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Abstract

Pyrroline-5-carboxylate reductase (PYCR), the last enzyme in proline synthesis that converts P5C into proline, was found
promoting cancer growth and inhibiting apoptosis through multiple approaches, including regulating cell cycle and redox
homeostasis, and promoting growth signaling pathways. Proline is abnormally up-regulated in multiple cancers and becomes
one of the critical players in the reprogramming of cancer metabolism. As the last key enzymes in proline generation,
PYCRs have been the subject of many investigations, and have been demonstrated to play an indispensable role in promot-
ing tumorigenesis and cancer progression. In this article, we will thoroughly review the recent investigations on PYCRs in

cancer development.
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Introduction

Proline is a special non-essential amino acid, as its side
chain forms a pyrrolidine loop with nitrogen, making it the
only proteinogenic amino acid. The cyclic structure con-
tained in proline causes its extraordinary rigidity and influ-
ences the nearby secondary structure of proteins, making it
a sequence-recognition motif (Phang 2019). Proline is one of
the most predominant amino acids in the cell microenviron-
ment, and it forms collagen via the intermediate hydroxypro-
line. Unlike other amino acids, proline has its own metabolic
features with an exclusive family of metabolic enzymes.
There are two distinct pathways involved in proline biosyn-
thesis due to different origins of resources, namely gluta-
mate, and ornithine (Tanner et al. 2018). However, all roads
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lead to Al-pyrroline-5-carboxylate (P5C), the precursor of
proline, and pyrroline-5-carboxylate reductases (PYCRs/
P5CRs) are the last enzymes that convert P5C into proline
through NAD(P)H oxidation (Christensen et al. 2017). This
process is highly conserved and is exhibited in almost all
species, and indispensable for proline production (Adams
and Frank 1980).

Three homologous genes have been discovered to encode
PYCRs, including PYCR1, PYCR2, and PYCR3/PYCRL.
PYCRI1 and PYCR?2 are both located in the mitochondria
and share 84% structure homology, functioning similarly
in the last step of the glutamate-P5C-proline pathway with
a preference for NADH as the cofactor. However, PYCR3
lacks 40 amino acids in the C terminal compared to the
others and is mainly located in the cytoplasm. In addition,
PYCR3 prefers to catalyze proline production from ornith-
ine, using NADPH as the cofactor (De Ingeniis et al. 2012).
The crystal structure of human PYCR revealed a decameric
architecture consisting of five basic homodimer subunits and
ten catalytic sites. The ring-shaped holoenzyme contains a
circular groove that serves as the binding sites for substrates
and cofactors (Nocek et al. 2005; Meng et al. 2006).

PYCRs are linked to many human diseases. The mis-
sense mutation in PYCR1 was found to cause autosomal-
recessive cutis laxa type 2 (ARCL2), a multisystem disorder
including premature aging, wrinkled and lax skin, joint lax-
ity, and developmental delay (Guernsey et al. 2009). Two
homozygous mutations in PYCR2 were reported to cause
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microcephaly and hypomyelination, suggesting a crucial role
of PYCR2 in human nervous system development (Nakay-
ama et al. 2015). Since the reprogramming of metabolism
emerges as a vital hallmark of cancer, an increasing number
of metabolic pathways have been deeply investigated (Han-
ahan and Weinberg 2011; Pavlova and Thompson 2016),
including the proline cycle, which found proline to be abnor-
mally up-regulated in multiple cancers (Sun et al. 2019; Tan-
ner et al. 2018; Tang et al. 2018). PYCRs, as the last key
enzyme in proline generation, have attracted many investiga-
tions, and have been demonstrated to play an indispensable
role in promoting tumorigenesis and cancer progression. As
proline metabolism became evident in the metabolic repro-
gramming of cancer, a few reviews have summarized the
aberrant proline cycle in tumors and the important enzymes
involved in the process (Tanner et al. 2018; Phang 2019;
Burke et al. 2020; D’Aniello et al. 2020). However, there is
still short of a global description for PYCR in tumor initia-
tion and development. This review, therefore, summarized
the distinct role and its mechanisms of PYCR in cancer pro-
gression, including those unrelated to proline production.

Up-regulated in multiple cancers

Through immunohistochemical staining, PYCRs have been
found to be up-regulated in different cancer tissues, includ-
ing lung cancer (Cai et al. 2018; Gao et al. 2020; Guo et al.
2019; She et al. 2019), liver cancer (Zhuang et al. 2019),
colorectal cancer (Yan et al. 2019), gastric cancer (Xiao
et al. 2020), breast cancer (Ding et al. 2017; Craze et al.

Table. 1 The clinical role of PYCR in malignancies

2018), prostate cancer (Zeng et al. 2017), bladder cancer
(Song et al. 2021; Du et al. 2021) and esophageal squa-
mous cell carcinoma (Sun et al. 2019). High expression of
PYCRs is positively correlated with poor cancer progno-
ses. Over-expression of PYCRs in different tumors was also
demonstrated by analysis from different databases such as
The Cancer Genome Atlas (TCGA) (Sang et al. 2019; Hol-
linshead et al. 2018; Cheng et al. 2020) (Table 1). Increased
expression of PYCRs resulted in an elevation of proline con-
centration, which was recognized as a metabolic addiction
of cancer cells (Ding et al. 2020), making proline a trust-
worthy therapeutical target (Loayza-Puch et al. 2016; Sun
et al. 2019).

Aside from the abnormal expression levels, Hong et al.
reported that PYCR1 had novel splicing variants in non-
small cell lung cancer. They found that exon 2 or 3 of
PYCRI1 is skipped in cancer tissues, indicating that PYCR1
might gain a novel function in cancer via alternative splicing
(Hong et al. 2016). Above all, up-regulating the expression
level of PYCR was shown to be a potent strategy of cancer
cells, making it a novel oncogene and a promising target to
block tumor progression and improve survival.

Promote proliferation and inhibit apoptosis

Many studies have demonstrated that PYCR1 plays a cru-
cial role in tumor growth and progression. Knockdown of
PYCRI1 significantly suppressed tumor growth and induced
apoptosis in various cancers. Specifically, reduction of
PYCRI significantly down-regulated the expression level

Malignance Protein Method Clinical indications Refs.
NSCLC PYCRI1 IHC, WB, qPCR Negative with prognosis (Cai et al. 2018)
PYCRI1 IHC Positive with pathological grade (She et al. 2019)
PYCRI1 Database Not shown (Sang et al. 2019)
LUAD PYCRI1 IHC Negative with prognosis (Gao et al. 2020)
PYCRI1 Database, qPCR Not shown (Guo et al. 2019)
Hepatocellular carcinoma PYCRI1 IHC, qPCR Not shown (Zhuang et al. 2019)
PYCR2 IHC Negative with prognosis (Gao et al. 2019)
Colorectal cancer PYCRI1 qPCR, WB Not shown (Yan et al. 2019)
Gastric cancer PYCRI1 Database, IHC Negative with prognosis (Xiao et al. 2020)
Breast cancer PYCRI1 Database, IHC Negative with prognosisPositive (Ding et al. 2017)

PYCRI1 IHC

Prostate cancer PYCRI IHC

with pathological grade
(Craze et al. 2018)
(Zeng et al. 2017)

Negative with prognosis
Positive with Gleason score

Bladder cancer PYCRI1 Database, qPCR, WB Negative with prognosis (Song et al. 2021)
PYCRI1 Database, qPCR, WB Negative with prognosis (Du et al. 2021)
PYCRI1 Database Negative with prognosis (Cheng et al. 2020)
Esophageal squamous cell carcinoma PYCR2 IHC Not shown (Sun et al. 2019)
IDH1-mutated low grade gliomas PYCRI1 Database Not shown (Hollinshead et al. 2018)
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of Bcl-2 and Bcl-xl, two key anti-apoptotic proteins, and
promoted the cleavage of caspase-3. Meanwhile, Bax, a pro-
apoptotic protein and tumor suppressor, was increased after
the silencing of PYCR1 (Ye et al. 2018; Cai et al. 2018;
Wang et al. 2019). Reduction of PYCR3/PYCRL in a subset
of cancer cells that are independent of exogenous proline
inhibited colony formation and cell proliferation following
proline starvation (Sahu et al. 2016).

Regulate cell cycle

Cell cycle transition is a complicated but accurate process
controlled by a number of cyclin-dependent kinases, and
each cycle is associated with a unique cyclin-CDK activity.
Loss of PYCRI induces cell cycle arrest in the G1 phase
and subsequent apoptosis in non-small cell lung cancer
cells. Mechanically, the expression of cyclin D1, which
functions in promoting cell cycle entering S phase from
the G1 phase, decreased dramatically after the silencing
of PYCRI1 (Tetsu and McCormick 1999; Cai et al. 2018).
The cyclin B1/CDKI1 complex is activated and accumulated
at the centrosome during interphase, which controls both
centrosome separation and mitotic spindle assembly (Nigg
2001). In prostate cancer cells, ablation of PYCRI1 caused
cell cycle arrested at the G2/M phase via down-regulating
the expression levels of CDK1, CDK2, CDK4 and Cyclin B1
(Zeng et al. 2017). In hepatocellular carcinoma, Ding et al.
performed an RNA-sequencing analysis after knockdown
PYCR and found a strong correlation between PYCR1 and
cell cycle-related genes, which was not observed in PYCR2
knockdown cells. The silencing of PYCRI1 significantly
repressed the expression of crucial cell cycle regulators,
including cyclins, CDKs, E2F and MYC (Ding et al. 2020).
However, Liu et al. found that impaired proline biogenesis
by down-regulation of PYCR had no effect on cell cycle in
lymphoma and lung cancer cells (Liu et al. 2015). The pos-
sible explanation is that these groups chose different types
of cancer cell lines to carry out the experiments for the cell
cycle. The PC9 cell chosen by Liu et al. was shown a rather
low expression level of PYCR among lung cancer cells by
other group (Cai et al. 2018), which might partially make a
case for why PYCR had different roles in cell cycle regula-
tion in different cancer cells.

Regulate redox homeostasis

Proline was shown a potent anti-oxidative stress reagent that
capable to protect cells from various reactive oxygen spe-
cies (ROS) inducers such as H,0,, tert-butyl hydroperoxide,
and carcinogenic oxidative stress. In the presence of H,0,,
the expression level of PYCR increased, resulted in more
proline production, and consequently increased cell sur-
vival (Krishnan et al. 2008). In addition, PARK7/DJ-1 could

directly enhance the enzymatic activity of PYCRI and pro-
mote proline production. Knockdown either PYCR1 or DJ-1
inhibited cell resistance to H,O,, however, deletion both
DJ-1 and PYCRI1 did not significantly enhance the protec-
tion, indicating that PYCR1 and DJ-1 might work together in
the same pathway in anti-oxidative protection (Yasuda et al.
2013). Ribonucleotide-diphosphate reductase subunit M2 B
(RRM2B) plays a vital role in protecting cells from oxida-
tive stress through its intrinsic catalase activity that reduces
hydrogen peroxide into water. PYCR1 and PYCR?2 can inter-
act with RRM2B. Silencing of PYCR1 and PYCR2 not only
directly causes fragmentation of mitochondria, sensitizing
cells to oxidative stress, but also eliminates the resistance to
hydrogen peroxide achieved by over-expression of RRM2B,
indicating that this complex functioned together to protect
cells from oxidative stress (Kuo et al. 2016). Isocitrate
dehydrogenase 1 (IDH1) was frequently mutated in vari-
ous cancers, especially in gliomas and glioblastoma. One
of the oncogenic effects of this mutation is breaking the
redox homeostasis due to the acquirement of the NADPH-
coupled reducing activity. In IDH1 mutated cancers, the
cellular NADPH: NADPT ratio is altered, which makes it
more sensitive to oxidative stress. PYCR1 was found up-
regulated in IDH1-mutated gliomas, along with an increase
in proline synthesis and proline concentration, serving as an
endogenous antioxidant. In addition, the enhanced PYCRI1
activity consumed the sparing oxygen by oxidizing NAD(P)
H, resulting in partially uncoupling respiration from TCA
cycle activity, and sustaining cellular anabolism (Hollins-
head et al. 2018). Although it still remained elusive that
whether anti-oxidation could prevent or promote cancer,
overloaded ROS was harmful to cancer cell survival, due
to the ruinous oxidation of DNA, protein and lipids. PYCR
could directly respond to excessive ROS level such as H,0,,
and promote redox homeostasis via multiple strategies,
including proline biogenesis, up-regulation of RRM2B and
balancing NADPH: NADP? ratio.

Regulate cell growth and proliferation signaling
pathways

STAT3 and NF-kB are two distinct transcription factors that
can affect the activity of each other, and both play crucial
roles in tumorigenesis (Johnson et al. 2018). STAT3 is able
to activate NF-kB via binding and recruiting its acetyltrans-
ferase p300 and enhancing the nuclear retention of NF-xB
(He and Karin 2011). Yan et al. found that PYCR1 directly
interacts with STAT3, and overexpression of PYCRI ele-
vates the protein levels of STAT3. Silencing of PYCR1
decreased the phosphorylation level of NF-kB p65 and
p38 MAPK, which could be reversed by over-expression
of STAT3. This suggested that PYCRI1 is involved in the
STAT3-MAPK/NF-kB axis and regulates the progression
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of cancer (Yan et al. 2019). Jun N-terminal kinases (JNKs)
are members of the MAPKSs superfamily that function in
regulating cell proliferation, differentiation, and apoptosis.
Upon phosphorylation by upstream MAP2Ks, JNK translo-
cates and activates c-Jun, which consequently increases the
transcription of its downstream target genes (Dhanasekaran
and Reddy 2008). A gene expression array was performed
to investigate the difference between shPYCR1 and con-
trol hepatocellular carcinoma (HCC), which revealed that
silencing PYCRI significantly altered the JNK signaling
pathway. In addition, an obvious reduction of mRNA level
of c-Jun was detected after PYCR1 knockdown, indicating
that PYCR1 knockdown could inhibit cell proliferation in
HCC through regulating JNK pathway (Zhuang et al. 2019).

Knockdown PYCRI significantly impaired the phos-
phorylation levels of the serine/threonine kinase AKT and
its target p70, and this inhibitory effect could be reversed
by additional stimulation with insulin-like growth factor 1
(IGF-1), an activator of T308 phosphorylation site of AKT.
IGF-1 also rescued the proliferation inhibition in PYCR1
knockdown cells, demonstrating that PYCR1 promoted
tumor growth via the AKT pathway (Ye et al. 2018). Wang
et al. also reported that not only AKT but also the phos-
phorylation level of mTOR, was obviously down-regulated
following reduction of PYCR1 (Wang and Liu 2019). In
addition, Du et al. discovered that, in bladder cancer cells,
PYCRI1 knockdown impeded tumor growth and invasion
via diminishing the phosphorylation levels of AKT, and
GSK-3f which is the down-stream target of AKT. Reduc-
tion of PYCRI1 also decreased the active level of B-catenin,
whereas over-expression of PYCR1 had the opposite effect.
More importantly, re-activation of f-catenin was capable to
reverse the inhibition effect caused by PYCR1 knockdown,

which demonstrated that PYCR1 promoted AKT/GSK-
3p/B-catenin signaling in bladder cancer progression (Du
et al. 2021). The ERK pathway is a highly evolutionarily
conserved signaling cascade composed of several crucial
components including Ras, Raf, MEK, and ERK (Samatar
and Poulikakos 2014). Reduction of PYCR1 decreased both
the protein level and phosphorylation level of ERK in breast
cancer cells, and thus significantly impaired cell growth.
However, there was no obvious change in either the ERK
pathway or cell growth after PYCR2 knockdown, suggest-
ing a unique role of PYCRI1 in regulating the ERK signaling
pathway (Ding et al. 2017).

In summary, down-regulation of PYCR impaired vari-
ous proliferative signaling such as STAT3, AKT, and mTOR
pathways. However, PYCR is not an inherent component
or mediator in these pathways, which means that PYCR
regulated growth signaling through an indirect mechanism,
which has not been elucidated yet. Since ablation of PYCR
decreased proline level, and supplement with proline could
activate mTOR signaling in embryonic stem (ES) cells, the
inhibitory effect on mTOR after knockdown PYCR in cancer
cells could be put down to the shortage of proline. The redox
imbalance due to PYCR silencing could be the explanation
for NF-kB and STAT3 activation, as ROS is an intrinsic
messenger molecule which can activate multiple signaling
such as NF-kB pathway (Fig. 1).

Promote cancer invasion and migration
Epithelial-mesenchymal transition (EMT) is an orderly

reversible process that is crucial for epithelial cancer
progression and metastasis. During EMT, the interaction

Fig.1 The role of PYCRs in
tumorigenesis and progression
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between cancer cells and the cell-extracellular matrix is
remodeled, facilitating cancer cells to detach from the base-
ment for migrating (Dongre and Weinberg 2019). Multiple
groups have demonstrated that reduction of PYCRI1 sig-
nificantly impaired the migration and invasion capability
of cancer cells (Cheng et al. 2020; Gao et al. 2020; Song
et al. 2021) via down-regulating the EMT markers includ-
ing N-cadherin, Vimentin, Snail and Slug, whereas promot-
ing the expression of E-cadherin that hindered the EMT
process (Sang et al. 2019; Ding et al. 2017). Mitochondrial
Lon is a stress response protein that functions in maintain-
ing mitochondrial proteostasis. Lon also plays an impor-
tant role in promoting EMT via increasing cellular ROS
generation and inducing chronic inflammation in a tumor
microenvironment (Pinti et al. 2015). PYCR1 bound to Lon
and functioned as an ROS regulator. The over-expression
of PYCRI could increase ROS generation. Under oxidative
stress, the interaction between PYCR1 and Lon increased,
which resulted in EMT activation and secretion of pro-
inflammation cytokines. Besides, the induction of EMT by
Lon could be obviously inhibited by PYCR1 knockdown.
This finding suggests that PYCR1 can promote EMT via
an indirect mechanism (Kuo et al. 2020). The extracellular
matrix (ECM) of the tumor microenvironment plays a vital
role in the development of cancer, such as gaining invasive-
ness, undergoing the EMT process, and metastasis. Aber-
rant ECM remodeling including proteolysis and crosslinking
contributes to the signaling transduction and angiogenesis,
which in turn promotes cancer cell invasion (Yuzhalin et al.
2018). Collagen is the most abundant component of ECM,
and around 25% amino acids in collagen are proline and
hydroxylated-proline (Phang 2019). Since up-regulation
of PYCR in cancer cells promoted proline biogenesis, it is
reasonable to speculate that PYCR1 might promote matrix
protein production and thus contribute to ECM remodeling.
Although there is no direct evidence, several recent works
already gave some hints (Chen et al. 2021; Liang et al.
2019). For example, transforming growth factor-beta (TGF-
f) is a potent inducer of EMT, which was shown to elevate
the expression levels of all enzymes participated in proline
biogenesis including PYCR (Schworer et al. 2020). There-
fore, it is safe to hypothesize that PYCR plays an important
role in tumor migration induced by collagen production and
ECM remodeling.

Induce drug resistance and cancer relapse

Chemoresistance and cancer relapse have become an
increasingly major challenge for cancer therapy and patient
prognosis. Neoadjuvant treatment (NAT) is an administra-
tion of therapy agents or radiation before the surgery, aimed
to shrink large tumors and obtain prognostic information

about drug sensitivity (Trimble et al. 1993). Shenoy et al.
performed LC-MS/MS proteomic analysis of breast can-
cer tissue before and after neoadjuvant treatment and found
that the expression level of PYCR1 was tightly associated
with drug resistance. Specifically, PYCR1/2 were highly
expressed in cancer tissue before and after treatment,
which was correlated with poorer prognoses and higher
tumor recurrence (Shenoy et al. 2020). In vivo and in vitro
functional experiments further demonstrated that PYCR1
deletion increased glutamine flux to the TCA cycle, which
restricted the proliferation and invasion capability of cancer
cells and increased drug sensitivity (Shenoy et al. 2020).
Knockdown PYCRI1 also diminished IC50 for 5-FU in
colorectal cancer cells, and overexpression of STAT3 could
reverse the effect. This finding suggests that PYCR1 pro-
motes drug resistance by activating the STAT3 signaling
pathway (Yan et al. 2019). Cancer stem-like cells (CSLC)
are a population of cancer cells inside the tumor mass and
possess the ability of self-renewal, which are believed capa-
ble to induce drug resistance and relapse. Proline was shown
that it is able to induce embryonic-stem-cell-to-mesenchy-
mal-like transition (esMT) in ES cells, and PYCR1 was
shown to be regulated by TAp73 in CSLC. These evidences
all suggested an important role of proline metabolism in
cancer stem-like cells, which calls for more investigations.

Involved in Virus-related cancer

About 15-20% of cancers are associated with parasitic
infection, of which the most common occurrence is through
viruses. Oncovirus infection could produce oncogenic
effects through multiple mechanisms such as induction
of DNA damage and chronic inflammation (Tashiro and
Brenner 2017). Kaposi’s sarcoma-associated herpesvirus
(KSHYV) infection increases levels of nonessential amino
acids, especially proline. KSHV K1 oncoprotein directly
binds with host PYCR1 and PYCR2 via its C terminus, and
this interaction enhances PYCR enzymatic activity, resulting
in increased proline synthesis. Additionally, PYCR activity
is also crucial for regulating ROS production in infected
cells and indispensable for K1-mediated transformation
and tumor growth (Choi et al. 2020). A systematic prote-
ogenomic analysis of Hepatitis B virus (HBV)-related HCC
tissues revealed an abnormal activation of key signaling
pathways and liver-related metabolic reprogramming, com-
pared with paired adjacent normal tissues. PYCR2 expres-
sion was found to be significantly different, indicating the
crucial role of PYCR2 in metabolic reprogramming. Fur-
ther immunostaining results also demonstrated that PYCR2
is tightly correlated with patient survival, suggesting that
PYCR2 might be a robust prognostic marker in HBV-related
HCC (Gao et al. 2019).
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The regulation of PYCR

As a crucial enzyme of proline metabolism, extracellular
proline is the natural regulator of PYCR activity (Lorans
and Phang 1981). A measurement of ribosome profiling for
detecting restricted amino acids found a limitation of avail-
able proline for kidney cancer. The deficiency of proline
and its precursor resulted in up-regulation and activation of
PYCRI, indicating the importance of its regulation in tumor
growth (Loayza-Puch et al. 2016).

Transcription

PI3K/AKT was proposed to be the upstream regulator of
PYCRI1 by GSEA analysis, and there was a positive cor-
relation of mRNA expression levels between PIK3CB,
AKTI1, and PYCRI1 in GC cohort from TCGA database.
In addition, inhibition of PI3K significantly decreased the
mRNA and protein levels of PYCR1 (Xiao et al. 2020).
Using chromatin immunoprecipitation (ChIP) assay,
PYCRI1 was discovered as a target for androgen receptor
(AR) in prostate cancer. AR occupancy was enriched at
the PYCRI1 locus, and the expression of PYCR1 responded
to DHT treatment (Jariwala et al. 2007). PYCR1 was also
found as a potential downstream target of the oncogene
c-MYC. Liu et al. reported that c-MYC could directly
increase the expression level of PYCRI1 to facilitate pro-
line production from glutamate while silencing c-MYC
inversely downregulated PYCR1 (Liu et al. 2012). The
positive correlation between c-MYC and PYCR1 mRNA
level was also confirmed in a study by Craze et al. (Craze
et al. 2018). The transcription factor MZF1 promoted
PYCRI expression as well, enhancing proline production
to support neuroblastoma progression (Fang et al. 2019).
TAp73, a tumor suppressor, was recently found to regulate
PYCRI in cancer stem-like cells. Mechanically, TAp73
knockdown significantly inhibited the expression levels of
PYCR1 mRNA and protein, leading to a metabolic shift
from proline and glutamate synthesis to the urea cycle,
which caused a deficiency in proline concentration, limit-
ing cell growth (Sharif et al. 2019).

Post-transcription

The expression of PYCR1 was negatively regulated by
miR-488, a microRNA that was found down-regulated
in both non-small-cell lung cancer cell lines and patient
tissues, which resulted in highly elevated PYCR1 expres-
sion. Furthermore, re-expression of PYCR1 could rescue
the inhibitory effect in cell proliferation caused by miR-488
over-expression on NSCLC cells, suggesting a potential
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therapeutic role of miR-488/PYCRI1 axis in lung cancer
(Wang et al. 2019). Another microRNA, miR-328-3p was
recently shown to directly target PYCRI1 and repress its
expression in lung adenocarcinoma, and thus inhibit cell
viability and migration of cancer cells (Lu et al. 2021).
Alpha-ketoglutarate-dependent dioxygenase (FTO) is a
vital RNA demethylase that mediates the demethylation
of the 6th nitrogen within the adenosine base (m6A) and
regulates multiple biological activities (Chen et al. 2019b).
Song et al. found that PYCR1 mRNA was a novel substrate
of FTO, as knockdown of FTO significantly increased the
m6A level of PYCRI mRNA. FTO promotes the stabil-
ity of PYCRI mRNA by preventing its degradation and
causes the abnormally high expression of PYCR1 in blad-
der cancer. This discovery demonstrates an important role
of FTO/PYCRI1 signaling in bladder cancer development
(Song et al. 2021).

Post-translation

It was recently found that PYCR1 can be regulated by acetyla-
tion, which was its first reported post-translational modifica-
tion (PTM). PYCR1 is acetylated by acetyltransferase CREB-
binding protein (CBP) at the 228th lysine residue (K228),
which is inversely removed by histone deacetylase Sirtuin 3
(SIRT3). The hyperacetylation level of K228 significantly
impaired the formation of the decamer, thus inhibiting its
enzymatic activity. The stable re-construction of wild-type
PYCRI and its different acetylation level mimics were gen-
erated from PYCRI1 knockout cell lines and revealed that the
acetylation of PYCR1K?228 obviously impeded cancer cell
proliferation. This discovery demonstrated that PTM is an
indispensable regulator of PYCRs (Chen et al. 2019a). DJ-1,
encoded by the PARK7 gene, also regulated the enzymatic
activity of PYCRI and enhanced its anti-oxidative stress func-
tion via a direct interaction (Yasuda et al. 2013). Kindlin-2 is a
widely expressed protein that regulates the adhesion between
cells and the extracellular matrix and is also involved in sign-
aling transduction. Kindlin-2 was reported to co-localize and
interact with PYCR1. Ablation of Kindlin-2 in lung cancer
cells caused the obvious reduction in PYCRI1 protein level
but not mRNA level, which indicated that the interaction
with Kindlin-2 prevented the protein degradation of PYCR1.
Moreover, this interaction can be regulated by ECM stiffen-
ing, suggesting that the mechano-environment is also a regu-
lator for PYCR (Guo et al. 2019, 2020). They also found
that PINCH-1, a focal adhesion protein, was able to promote
the association between PYCR1 and Kindlin-2 via affecting
the mitochondrial translocation of Kindlin-2. Furthermore,
ablation of PINCH-1 obviously impaired proline biogenesis,
thus inhibiting tumor growth in lung adenocarcinoma (Guo
et al. 2020).
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In general, several oncogenes like c-MYC has been iden-
tified as the transcription factor of PYCR, which underlined
the special demand for proline metabolism in oncogenic
transformation and partially explained the high-expression
of PYCR in various cancer cells. Nevertheless, more tran-
scription factors are still in need to be discovered, since not
all cancer cells possess the activation of c-MYC. Besides,
as the posttranslational modification was recognized as the
crucial regulation of enzymes in mitochondrial, the new
modifications such as succinylation and phosphorylation
should be further investigated on PYCR to further elucidate
the complicated regulation network (Fig. 2).

Inhibitors of PYCR as an anti-cancer strategy

Since a great amount of evidence has suggested the impor-
tant function of PYCR in tumorigenesis and tumor progres-
sion, searching for targeted inhibitors thereof has become a
viable strategy for cancer treatment. Milne et al. screened a
commercially available compound library against PYCR1
and found pargyline as a fragment-like hit, whose IC50 was
198 uM. Based on the structure and activity relationship
(SAR), a series of derived compounds were designed. One
of effect with an IC50 of 8.8 uM, and its anti-cancer activ-
ity was demonstrated and proven in breast cancer cell lines
(Milne et al. 2019). Christensen et al. performed another
screen for proline analogs via X-ray crystallography and dis-
covered five other potent inhibitors. The co-crystallization
of PYCR1 with these inhibitors were all resolved. Among
them, N-formyl L-proline (NFLP) had the smallest competi-
tive constant at 100 uM and demonstrated a robust antican-
cer activity in breast cancer cells (Christensen et al. 2020).
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PYCR, the last enzyme in proline synthesis that converts
P5C into proline, was found to be abnormally up-regulated
in various cancers. PYCR promoted cancer growth and
inhibited apoptosis through multiple approaches, including
regulating the cell cycle, redox homeostasis and promoting
growth signaling pathways. Elevating PYCR levels were
also positively correlated with drug resistance and cancer
relapse. However, the molecular mechanisms are not fully
elucidated yet, especially those indirectly associated with its
enzymatic activity. For example, how PYCR promotes the
phosphorylation level of AKT or ERK, and whether PYCR
is a component of some key signaling pathways or simply an
indirect factor, require further investigation. Several works
found that loss of PYCR changed the expression levels of
multiple proteins such as EMT markers and CDKs, suggest-
ing an important role of PYCR in regulating gene expres-
sion. Nevertheless, the explanation to this phenomenon is
unclear. It could be attributed to the elevated ROS levels or
endoplasmic reticulum (ER) stress caused by the ablation
of PYCR, which then might activate crucial transcription
factors. Numerous studies have investigated the complicated
regulation network of PYCR and found that dysregulation of
PYCR is tightly connected with cancer progression. Besides
acetylation, there are a few other post-translational modifi-
cations like succinylation, phosphorylation and ubiquitina-
tion predicted within PYCR, which still remain to be further
investigated. A few specific inhibitors were discovered to
block the enzymatic activity of PYCR and showed potent
anti-cancer effects, but these tests were temporarily limited
to only cancer cell lines. Therefore, more data about safety
and efficiency from animal models are urgently needed, to
validate the therapeutic value of inhibiting PYCR in cancers.
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