Supplemental Table 4.

RNA-Seq. CRC cells were lysed in TRIzol Reagent (Invitrogen), and total RNA was extracted according
to the manufacturer’s instructions. Library preparation and RNA-Seq were performed by Novogene Bioin-
formatics Technology Co. Differential expression analysis of the PCYT2 knockdown or vector control was
performed using the DESeq R package (1.10.1). Benjamini and Hochberg’s approach was used for P value
adjustment to control the FDR. An adjusted P < 0.05 indicated that the gene was differentially expressed.

Gene ontology and pathway analysis. Gene ontology (GO) and pathway analysis were conducted to better
understand the roles of differentially expressed genes. In this process, 3 independent categories, including
BP, cellular component, and molecular function, were derived from the GO Consortium website (http://
www.geneontology.org). The Database for Annotation, Visualization, and Integrated Discovery (https://
davidbioinformatics.nih.gov/) was used to assess changes in the upregulated and downregulated genes.
The biological pathways with markedly enriched genes that were differentially expressed were analyzed
using the KEGG database.
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Immunofluorescence staining. For immunofluorescence assays, cells were seeded at a density of 1 x 10°
cells/well on a coverslip in 24-well plates. After transfection, the coverslips were fixed in cold PBS buffer
and washed 3 times. Then, the coverslips were fixed with 4% formaldehyde, and the cells were permeabi-
lized with 0.5% Triton X-100 (Sigma-Aldrich) for 10 minutes and washed thoroughly with PBST bulffer.
Lastly, cells were blocked with goat serum for 40 minutes at room temperature, followed by incubation with
primary antibodies overnight at 4°C (Supplemental Table 3). The cells were washed 5 times with PBST
buffer and then incubated with Alexa Fluor 488-tagged or Alexa Fluor 594-tagged secondary antibodies
(Supplemental Table 3). DAPI (Beyotime Biotechnology) was used to stain DNA.

Immunoprecipitation assay. Immunoprecipitation was performed as previously described (64). Cells were
lysed with lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NacCl, 0.2% NP-40, 5% glycerol, 1% [v/V]
Tween-20, and protease inhibitor cocktail; see Western blot for manufacturer). Cell lysates were centrifuged
at 12,000g at 4°C for 15 minutes and incubated with antibodies (Supplemental Table 3) at 4°C overnight
before incubation with protein A/G magnetic beads (MedChemExpress) for 3 hours. The beads were
washed 3 times for 5 minutes with lysis buffer before being evaluated for immunoprecipitated proteins
using Western blot.

ChIP assay. HCT116 and SW480 cells were fixed with 1% formaldehyde for 10 minutes and then
quenched with 125 mM glycine. Cell extracts were prepared by mechanical sonication, and protein-DNA
complexes were immunoprecipitated using anti-YAP1 antibodies (Cell Signaling Technology, 14074T).
Immunoprecipitated DNA was analyzed using real-time PCR with specific primers for the CTGF/ZEB1/
SNAIL2 promoter region (Supplemental Table 4).

Purification of GST-tagged recombinant proteins. PEBP1 and PPP2R1A were cloned into the pGEX-6P-1
vector and transformed into DE3 (BL21). The expression of GST-PEBP1/PPP2R1A was induced by
IPTG (0.5 mM) at 16°C for 16 hours, and DE3 cells were suspended in 50 mL of PBS buffer (140 mM
NacCl, 2.7 mM KCl,, 10 mM Na,HPO,, 1.8 mM KH,PO,, and 1 mM PMSF [pH 7.5]), sonicated, and cen-
trifuged at 12,000g at 4°C for 20 minutes. All supernatants were added to a gravity column with 15 mL of
elution buffer (50 mM Tris-HCl and 10 mM reducing glutathione). The supernatants were examined for the
expression of the indicated proteins by SDS-PAGE and Coomassie blue staining.

Purification of His-tagged recombinant proteins. PEBP1/PPP2R1A/YAP1 was cloned into the pCold-
pros2 vector and transformed into DE3 (BL21) before induction with 0.5 mM IPTG at 16°C for 16 hours.
Bacteria were suspended in 50 mL of lysis buffer (0.5 mM Tris-HCI, 0.5M NaCl, 10 mM imidazole, 5%
glycerin, 1% NP-40, 0.25% Tween-20, and 1 mM PMSF [pH 8]), sonicated, and centrifuged for 12,000¢
at 4°C for 20 minutes. Supernatant was combined with 15 mL of elution buffer (50 mM Tris-HCI, 0.5M
NaCl, 50 mM imidazole, 5% glycerin, and 0.05% Tween-20 [pH 8.0]) before elution by gravity. An enrich-
ment column was used to concentrate the protein. Eluates were examined for protein expression by SDS-
PAGE and Coomassie blue staining.

GST pull-down assay. Recombinant proteins were incubated in GST binding buffer (25 mM Tris-HCI, 1
mM EDTA, 200 mM NaCl, 30 mM imidazole, and 0.01% NP-40 [pH 7.5]) at 4°C overnight. On the sec-
ond day, GST beads were added to 30 uL of reaction mixture and incubated at 4°C for 2 hours. The beads
were then washed 3 times with 1 mL of GST-binding buffer for 5 minutes. The protein interactions were
detected by Western blot.

Statistics. Statistical analysis was performed using GraphPad Prism 8.0. Student’s 2-tailed paired ¢ test
and 1-way ANOVA with Tukey’s multiple-comparison test were used for comparison of differences where
appropriate. For cancer-specific outcome analysis, Kaplan-Meier survival curves were used. P values less
than 0.05 were considered significant.

Study approval. Animal assays was conducted following established standards to safeguard the wel-
fare and health of the animals involved. Prior to commencing any experiments, approval was obtained
from the Ethics Committee of West China Hospital after thorough deliberation to ensure compliance with
ethical guidelines for experimental research. The ethical approval number for the animal experiments is
20220214016. Animal experiments were designed and conducted in accordance with the guidelines of the
Ethics Committee of West China Hospital.

Data availability. The manuscript and the supplemental materials present all the data needed to evaluate
the study’s conclusions. All data sets are available on the GEO with the accession no. GSE278226. All
original data sets and analyses, including individual comparisons, are also reported in the Supporting Data
Values file.
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