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PSAT1 promotes the progression of colorectal cancer by regulating
Hippo-YAP/TAZ-ID1 axis via AMOT

Minshan Tang" - Kai Song'2 - Danning Xie'? - Xinyu Yuan'2 - Yaxuan Wang'2 - Zhiyang Li'? - Xiansheng Lu'2 -
Liang Guo'? - Xiaotong Zhu' . Le Xiong'? - Wengian Zhou' . Jie Lin'?

Received: 13 August 2024 / Accepted: 14 December 2024 / Published online: 31 December 2024
© The Author(s) 2024

Abstract

Colorectal cancer (CRC) ranks third for morbidity and second for mortality among all digestive malignant tumors worldwide,
but its pathogenesis remains not entirely clear. Bioinformatic analyses were performed to find out important biomarkers for
CRC. For validation, reverse transcription-quantitative PCR, western blotting, and immunohistochemistry were performed.
Then, cell transfection, gain- and loss-of-function assays, immunofluorescence, cell line RNA-sequencing and analyses,
and in vivo tumorigenesis assay were also performed to further explore the mechanism. We prioritized phosphoserine
aminotransferase 1 (PSAT1) as an important biomarker in CRC. PSAT1 expression was gradually up-regulated as the CRC
disease progresses and may relate to poor prognosis. PSAT1 promoted the malignant behaviors of CRC cells. Although
PSATI is an enzyme essential to serine biosynthesis, an exogenous supplement of serine did not completely rescue the
malignant behaviors in PSAT1-knockdown CRC cells. Interestingly, PSAT1 inhibited the Hippo tumor-suppressor pathway
by promoting the nucleus-localization of YAP/TAZ and increasing the expression of ID1 in CRC cells. Furthermore, AMOT,
a vascular-related molecule that molecularly interacts with YAP/TAZ, was up-regulated upon PSAT1 knockdown in CRC
cells. Knocking down AMOT partially rescued the inhibition of proliferation and the reduced nuclear localization of YAP/
TAZ caused by PSAT1 knockdown in CRC cells. Moreover, PSAT1 was closely related to vascular-related pathways, in
which AMOT might act as a mediator. Finally, PSAT1 promoted CRC proliferation by negatively regulating AMOT in vivo.
PSAT1 could enhance the progression of colorectal cancer by regulating Hippo-YAP/TAZ-ID1 axis via AMOT, which is
independent of the metabolic function of PSAT1.
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Introduction

Colorectal cancer (CRC) stands as one of the most preva-
lent malignant tumors within the digestive system. Globally,
CRC holds the third position in terms of morbidity and the
second for mortality, highlighting its significant impact on
public health [1]. For those battling advanced-stage colo-
rectal cancer (CRC), the 5-years survival rate hovers under
15%, largely attributed to the spread of the disease through

P4 Jie Lin
jielin_gz@126.com

Department of Pathology, Nanfang Hospital, School
of Basic Medical Sciences, Southern Medical University,
Guangzhou 510515, Guangdong, China

Guangdong Province Key Laboratory of Molecular Tumor
Pathology, Guangzhou 510515, Guangdong, China

metastasis [2]. Therefore, it is imperative to identify tumor
targets and further explore the molecular mechanism behind
the rapid progression of CRC, giving new insights into the
screening and therapeutic strategies for the malignancy.
This study aims to look for genes whose expression levels
gradually up-regulate as the CRC disease progresses and are
significantly different from that of normal colorectal tissue
since the early stage of CRC. These genes are worthy of
study because they may be involved throughout the entire
process of CRC occurrence, development, and metastasis.
Phosphoserine aminotransferase 1 (PSAT1) is selected as
the research biomarker based on the CRC datasets. PSAT1
is currently known as a key enzyme in the second step of
de novo serine synthesis pathway(SSP) [3]. An increasing
number of proof show that metabolic reprogramming is
critical to carcinoma progression [4—6]. Among them, an
important metabolic reprogramming issue is the SSP [3].
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PSAT]1 integrates metabolic pathways such as pathways
for SSP, citric acid cycle, one-carbon metabolism, nucleic
acid biosynthesis, and glycolysis, and these pathways are
of great importance to cell proliferation, migration, and so
on [7, 8]. PSAT1 has been reported to promote cancer pro-
gression in some tumors [7, 9-15] and at least serve as a
metabolic enzyme in multiple tumor processes [7, 10, 12,
16]. However, the non-metabolic moonlighting roles of
PSATI in diverse tumors are still rarely studied [15, 17,
18]. Whether PSAT1 has an enzymatic-independent role in
tumors remains largely unclear.

The Hippo tumor-suppressor pathway, which involves the
regulation of differentiation and proliferation in cells, has
been a great deal of attention in cancer research in the past
decade [19]. Upon the activation of the Hippo pathway, the
kinase complex LATS1/2-Mob1 causes the phosphorylation
of YAP/TAZ, which affects the subcellular distribution and
stability of the YAP/TAZ complex, a master regulator in
cancer [20-22]. However, YAP/TAZ, which acts as an onco-
genic module in the Hippo pathway [19], is also regulated in
other ways [22], but the molecular insight remains limited.

AMOT has been confirmed to molecularly interact with
YAP/TAZ, which is separate from the kinase activity of
LATS1/2-Mobl [20], suggesting that AMOT may affect the
downstream impact of Hippo pathways through YAP/TAZ.
AMOT is a member of the angiostatin-binding Motin protein
family. It may negatively regulate the influence of angiosta-
tin on angiogenesis and be correlated with the migratory
behavior of endothelial cells during vascularization [23].
Two isoforms are known for AMOT: p80 and p130. Amot-
p80 is instrumental in the regulation of vascular morpho-
genesis and the migratory behavior of endothelial cells, and
Amot-p130 is significant to controlling cell shape [23, 24].
Research on malignancies such as lung carcinoma and dif-
fuse large B cell lymphoma (DLBCL) indicated that AMOT
or its specific isoforms serve as a tumor suppressor [25-31],
while in some other malignancies including CRC, AMOT or
its specific isoforms were identified as a tumor promoter [23,
32-35]. However, the upstream regulator of AMOT and the
role of AMOT in tumors are not fully clarified.

Hence, in CRC progression, we emphasize the new find-
ings of a non-metabolic moonlighting character for PSAT1
and elucidate the potential mechanism that entails AMOT,
a vascular-related molecule.

Materials and methods
Tissue samples and cell lines
This study was based on the following research samples:

Fresh primary CRC lesions and paired normal colorectal
mucosal tissue from 15 CRC patients; and paraffin sections
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collected from 129 CRC patients (68 men and 61 women)
between 2018 and 2022, including 129 primary CRC lesions,
129 paired normal colorectal mucosal tissue, 39 paired
regional LN metastases, and 23 paired liver metastases. All
patients were informed of the research and signed informed
consent forms. The acquisition of clinical and pathologi-
cal information of all patients was approved by the Medical
Ethics Committee of Nanfang Hospital, Southern Medical
University, China. All patients were diagnosed with primary
colorectal cancer by two pathologists, and no chemotherapy
or radiotherapy was given before the resection of the pri-
mary lesions and metastases. All the cases with metastasis
were diagnosed with metastatic diseases by pathology or
imaging after they underwent the first CRC tumor resection
surgery during hospitalization.

The normal colonic epithelial cell line FHC, eight human
CRC cell lines, including HT29, LoVo, DLD-1, LS 174 T,
RKO, Caco-2, SW480, HCT-15, HCT116, and SW620
were obtained from the American Type Culture Collection
(ATCC) by our laboratory. All cell lines were cultivated in
a complete growth medium within a cell culture incubator,
maintained at a temperature of 37 °C, and an atmospheric
condition of 5% CO2. In particular, the complete culture
medium for FHC was prepared according to a formulation
from ATCC, the Caco-2 cell line was cultured in RPMI-
1640 Medium (Gibco, from the US) with 20% fetal bovine
serum (FBS) (Gibco, from the US). In addition, other cell
lines were maintained in RPMI-1640 Medium but adjusted
to 10% FBS concentration.

RNA extraction, RT-PCR, and qPCR

For each CRC cell line, total RNA was isolated from each
colorectal cancer (CRC) cell line via the phenol/chloroform
extraction technique, and subsequently, the RNA samples
were converted into cDNA through reverse transcription
with the Evo M-MLV RT Master MIX kit (AG11706). PCR
was performed using SYBR® Green Pro Taq HS premixed
gqPCR kit (including Rox) (AG11718) in the ABI 7500 Fast
Real-Time PCR System. Information about primer sequences
in our research is offered in Supplementary Table S1. Each
experiment was conducted in triplicate, and the internal ref-
erence gene was GAPDH.

WB and antibodies

Cell samples were lysed on ice with RIPA lysis buffer (high
strength) (Hangzhou FUDE Biotechnology), and protein
samples were separated by electrophoresis in 10% SDS-
PAGE gels and transferred to PVDF membranes (0.45 pm,
IPVHO00010, Merck Millipore). The PVDF membranes
were pre-treated by immersing them in a 5% skim milk
solution for 1 h at ambient temperature. Subsequently, the
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membranes were incubated with the primary antibodies for
a period ranging from 12 to 16 h at 4 °C. The membrane was
further processed by incubating it with the HRP-conjugated
secondary antibodies for 1 h at ambient temperature. Ulti-
mately, the detection of signal density was achieved through
chemiluminescence with the application of an ultra-sensitive
ECL luminescent reagent (Biosharp Technology). Informa-
tion about primary antibodies and secondary antibodies in
our research is offered in Supplementary Table S2.

Immunohistochemistry

Immunohistochemistry (IHC) was performed manually
according to antibody manufacturer instructions. The opti-
mal IHC protocol was determined through a preliminary
experiment where liver and kidney tissue sections incubated
with anti-PSAT1 were used as positive controls, tissue sec-
tions incubated with PBS rather than antibody were used
as negative controls, various combinations of concentration
and incubation time were tried, and staining intensity was
evaluated under a microscope. Subsequently in the formal
experiment, sections were directly stained with DAB rea-
gent (ZLI-9018, ZSGB-BIO), scored, and photographed, and
for each batch of tissue sections, both positive and negative
controls were included. Information about antibodies used
in IHC in our research is offered in Supplementary Table S2.

The total IHC score was counted as the sum of the stain-
ing intensity and the positive area percentage in tumor cells.
The positive area percentage (denoted by S) was scored from
0 to 4: 0 for negative, 1 for 0<S <25%, 2 for 25% < S <50%,
3 for 50% < S <75%, and 4 for S>75%. The classification
of staining intensity was divided into four distinct levels: 0
indicated the absence of staining, 1 represented poor stain-
ing, 2 denoted moderate staining, and 3 corresponded to
intense staining. We set half of the highest theoretical total
score as the cut-off point. Samples exhibiting a total PSAT1
score exceeding 3.5 were categorized as having high expres-
sion, whereas those with scores at or below 3.5 were consid-
ered to have low expression.

Cell transfection

PSAT1 over-expressing (EX-V0307-Lv201), the correspond-
ing mock, shPSAT1 (shl- sh4), and scrambled shRNA (sh-
NC) vector plasmids were purchased from Guangzhou iGene
Biotechnology Limited company. To ensure a high overex-
pression efficiency, the CMV promoter of the overexpression
plasmid was replaced by an EF-1a promoter, the eGFP tag
of the plasmid was removed, and such editing was validated
by Sanger sequencing. Stable over-expression and knock-
down of PSAT1 were performed by the psPAX2/pMD2.G
lentiviral delivery system with the above-mentioned vec-
tors and HEK293-FT cells. PSAT1-overexpressed DLD-1,

SW480, and RKO cell lines, and PSAT1-knockdown HCT-
15, DLD-1, and SW480 cell lines were constructed, while
the corresponding cell lines transduced with the mock len-
tiviral vector or the sh-NC vector were used as a negative
control in PSAT1 over-expression or PSAT1 knockdown
experiments, respectively. Recombinant lentiviruses were
produced in HEK293-FT cells by polyethyleneimine (PEI)
when we conducted transient transfection, and were used
to transfect the indicated cells with polybrene (10 pg/mL).
The lentivirus-transfected cells were selected using puromy-
cin (1-5 pg/mL, according to cell line-specific sensitivity
measured in a pre-experiment) for 6 days preceded valida-
tion. The siRNA targeting AMOT and the control scram-
bled siRNA were purchased from GenePharma, and cells
were transfected with 50 nM of siRNA and lipofectamine
2000 (5 pl/well for 6-well plates). The over-expression and
knockdown efficiency of the transfected cells were validated
using Reverse transcription-quantitative PCR (RT-qPCR)
and Western blotting. Information about siRNAs of AMOT,
shPSAT1(sh1—sh4) plasmids, and the PSAT1 over-express-
ing plasmid is provided in Supplementary Table S3 and Sup-
plementary Table S4.

Cell proliferation assays

During the CCK-8 assay, cells to be treated were plated in
96-well plates in 3-5 replicates at 1500 cells/well for 24 h,
48 h, 72 h, 96 h, and 120 h. During the periods, the medium
needed to be replaced with fresh medium as required. At the
required time point, the diluted CCK-8 solution, with the
volume of CCK-8 reagent (Yeasen) being 10% of the vol-
ume of the culture medium, was prepared for each well, the
complete culture medium was aspirated, and then a volume
of 100 pl of CCK-8 solution was dispensed into each well.
Then, the cells were cultured in the dark for 2 h. The optical
density (OD) in each well was determined at a wavelength
of 450 nm.

In the clonogenic assay, cells were seeded in 6-well plates
at 500 or 1000 cells/well depending on the growth rate of the
different cell lines, with 3 replicate wells per group in each
independent assay. During the assay, the medium needed to
be replaced with fresh medium as required. Subsequently,
the cells were treated with a 4% paraformaldehyde solu-
tion for fixation, after which they were stained using crystal
violet. The ImagelJ software was used to set parameters and
count the number of colonies. Each assay was repeated three
times.

Transwell migration and invasion assays
Transwell chambers (8 pm pore size, Corning, NY, US) were

used to observe cell migration and invasion. According to
the growth rate of different cell lines, 1 X 10° or 2% 10° cells
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were mixed with 200 pl serum-free medium and placed
in a chamber, and 500 pl RPMI-1640 Medium with 20%
FBS was added to the lower chamber, that is, the well of the
24-well plate, with 3 replicate wells per group in each inde-
pendent assay. In an invasion assay, 100 pl matrigel matrix
(Corning, US) diluted 1:8 was added to the upper chamber
and placed in the 37°C incubator for 2-3 h before cell inocu-
lation. After the corresponding time was reached, cells were
covered in 4% paraformaldehyde, after which they were
stained using crystal violet, and quantified the cell count
passing through the apertures in five selected areas (x 200)
at random by a light microscope. Each assay was performed
in three times.

The migration and invasion assays with serine added were
basically the same as the preceding migration and invasion
assays, but the cells of the experimental group where serine
was added needed to be cultured in the complete medium
with a final 12 mM concentration of L-serine (HY-N0650,
MCE) for three days before the migration and invasion
assays. During the assays, L-serine (HY-N0650, MCE) must
be added to the upper and lower chambers at the same time
to reach the final medium concentration of 12 mM.

Flow cytometry for apoptosis detection and cell
cycle detection

The Annexin V-APC/PI fluorescence double-staining
apoptosis detection kit (E-CK-A217, Elabscience) and cell
cycle detection (also called DNA content measurement) kit
(E-CK-A351, Elabscience) were used for apoptosis and cell
cycle detection, respectively, according to the manufactur-
er’s instructions. The apoptosis and cell cycle were detected
using a flow cytometer, and analysis was conducted using
the FlowJo software. Three replicate wells were set up for
each assay and each assay was conducted in three times.

Immunofluorescence assay

Cells were uniformly distributed onto confocal dishes at a
seeding density of 1x 10* cells per well and then incubated
in a cell culture incubator for 24 h. Then, the culture medium
was aspirated and subsequently replaced with PBS to rinse
the cells. Following this, the cellular membranes were per-
meabilized using Triton X-100. The cells were incubated
with primary antibodies TAZ at a 1:50 dilution ratio (anti-
rabbit, A8202, Abclonal) and YAPI at a 1:200 dilution ratio
(anti-mouse, 66,900-1, Proteintech) overnight at 4 °C. Sub-
sequently, primary antibodies were washed away with PBS
again, and the cells were incubated using Dylight649-conju-
gated goat anti-mouse IgG (H+L) (E032610-01, EarthOx)
and Dylight549-conjugated goat anti-rabbit IgG (H+L)
(E032320-01, EarthOx) at 1:100 dilution ratio at ambient
temperature in a dark chamber for 1 h. Subsequently, the
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cells were counterstained with 4',6-diamidino-2-phenylin-
dole (DAPI, Sigma, MO), and then images were captured
using a Zeiss laser scanning confocal microscope (ZEISS,
LSM 880, Germany).

In vivo tumorigenesis assay

Four-week-old male BALB/c-nu mice were procured from
Spefford (Beijing) Biotechnology Co., Ltd., quarantined, and
raised in the SPF barrier environment of the Experimental
Animal Center of Guangzhou Southern Medical Univer-
sity. DLD-1 sh-NC and sh-PSAT1-2 cells were prepared,
digested, and counted, then resuspended in PBS, and trans-
ported on ice. 200 pl of cell suspension was injected sub-
cutaneously into each mouse (1 x 107 cells/mouse). Since
the day when the tumor can be palpated, the tumor-bearing
size of each mouse was measured every 2—3 days and the
tumor volume was calculated according to the formula: Vol-
ume = 1/2 x (Width? x Length). At the end of the observa-
tion period, the mice were subjected to humane euthanasia.
Subsequently, the xenografted tumors were meticulously
excised, documented via photographic means, and preserved
in formalin for HE and IHC detection. All experimental pro-
cedures complied with protocols admitted by the Institu-
tional Animal Care And Use Committee (IACUC) and the
Experimental Animal Ethics Committee of Southern Medi-
cal University in Guangzhou, China (SMUL2023081).

Analysis of differentially expressed genes

The gene expression microarray datasets GSE41657 and
GSE74602 were retrieved from the Gene Expression Omni-
bus website (https://www.ncbi.nlm.nih.gov/geo/), and the
RNA-sequencing read count matrix of TCGA-COADREAD
was downloaded from the UCSC Xena data-hub (https://
xenabrowser.net/datapages/). For microarray datasets, DEGs
were analyzed by the Limma package. For the TCGA-
COADREAD data and our CRC cell line RNA-sequencing
data, DEGs were analyzed by the Limma-voom approach.
For public datasets, the criteria for DEGs are as follows:
the absolute value of logFC should be larger than 2 and the
adjusted_p value should be less than 0.05. For CRC cell
line RNA-sequencing, the DEGs criteria are as follows:
[logFCI> 1 and adjusted_p <0.05, and only the genes met
the criteria and showed the same directions of expression
change in the 2 shPSAT1 groups were defined as DEGs upon
PSAT1 knockdown.

Time series clustering of genes
Starting from the GSE41657 expression matrix, first accord-

ing to the aforementioned differentially expressed gene
analysis method, genes that were differentially expressed
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Fig.1 Preliminary bioinformat-
ics analysis of public datasets
identified key biomarkers of
CRC. A Flow chart, showing
the screening process of final
candidate genes. Venn diagram
and flowchart of preliminary
bioinformatics analysis of GEO
and ATCC public databases.
The differentially expressed
genes meet [log2FCI> 2 and
adjusted_p <0.05. B Heat map
about 19 intersecting genes (A)
which could all be enriched in
the same gene set in GSE74602,
TCGA-COADREAD, and
GSE41657 colorectal cancer
data sets. C Histograms of the
plasma protein concentrations
of the protein products of the
19 genes, the intersection in
(A). The proteomics results
measured based on mass spec-
trometry analysis are provided
by the HPA website. D Time
series analysis of the GSE41657
dataset. E, F Box plots of the
chip expressions of PSAT1 (E)
and KRT80 (F) at the stages

of normal tissue, low-grade
colorectal adenoma, high-grade
colorectal adenoma, early-
stage cancer, and advanced
cancer. The data source is the
GSE41657 dataset. G Box plot
of the analysis carried out based
on the TCGA database on the
TIMER website. The red arrow
marks the dataset of colon can-
cer and rectal cancer, and the
blue arrow marks the dataset of
cancers in which the expression
level of PSAT1 in normal tissue
is higher than that in cancer
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«Fig.2 Expression levels of phosphoserine aminotransferase
1(PSAT1) in Colorectal cancer (CRC). A PSAT1 mRNA expres-
sion levels in normal colon epithelial cell line FHC and CRC cell
lines by Reverse transcription-quantitative PCR(RT-qPCR) assay. B
PSAT1 protein expression levels in human CRC cell lines by Western
Blot(WB) assay. C WB showed the PSAT1 protein expression levels
of fresh human CRC tissue and normal colorectal mucosal tissue. D
Paired line scatter plot. Comparing the relative protein expression
grayscale values of PSAT1 in (C). E, F Representative immunohis-
tochemical (IHC) images (E) and scatter plots (F) of PSAT1 expres-
sion levels of paired normal colorectal mucosal tissue and CRC tissue
from 129 patients. G-I Representative IHC images (G) and scatter
plots (H, I) of PSAT1 expression levels of paired normal colorectal
mucosal tissue, primary CRC lesions, regional LN metastases, and
liver metastases. J Representative IHC images of PSAT1 expres-
sion levels in CRC cases with varying degrees of differentiation. K
Representative cases of IHC sections: PSAT1 expression levels in
completely paired normal colorectal mucosal tissue, primary CRC
lesions, regional LN metastases, and cancer nests within vessels. “ns”
denotes no statistically significant difference; * indicates p<0.05;
** signify p<0.01; *** are used for p<0.001; **** correspond to
p<0.0001

between the control group and at least one of the adenoma
or carcinoma group were identified as candidates using
adjusted_p < 0.05 as a threshold. Then, the candidate genes
were soft-clustering according to their time-course expres-
sion patterns through groups of normal epithelial tissue,
adenoma, and carcinoma using the Mfuzz package (version
2.60.0).

Gene Set Enrichment Analysis (GSEA) and Gene Set
Variation Analysis (GSVA)

To infer the biological function of PSAT1 in CRC, first,
genes from the expression matrix were sorted on the Spear-
man correlation coefficient of their expression levels with
that of PSAT1. Then, GSEA was performed by the cluster-
Profiler package (version 4.7.1.003) on the sorted gene list
and the gene set list MSigDB v2022.1.Hs retrieved from
Molecular Signature Database (MSigDB, https://www.gsea-
msigdb.org/gsea/msigdb/), the significantly enriched gene
sets were defined as those with p value less than 0.05 and
false discovery rate (FDR) less than 0.25 in GSEA. Spe-
cifically for the CRC cell line RNA-sequencing, only the
gene sets that met the above criteria and shared the same
enrichment directions (determined by signs of the enrich-
ment score) in the 2 shPSAT1 groups were defined as signifi-
cantly enriched ones. The corresponding heat maps showing
the top 40 or all common core enrichment genes. Gene in
the heat maps are arranged in a descending order according
to their logFC values.

GSVA was performed (GSVA package version 1.44.5)
with the MSigDB v2022.1.Hs gene sets, which resulted in
GSVA scores of the gene sets. Then for each gene set, the
correlation between the GSVA score and PSATI1 expres-
sion levels among samples was assessed using Spearman

correlation analyses. The filter criteria are |ISpearman
rhol>0.2, p value < 0.05, p adjust <0.05.

CRC biomarker prioritization

First, we analyzed DEGs between CRC tissue and normal
tissue of three public datasets, GSE41657, GSE74602, and
TCGA-COADREAD. We obtained 28 candidate genes that
were jointly up-regulated in the datasets. Next, to prioritize
the genes for biological functions, gene set enrichment
analyses (GSEA) were performed on the three datasets, and
we defined the gene sets that were enriched in the tumor
side in all the datasets as the common enriched gene sets.
For each of the gene sets, we collected the genes that were
identified by the GSEA algorithm as “core enrichment” in
the three datasets, and there were 19 such “common core
enrichment” genes in total. Then, to prioritize potential
plasma biomarkers, we compared protein abundance of these
genes in plasma detected by mass spectrometry from the
Human Protein Atlas (HPA) website (https://www.proteinatl
as.org/) and we showed that only nine of them are detected
in plasma: KRT80, REG1, STC2, PSAT1, CDH3, MMP3,
MMP1, SLC7AS, and MMP7. Finally, by time-series gene
expression analysis of the GSE41657 dataset, we found that
the expression levels of PSAT1, KRT80, SLC7AS, MMP1,
and MMP7 gradually increased as the disease progressed
from the normal, adenoma, to the CRC period. However,
only PSAT1 and KRT80 showed plasma protein concen-
tration above 1 pg/L. Specifically, we chose PSAT1, a key
enzyme of serine metabolism, for further verification and
exploring, as there is increasing concern in recent literature
about the metabolic and non-metabolic involvement of meta-
bolic enzymes in cancers.

RNA-sequencing and analysis of CRC cell lines

The cell samples were lysed by RNAex Pro Reagent accord-
ing to the company’s instructions and the extracted sam-
ples were collected and immediately sent to the company
of Genega for mRNA purification, library construction, and
sequencing. The sequencing platform was the BGI sequenc-
ing platform, the mode was double-ended PE150, and the
sequencing data volume was 6G bases per sample. The
sequencing off-machine data were quality-controlled and
filtered using fastp (version 0.23.2) software to obtain clean
reads. Then, we used RSEM (version 1.3.1) calling the align-
ment tool STAR (version 2.7.0d) to align the clean reads to
the hg38 reference, and estimated transcript and gene abun-
dance based on the expectation maximization (EM) algo-
rithm, which finally resulted in the gene-read-counts matrix
and the Fragments Per Kilobase of exon model per Million
mapped fragments (FPKM) expression matrix.
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Table 1 Relationship between PSAT1 immunoreactivity and clinico-
pathologic features in patients with CRC

Characteristic All cases PSATI immunoreactivity P value
(n=129) -
Low expres-  High expres-
sion (n=58) sion (n=71)
(%) (%)
Gender 0.880
Male 68 31 (45.6) 37 (54.4)
Female 61 27 (44.3) 34 (55.7)
Age(yrs) 0.182
<60 55 21 (38.2) 34 (61.8)
>60 74 37 (50.0) 37 (50.0)
Differentiation 0.003
Well + Moderate 100 52 (52.0) 48 (48.0)
Poor 29 6 (20.7) 23 (79.3)
T Classification 0.734
T1+T2 33 14 (42.4) 19 (57.6)
T3+T4 96 44 (45.8) 52 (54.2)
LN metastasis 0.756
Negative (NO) 67 31 (46.3) 36 (53.7)
Positive (N1- 62 27 (43.5) 35 (56.5)
N2)
Distant metas- 0.297
tasis
Negative (MO) 99 47 (47.5) 52 (52.5)
Positive (M1) 30 11 (36.7) 19 (63.3)
AJCC stage 0.473
I+11 60 29 (48.3) 31(51.7)
I+1v 69 29 (42.0) 40 (58.0)
Vascular inva- 0.028
sion
Negative 80 42 (52.5) 38 (47.5)
Positive 49 16 (32.7) 33 (67.3)
Nerve invasion 0.302
Negative 92 44 (47.8) 48 (52.2)
Positive 37 14 (37.8) 23 (62.2)
dMMR or not 0.185
Yes 9 2(22.2) 7 (77.8)
Not 120 56 (46.7) 64 (53.3)

Statistical analysis methods

For quantitative data analysis, two independent samples
t tests (two-tailed) were used to compare two groups of
independent samples that satisfy normal distribution and
homogeneity of variances, and one-way ANOVA or two-
way ANOVA was used to analyze single-factor or two-fac-
tor comparisons between multiple groups of independent
samples satisfying normal distribution and homogeneity
of variances. For displaying the comparisons, the values
of each group are summarized as mean =+ standard devia-
tion. Wilcoxon test or Friedman test was used to compare
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2 paired samples or multiple paired samples with non-
normally distributed differences, and the values of each
group were summarized as median + interquartile range.
The chi-square test was used to analyze qualitative data.
Spearman correlation analysis was performed to assess
the correlation. All analyses were performed in SPSS
20.0 and GraphPad Prism 8.0 (except bioinformatic anal-
yses explained above). P values < (0.05 were considered
significant.

Results

PSAT1 was up-regulated and may related to poor
prognosis in CRC

We first prioritized PSAT1 as an important biomarker for
CRC using public CRC datasets, as the expression levels
of PSAT1 were higher in CRC tissue than those in nor-
mal colon mucosa, and the gene is gradually up-regulated
as the CRC disease progresses(Fig. 1 A—F, detail listed
in Methods). These suggested that PSAT1 is worthy of
study because it may be involved throughout the entire
process of CRC occurrence, development, and metastasis.
In addition, according to the analysis on the TIMER web-
site in view of the TCGA database, the expression levels
of PSAT1 vary in various human tumors and its expression
was up-regulated in most tumors (Fig. 1G).

PSAT1 mRNA expression levels were up-regulated in
CRC cell lines as compared with normal colon epithelial
cell lines (Fig. 2A). The PSAT1 protein expression level of
CRC cell lines showed that PSAT1 was highly expressed
in DLD-1, HCT-15, SW620, and LS 174 T, was lowly
expressed in RKO, SW480, and Caco-2, and was moder-
ately expressed in HT-29, Lovo, and HCT 116 (Fig. 2B).
PSATI protein expression level was stronger in CRC tis-
sue than that in paired normal colorectal mucosal tissue
as indicated by the Western Blot (WB) assay (Fig. 2C, D).
The expression of PSAT1 was significantly higher in the
primary CRC lesions than that in paired normal colorectal
mucosal tissue as suggested by the immunohistochemistry
(IHC) assay (Fig. 2E, F). We further found that PSAT1
expression levels were also significantly stronger in the
regional LN metastases and liver metastases than in nor-
mal colorectal tissue. However, no expression difference
of PSAT1 was found among the primary CRC lesions,
regional LN metastases, and liver metastases (Fig. 2G-I).

Interestingly, in the IHC sections, we found that the
staining intensity of PSAT1 was significantly stronger
in poorly differentiated CRC cases than in other differ-
entiation levels (Fig. 2J). In addition, we discovered that
PSAT1 expression level was higher in cancer nests within
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Fig.3 Gain-of-function assays of PAST1 in CRC cells in vitro. A,
B Verification of the efficiency of stable overexpression of PSAT1
in RKO (A), and SW480 cell lines (B) by WB and RT-qPCR assay.
C, D CCK-8 assay, showing that overexpressing PSAT1 promoted
the proliferation of RKO cells (C) and SW480 (D) cells in vitro. E
Clonogenic assay, showing that overexpressing PSAT1 promoted the
colony formation of RKO cells (on the upper part) and SW480 cells

the vessel than in the primary lesions and metastases
(Fig. 2K). We further analyzed the clinicopathological
parameters of 129 patients, and the analysis results reveal
that the expression levels of PSAT1 were positively related
to worse differentiation and vascular invasion of primary
CRC lesions (Table 1).

Vector ov-PSAT1

(on the lower part). F Transwell migration assay, showing that over-
expressing PSAT1 promoted the migration of RKO cells and SW480
cells. G Cell cycle detection by flow cytometry, showing that over-
expressing PSAT1 affected the cell cycle of SW480 cells and could
induce arrest in the G1 phase. “ns” denotes no statistically significant
difference; * indicates p <0.05; ** signify p<0.01; *** are used for
p<0.001; **** correspond to p <0.0001

PSAT1 promoted the malignant behaviors of CRC
cells in vitro

We constructed PSAT 1-overexpressed RKO and SW480 cell
lines (Fig. 3A, B, Supplementary Fig. S1) and then con-
ducted functional assays in vitro. According to the results
of CCK-8 assay and clonogenic assay, overexpressing
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«Fig. 4 Loss-of-function assays of PAST1 in CRC cells in vitro. A-C
Verification of the efficiency of stable knockdown of PSATI1 in
DLD-1 (A, B) and HCT-15 (A, C) by WB and RT-qPCR assay, and
the images including GFP fluorescence images, white light images,
and merge images in DLD-1 and HCT-15 cells (on the left part of
B, C). D CCK-8 assay, showing that stably knocking down PSAT1
inhibited the proliferation of DLD-1 and HCT-15 cells in vitro. E
Clonogenic assay, showing that stably knocking down PSAT1 inhib-
ited the colony formation of DLD-1 and HCT-15 cells. F Tran-
swell migration assay and transwell invasion assay, showing that
stably knocking down PSATI inhibited the migration and invasion
of DLD-1 and HCT-15 cells. (G) Cell apoptosis detection by flow
cytometry, showing that stably knocking down PSAT1 promoted the
early and late apoptosis of DLD-1 cells, with early apoptosis being
more significant. H Cell cycle detection by flow cytometry and bar
chart, showing that stably knocking down PSAT1 affected the cell
cycle and could induce arrest in the S and G2 phases of DLD-1 cells.
I, J Transwell migration assay (I) and transwell invasion assay (J),
showing the impact of adding exogenous serine to DLD-1 sh-NC and
DLD-1 sh-PSATI1-1 on the migration and invasion abilities as com-
pared with the impact of complete medium in vitro. The plots of the
transwell migration assay are displayed on the left part and the bar
chart is displayed on the right part. “ns” denotes no statistically sig-
nificant difference; * indicates p <0.05; ** signify p<0.01; *** are
used for p <0.001; **** correspond to p <0.0001

PSAT1 enhanced the proliferation of SW480 and RKO cells
(Fig. 3C-E). The transwell migration assay showed that
overexpressing PSAT1 enhanced the migration of SW480
and RKO cells ((Fig. 3F), and the cell cycle detection indi-
cated that overexpressing PSAT1 induced an increase in
the proportion of cells in the G1 phase, which implied that
overexpressing PSAT1 could induce G1 arrest in SW480
cells (Fig. 3G).

After preliminary efficiency verification, we performed
subsequent functional assays on the shl and sh2 groups of
DLD-1 and HCT-15 (Fig. 4A—C). Our results showed that
knocking down PSAT1 led to the suppression of the pro-
liferation, migration, and invasion abilities of DLD-1 and
HCT-15 cells in vitro (Fig. 4D-F). Knocking down PSAT1
led to a significant rise in the proportion of apoptotic DLD-1
cells. Among the increased apoptotic population, the per-
centage of late apoptotic cells exceeded that of early apop-
totic cells. In addition, compared with late apoptotic cells,
the fold increase of early apoptotic cells was more obvious
after knocking down PSAT1 (Fig. 4G). The results of cell
cycle detection indicated that the knockdown of PSAT1 was
associated with an increased proportion of DLD-1 cells in
the S and G2 phases, which implied that knocking down
PSAT1 could induce S and G2 arrest in CRC (Fig. 4H).

To check whether the concentration of the serine affects
the biological function of PSAT1, we supplemented suf-
ficient exogenous serine (12 mm, effective concentration
sourced from the literature [36]) in DLD-1 cells. The results
showed that adding exogenous serine to the negative control
(NC) group can partially rescue the migration and invasion
abilities of CRC, but cannot rescue the inhibited invasion

and migration abilities of the sh-PSAT1-1 group in vitro
(Fig. 41, J). The results suggested that PSAT1 might play an
enzymatic-independent role in promoting CRC cells migra-
tion and invasion.

PSAT1 inhibited the Hippo tumor-suppressor
pathway in CRC

To further explore how PSAT1 promotes CRC progres-
sion, we analyzed the biological pathways that PSAT1
was involved in by using the TCGA-COADREAD dataset.
Analysis of the TCGA-COADREAD dataset showed that
the expression level of PSAT1 was negatively correlated to
the GSVA score of Hippo-related pathways, and the Hippo-
related pathways were significantly enriched as the expres-
sion level of PSAT1 decreased in GSEA results (Fig. 5A,
B). Then, we detected the expression of Hippo pathway-
associated proteins in PSAT1 knockdown cell lines. In the
DLD-1 cell line, inhibition of PSAT1 down-regulated the
expression level of ID1, a known member of the oncogenic
module of the Hippo pathway but no significant changes
were witnessed at the overall expression levels of TAZ and
YAPI of the oncogenic modules (Fig. 5C). And no obvious
trends were presented in YAP1 and phosphorylated YAPI,
which suggested that the YAP1 protein was not dephospho-
rylated (Fig. 5C). In the SW480 cell line, overexpressing
PSAT1 up-regulated the expression levels of oncogenic
modules ID1, TAZ, and YAP1 in the Hippo pathway, but no
significant changes were witnessed in phosphorylated YAP1
(Fig. 5D). Interestingly, further studies showed that in the
DLD-1 cell line, TAZ and YAP1 transported into the nucleus
were decreased after PSAT1 was knocked down (Fig. SE).

AMOT was an important downstream molecule
of PSAT1 in CRC

To further analyze the important downstream molecules of
PSAT1 in CRC, we performed RNA-seq on DLD-1 sh-NC,
sh-PSAT1-1, and sh-PSAT1-2. We analyzed and displayed
the results in Volcano plots, Venn diagrams, Heat maps,
and a Scatter plot (Fig. 6A—C, Supplementary Fig. S2A, B).
We found that 335 DEGs were jointly up-regulated and 41
differentially expressed genes were jointly down-regulated
upon PSAT1 knockdown.

We want to find through which downstream molecules
PSAT1 may affect the Hippo pathway. AMOT can molecu-
larly interact with YAP/TAZ [20], which is curated in the
KEGG pathway diagram (Fig. 6D). Analyzing the CRC cell
line RNA-seq data, we found that AMOT was among the up-
regulated DEGs after PSAT1 was knocked down (Fig. 6E).
We confirmed the correlation between PSAT1 and AMOT
in DLD-1 and SW480 cells at the transcriptional level. Fur-
ther RT-qPCR experiments confirmed that the expression
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«Fig.5 PSATI1 promoted CRC progression through the Hippo path-
way. A GSEA enrichment plots, showing that down-regulation of
PSAT1 expression level in CRC was significantly enriched in the
Hippo pathway. The analysis was based on the TCGA-COADREAD
dataset, where * denotes p <0.05 and FDR <0.25. B GSVA-Spear-
man correlation analysis plots, showing that a statistically significant
negative correlation between the expression levels of PSAT1 and the
signaling activity of the Hippo pathway. The analysis was based on
the TCGA-COADREAD dataset, where * indicates p<0.05. C, D
WB results showed that PSAT1 activated oncogenic modules in the
Hippo pathway at the protein level in PSAT1-inhibited DLD-1 cell
line (C) and PSAT1-overexpressed SW480 cell line (D). To ensure
that proteins of different molecular weights could be detected well,
the samples derived from the same experiment or parallel experi-
ments and that gels/blots were processed in parallel. All experimental
samples and controls used for one comparative analysis were run on
the same blot/gel. E Immunofluorescence analysis showing reduced
nuclear localization of both TAZ and YAP in sh-PSATI1-1 and -2
groups, compared with the sh-NC group in DLD-1 (1260 X magnifi-
cation)

of AMOT was negatively correlated with the expression
of PSAT1 in DLD-1 and SW480 cells (Fig. 6F-I). These
findings corroborated the data derived from the RNA-seq
analysis we conducted on the DLD-1 cell line. We detected
AMOT mRNA expression levels in the normal and CRC
cell lines. Our results reveal that some cell lines have lower
AMOT mRNA expression levels than the FHC and some
have higher values than the FHC (Fig. 6J).

PSAT1 promoted the CRC progression by negatively
regulating AMOT

AMOT encodes two protein isoforms: p80 and p130 [23].
In our RNA-seq data, we found that the expression levels
of AMOT transcripts encoding p80 and p130, respectively,
were jointly up-regulated in the sh-PSAT1 groups as com-
pared with the sh-NC group (Fig. 7A). To validate the find-
ing, we designed primers targeting the two transcripts in
RT-qPCR separately. Consistently, the results showed that
the expression of the p80 and p130 transcripts and the total
AMOT were up-regulated in PSAT1 knockdown cells,
compared with the sh-controls, and down-regulated in
PSAT1-overexpressed cells, compared with the OV-controls
(Fig. 7B-E, Supplementary Fig. S3A-C). However, when
comparing the PSAT1-overexpression group with the OV-
control group of RKO cells, no obvious changes were wit-
nessed in the mRNA expression levels of total AMOT and
AMOT transcripts p80 and p130 (Supplementary Fig. S3D).
Furthermore, we measured the AMOT protein expression
levels of DLD-1, SW480, and RKO cells through WB. Our
results showed that AMOT expression was down-regulated
in PSAT1-overexpressed cells, and up-regulated in PSAT1
knockdown cells (Fig. 7C, E, Supplementary Fig. S3E). The
data suggested that PSAT1 negatively regulated AMOT in
CRC cells. Therefore, our study reveals that up-regulation

of PSATI expression can inhibit the expression of total
AMOT and AMOT p80 and p130 isoforms, down-regula-
tion of PSAT1 expression can promote the expression of
total AMOT, AMOT p80, and AMOT p130 isoforms, and
PSAT1 may play a critical role by simultaneously affecting
the expression levels of the two AMOT isoforms.

Next, we sought to delineate the functional significance
of AMOT in CRC. We knocked down AMOT in CRC cells
(Supplementary Fig. S3F-K), and detected the impact of
changed AMOT expression on the biological behavior of
CRC cells in vitro. The CCKS results suggested that the
knockdown of AMOT slightly promoted the proliferation
of DLD-1 cells and partially rescued the proliferation of
DLD-1 cells impaired by PSAT1 knockdown (Fig. 7F).
Consistently, knocking down AMOT partially rescued the
in vitro colony formation ability of cancer cells impaired
by PSAT1 knockdown in DLD-1 and HCT-15, but has little
impact on the sh-NC groups of DLD-1 (Fig. 7G, H). The
reason for the little impact may lie in the limited reaction
time for siRNA and the low expression level of AMOT in
the sh-NC groups.

To examine if AMOT affects the nuclear localization
of YAP/TAZ, we performed immunofluorescence assays
again. Our results revealed that DLD-1 cells transfected
with sh-PSAT1-1 +siNC exhibited a significant reduction
in the nuclear localization of YAP and TAZ compared to
those treated with sh-NC + siNC, which is consistent with
our observed results (Fig. SE). Conversely, silencing AMOT
in sh-NC cells led to an increased nuclear localization of
these two proteins. Moreover, AMOT silencing partially
restored the diminished nuclear localization of YAP and
TAZ observed in sh-PSAT1-transfected cells (Fig. 7I). This
suggested that AMOT participates in the regulatory mecha-
nism by which PSAT1 knockdown diminishes the nuclear
translocation of TAZ and YAP. Hence, we concluded that
PSAT1 could suppress AMOT expression, facilitating
the localization of YAP/TAZ from the cytoplasm into the
nucleus, therefore boosting CRC progression.

After going through the literature, we learned that AMOT
participated in regulating cell migration of endothelial cells
and vascularization [23]. We wondered whether the up-
regulation of AMOT caused by knocking down PSATI in
CRC was sufficient to make a difference in blood vessel-
related pathways. By further analyzing our DLD-1 cell line
through RNA-seq, we found that the gene sets for “blood
vessel development” and "cell surface interaction on the
blood vessel wall" were significantly enriched in the PSAT1
knockdown groups (Supplementary Fig. S4A-B). Of note,
AMOT was among the top common core enrichment genes
in the gene set for "blood vessel development" (Supplemen-
tary Fig. S4A-B). Considering that AMOT is reported to be
mainly expressed in blood vessels, we used TISCH2 (http://
tisch.comp-genomics.org/home/) to conduct single-cell
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«Fig.6 Core downstream molecule selection based on RNA-seq of
PSAT1 knockdown CRC cells. A Volcano plots showing the expres-
sion levels of DEGs between two sh-PSAT1 groups (shl, sh2) and
the sh-NC of DLD-1 cells in our cell line RNA-seq. Green and red
data points were filtered according to llimma-voom logFCI>1 and
p adjust<0.05. B Heat map showing the normalized values of log,
FPKM, that is, the relative gene expression levels of three biological
replicate samples of DLD-1 sh-NC, sh-PSAT1-1, and sh-PSAT1-2 in
our cell line RNA-seq. C Venn diagram showing the up-regulated and
down-regulated enriched gene sets and overlapping gene sets found
in GSEA. The sh-PSAT1 groups and the NC group meet p <0.05
and FDR <0.25; common up-regulated gene sets meet NES_shl vs
NC>0 and NES_sh2 vs NC>0; and common down-regulated gene
sets meet NES_shl vs NC<0 and NES_sh2 vs NC<0. D Sche-
matic diagram of the relationship between the AMOT protein and
the Hippo signaling pathway, based on KEGG. E Heat map showing
the filtering results obtained when DEGs generated in RNA-seq after
PSAT1 in the DLD-1 cell line was stably knocked down were filtered
according to limma-voom logFC>2 and adj p<0.05 and FPKM
were filtered according to sh-NC>0.5, sh1>1, and sh2>1. The
results showed that AMOT was ranked seventh among the obtained
nine genes. F-I RT-qPCR results showed the PSAT1 and AMOT
expression levels. The tested cells include the control (sh-NC, Mock)
groups, PSAT1-overexpression groups, sh-PSAT1 groups based on
DLD-1 and SW480 cells, respectively. J RT-qPCR results showed
a correlation between PSAT1 and AMOT expression levels. “ns”
denotes no statistically significant difference; * indicates p<0.05;
** signify p<0.01; *** are used for p <0.001; **** correspond to
p<0.0001

RNA-seq analysis of the CRC-EMTAB8107 and CRC-
GSE166555 databases. As indicated in the results, in CRC,
AMOT is expressed not only within vascular endothelial
cells and immune cells but also within benign and malignant
colorectal epithelial cells (Supplementary Fig. S4C-D). The
detected transcription and translation levels of AMOT in
our cell lines also support this finding. In a word, PSAT1
may play a crosstalk role between CRC cells and the tumor
microenvironment by mediating a vascular-related molecule
AMOT, thereby affecting the progression of CRC.

PSAT1 promoted CRC progression in vivo

The results showed that in the sh-PSAT1 group, the tumor
growth was slower, the tumor weight was significantly
reduced, and tumors were not formed in most nude mice
compared with the sh-NC group. These findings suggested
that PSAT1 confers its oncogenic properties through the
facilitation of cellular proliferation in vivo. (Fig. 8A-D).
The HE and THC results of the subcutaneous tumors showed
that after PSAT1 was knocked down, the Ki-67 proliferation
index was simultaneously down-regulated and AMOT was
up-regulated (Fig. 8E). In addition, the IHC results of paraf-
fin sections of human CRC tissue also proved the negative
correlation between PSAT1 and AMOT (Fig. 8F).

Discussion

CRC ranks among the top three malignant tumors with the
highest morbidity and mortality worldwide [1]. Although
early screening and related treatments are becoming more
efficacious, advanced CRC benefits are very limited and the
probability of postoperative recurrence and metastasis is still
high [2]. Therefore, seeking efficacious tumor biomarkers
and exploring their potential roles in the progression and
metastasis of CRC are of profound significance for clarifying
the pathogenesis, long-term treatment, and early screening
of CRC.

PSATI is selected as the tumor biomarker based on the
CRC databases. PSAT1 is a pivotal catalyst within de novo
SSP [3]. Some studies report that PSAT1 expression is up-
regulated in various types of tumors such as hepatocellular
carcinoma, lung carcinoma, cervical carcinoma, and ovar-
ian carcinoma, promoting tumor progression [9, 15-17, 37].
Some studies report that PSAT1 inhibits tumor progression,
mainly focusing on the central nervous system [38, 39]. Such
findings suggest that PSAT1 may play disparate roles in
diverse types of cancers. Our bioinformatics analysis showed
that the expression of PSAT1 was up-regulated at the colo-
rectal adenoma stage and continued to be up-regulated as
the disease progressed. Our findings indicated that PSAT1
demonstrates elevated expression levels across a spectrum of
CRC cell lines as well as in clinical samples of CRC tissue.
Furthermore, our evidence revealed a positive correlation
between elevated expression levels of PSAT1 and adverse
histological features in CRC about poor differentiation and
increased vascular invasion. PSAT1 remained up-regulated
in LN metastases and liver metastases. In addition, public
website analysis revealed that PSAT1 could be detected in
plasma, which may be applied in early screening. These
findings indicated that PSAT1 may be involved throughout
the occurrence, development, and metastasis of CRC. Our
in vitro functional assays also verified that PSAT1 enhanced
CRC proliferation, migration, and invasion, inhibited CRC
apoptosis, and affected the cell cycle. Our in vivo assays
verified that PSAT1 promoted CRC progression.

Existing studies on PSAT1 in CRC cover drug resistance
[10, 12, 40], serine synthesis [11, 36], cell cycle progression
[11], and methylation [11]. And fewer studies on PSATI
focus on its molecular mechanisms in CRC [10-12]. For
example, the overexpressed PSAT]1 is known to play a sig-
nificant carcinogenesis role in CRC, which is also reported
in breast carcinoma and lung carcinoma, because it increases
cyclin D1 expression by promoting mTOR phosphorylation
and degrades cyclin D1 by inhibiting the GSK3 enzyme
during cell cycle progression [9, 11, 41]. And Montrose
et al. found that in CRC both exogenous serine and endog-
enous serine synthesis driven by highly expressed PSAT1
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«Fig.7 PSATI1 promoted CRC cells proliferation via negatively regu-
lating AMOT. A Bar chart, the analysis data sourced from FPKM
obtained through RNA-seq of the DLD-1 cell line after PSAT1 was
stably knocked down. B-E RT-qPCR and WB results showed the
correlation between the expression of PSAT1, AMOT, AMOT p80,
and AMOT p130. The cells including the stable knockdown PSAT1
groups from DLD-1 and the stable overexpression PSAT1 groups
from SW480. F CCK-8 assay, showing the cell proliferation ability
after AMOT was transiently knocked down for 36 h in DLD-1 cells
by detecting the (optical density) OD values after 3 days. The cells
used for transiently knocking down AMOT were the sh-NC group
and the sh-PAST1-1 group of DLD-1. G, H Clonogenic assay results
(left) and bar charts (right). The cells used to transiently knockdown
AMOT were the sh-NC group and the sh-PAST1-1 group of DLD-1
(G) and the sh-PASTI1-1 group of HCT-15 (H). I Immunofluores-
cence assay of TAZ and YAP in sh-NC or sh-PSAT1-1 DLD-1 cells
which were further transfected with siNC or siAMOT-1. The results
indicated that AMOT potentially plays a role in the PSAT1-mediated
enhancement of TAZ and YAP’s nuclear accumulation (1260 X mag-
nification). “ns” denotes no statistically significant difference; * indi-
cates p <0.05; ** signify p<0.01; *** are used for p<0.001; ****
correspond to p <0.0001

enhanced the proliferation of colon cancer and the resistance
to 5-FU [10].

The phenomenon of interference with PSAT1 in exog-
enous serine existence blocks tumor progression [43] imply-
ing that PSAT1 may have a carcinogenic effect different
from its serine biosynthesis-associated role [15]. There-
fore, it is highly likely that PSAT1 exerts other important
carcinogenic functions in addition to its metabolic effects.
However, the non-metabolic role of PSAT1, for instance,
lung carcinoma, breast carcinoma, and hepatocellular car-
cinoma, is only mentioned in a few reports [15, 17, 18]. For
example, a study on lung adenocarcinoma suggested that
the non-enzymatic function of PSAT1 contributed to cancer
development by inhibiting the IRF1-IFN-y axis [18]. Jiang
et al. reported that PSAT1 promoted metastasis of tumors
by playing a similar role as the p53-72Pro variant [15]. In
addition, some reports believe that PSAT1 is involved in
different phases of the same tumor due to its metabolic and
non-metabolic activities. For example, abnormal up-regula-
tion of PSAT1 leads to resistance to erlotinib and metastasis
in lung cancer [16]. Certainly, some studies did not further
explore whether the SSP played a role in the tumor processes
[42, 44]. Zhu et al. confirmed that PSAT1 promoted distant
metastasis in ER-negative breast carcinoma by activating
the Notch and p-catenin pathways [42]. Biyik-Sit et al. con-
firmed that nuclear PKM?2 contributed to PSAT1-mediated
EGFR-activated lung cancer cell migration by interacting
with PSAT1 [44].

Here, we conducted in vitro functional assays and found
that the addition of exogenous serine cannot completely
restore the invasion or migration ability of CRC cells
in vitro, and this implied that PSAT1 might play an unknown
role in CRC regardless of its participation in SSP. Besides,
we gained more insights into the PSAT1 role in CRC

progression and elucidated its underlying mechanisms. Our
evidence showed that PSAT1 is closely related to the Hippo
pathway. Inhibition of PSAT1 down-regulated the expression
level of ID1, a known member of the oncogenic module of
the Hippo pathway. For the past few years, the Hippo path-
way has attracted much attention in cancer research [19].

Moreover, our evidence showed that knocking down
PSATI1 in CRC did not change the overall expression of
TAZ/YAP proteins, but decreased the translocation of TAZ/
YAP into the nucleus. This function of PSAT1 is independ-
ent of its known metabolic function. It suggested that after
PSAT1 was knocked down, the YAP/TAZ might be isolated
or its degradation might be accelerated in the cytoplasm by a
factor, thereby decreasing the translocation of YAP/TAZ into
the nucleus, and finally inhibiting tumor growth. YAP/TAZ,
which acted as an oncogenic module in the Hippo pathway
[19], is also regulated in other ways [22], but the molecular
mechanism remains not fully clear.

AMOT molecularly interacts with YAP/TAZ, which is
one of its most important known functions [20]. Our RNA-
seq in cell lines further revealed that the knockdown of
PSAT1 up-regulated AMOT, a member of angiostatin-bind-
ing proteins [23]. Research on various malignant tumors, for
instance, DLBCL, lung carcinoma, and gastric carcinoma,
suggested that AMOT and its isoforms serve as tumor sup-
pressors [25-31]. However, studies on other malignant
tumors such as CRC, renal cell cancer, and breast carci-
noma suggested that AMOT and its isoforms serve as tumor
promoters [23, 32-35]. However, the upstream regulator of
AMOT remains largely unclear. Furthermore, the relation-
ship between PSAT1 and AMOT has not been found yet. We
found that PSAT1 was negatively correlated with AMOT
by reducing the expression of both of the two isoforms
of AMOT at a cellular level. In addition, the IHC study
using clinical samples also confirmed that the expression
of PSAT1 was negatively correlated with the expression of
AMOT at the tissue level. Furthermore, our evidence dem-
onstrated that knocking down AMOT could partially rescue
the inhibitory phenotype of PSAT1 in the malignant prolif-
eration of CRC cells in vitro. Therefore, we concluded that
PSAT]1 could inhibit AMOT in CRC and AMOT is involved
in the tumor-promoting effect of PSAT1. However, more
experimental studies are needed to investigate how PSAT1
exerts its oncogenic effects through AMOT. For example,
transgenic animal models can provide valuable in vivo evi-
dence for the effect of PSAT1 on the biological behavior
of tumors by regulating AMOT.IHC analysis with more
clinical samples and multiple-factor survival analysis can
further confirm PSAT1 regulation of AMOT and its effect
on prognosis.

It is known that AMOT regulates YAP and TAZ proteins
in the Hippo pathway, but there is controversy on the direc-
tion of action and the mechanism of AMOT on YAP/TAZ
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«Fig.8 PSAT1 promoted CRC cell proliferation in vivo. A Image
of tumor-bearing nude mice. B Representative image of xenograft
tumors in BALB/c-nu mice injected with the indicated cells. C
Tumor growth curve of tumor-bearing nude mice. D Xenograft tumor
weight graph. E IHC expression of PSAT1, AMOT, and Ki-67 in the
same HE tumor area. F Correlation analysis based on the IHC scores
of PSAT1 and AMOT in serial paraffin sections of tissue of 16 CRC
cases

[25, 33]. Zhang et al. confirmed that AMOT dephosphoryl-
ates YAP and promotes YAP entering the nucleus from the
cytoplasm to activate the YAP-ERK and PI3K-AKT path-
ways, which enhanced the malignant potential in CRC [33].
Nevertheless, in our study, PSAT1 knockdown up-regulated
AMOT but did not affect the phosphorylation level of YAP.
Another research on lung cancer suggested that AMOT
sequestered YAP /TAZ in the cytoplasm to reduce the trans-
port of YAP/TAZ into the nucleus and knocking down YAP/
TAZ prevented the malignant potential of cancer cells that
might be due to the lack of AMOT [25]. This is consistent
with our immunofluorescence results that knocking down
AMOT partially rescued the reduced nuclear localization
of YAP/TAZ caused by PSAT1 knockdown in CRC. This
observation points to a role for AMOT in the regulatory
pathway affected by PSAT1 knockdown, most likely modu-
lating the nuclear translocation of these key transcriptional
coactivators. While our results are suggestive of this mecha-
nism strongly, we acknowledge that additional experiments
are necessary to rigorously substantiate our conclusions.
For example, nuclear-cytoplasmic separation experiments
on YAP/TAZ, the in vivo rescue experiment, and the detec-
tion of AMOT phosphorylation can further confirm our
conclusions and make the mechanism more complete. In
addition, the specific mechanism by which PSAT1 affects
the expression of AMOT needs to be further studied, such as
what transcription factors may mediate the suppressive effect
of PSAT1 on the expression of AMOT, or whether PSAT1
affects the expression of AMOT through a serine-dependent
pathway mechanism.

In addition, we returned to the first major function of
AMOT. AMOT may negatively mediate the effects of angio-
statin and be related to the migration of endothelial cells
during vascularization and may be related to cell-to-cell
junctions in endothelial cells [23, 45-47]. A few research
also reported the mechanism of how AMOT acted as a vas-
cular-related molecule to affect vascular endothelial cells
[48]. The relationship between Hippo-YAP/TAZ signaling
and angiogenesis has also been discussed [49]. However,
how AMOT regulating or crosstalking between normal
blood vessels and tumor blood vessels to affect tumor pro-
gression remains largely unknown. In addition, no literature
elaborates on the connection between PSAT1 and vascula-
ture-related molecules. In our study, our cell line RNA-seq
results confirmed that vasculature-related pathways, where

AMOT resides, were significantly enriched after PSAT1 was
knocked down. This finding suggested that after being nega-
tively induced by PSAT1, AMOT may serve its first major
role in affecting the tumor microenvironment and promoting
CRC metastasis. Our IHC results also indicated that PSAT1
is closely related to vascular invasion. No mechanisms of
PSAT1 in the tumor microenvironment have been reported
yet. That is why deeper research on this part will bring a
new perspective to reveal the role of PSATI in the interac-
tion between tumors and the tumor microenvironment, and
provide an experimental basis for the application of PSAT1
in anti-tumor.

In summary, our study indicated that PSAT1 plays a new
non-metabolic role in promoting the progression of CRC by
negatively regulating AMOT and inhibiting the Hippo path-
way. Hence, PSAT1 might become a potential therapeutic
target for CRC.
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