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ABSTRACT

Alterations of cell mechano-environment and metabolism are common features of malignant neoplasm.
We recently showed that increased stiffness of extracellular matrix is intrinsically linked to up-regulation
of proline synthesis through a mechano-responsive fermitin family homolog 2 (FERMT2, best known as
kindlin-2) and pyrroline-5-carboxylate reductase 1(PYCR1) complex, which in turn promotes collagen
matrix synthesis, cell proliferation, survival, and cancer progression.

The interplay between cell mechano-environment and metabo-
lism is critically involved in cancer progression. It has been well
recognized, for example, that increased extracellular matrix
(ECM) stiffness is intimately associated with tumorigenesis and
progression. ECM stiffening not only is the result of tumor
fibrosis, and growth (and therefore is widely used for diagnosis
of a tumor in various organs) but also functionally contributes to
cancer progression. Metabolic reprograming is another common
feature of cancer, which allows cancer cells to proliferate, survive
and disseminate under altered microenvironment. Among
amino acids, the demand for proline is in particular increased
in cancer cells." Proline metabolism is important for energy
production, redox balance and protein synthesis, in particular,
that of collagen, as approximately 25% of amino acids incorpo-
rated into collagen are proline.” Indeed, it has been shown that
pyrroline-5-carboxylate reductase 1 (PYCR1), a key enzyme in
proline synthesis, is one of the most overexpressed metabolic
enzymes in cancer.” In a recent study, we have found that these
two common features of malignant neoplasm (i.e., increases of
ECM stiffness and proline synthesis) are intrinsically linked
through a mechano-responsive fermitin family homolog 2
(FERMT?2, best known as kindlin-2) -PYCR1 protein complex.’

Kindlin-2 is a widely expressed component of cell-ECM
adhesions.* While the functions of kindlin-2 in integrin-
mediated cell-lECM adhesion and signaling have been well
recognized,*”” its role in metabolic pathways was unknown.
Initial evidence for a role of kindlin-2 in proline metabolism
was from a nanoscale liquid chromatography coupled to
tandem mass spectrometry screen, in which we found that
kindlin-2 physically associated with PYCR1.? Using recom-
binant kindlin-2 and PYCRI1 proteins, we confirmed that
they directly interacted with each other. Furthermore, bio-
chemical, confocal microscopic and fluorescence resonance
energy transfer analyses revealed that kindlin-2 was localized
in not only cell-ECM adhesions but also mitochondria where
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it formed a complex with PYCRI. Remarkedly, mechanical
signals from cell environment (e.g., ECM stiffening) pro-
moted kindlin-2 mitochondrial translocation and interaction
with PYCRI, resulting in elevations of PYCRI level, proline
synthesis, and cell proliferation.” In the same study, we have
also assessed whether kindlin-2 functions in the regulation of
the levels of PYCRI, proline and collagen matrix and the
growth of tumor in vivo. The results showed that the levels
of both kindlin-2 and PYCRI were markedly increased in
human and mouse lung adenocarcinoma, which exhibited
greater stiffness compared with that of healthy tissue regions
adjacent to the tumors.’ Importantly, ablation of Fermt2
from lung adenocarcinoma in mouse significantly reduced
the levels of Pycrl, proline synthesis, and collagen matrix,
resulting in marked inhibition of tumor growth and reduc-
tion of mortality rate.> Thus, kindlin-2 and PYCR1 appear to
mediate a positive feedback system between cellular
mechano-environment and proline synthesis, in which
ECM stiffening promotes kindlin-2 interaction with
PYCRI, resulting in elevated levels of PYCR1 and proline
synthesis and consequently increases cell proliferation, survi-
val, collagen matrix synthesis and tumor growth (Figure 1).
The elevation of collagen level in ECM, in turn, increases
ECM stiffness, which further promotes kindlin-2 interaction
with PYCRI and cancer progression (Figure 1). Ablation of
Fermt2 disrupts this positive feedback system and therefore
suppresses tumor growth in vivo.’

While it is clear that kindlin-2 interaction with PYCRI and
regulation of proline metabolism are critically involved in
tumor fibrosis and growth, kindlin-2 likely also participates
in other aspects of mechanotransduction during cancer pro-
gression. For example, kindlin-2 is known to directly interact
with integrin § cytoplasmic domains.” The binding of kindlin-
2 to integrin is likely important for mechanical force-induced
integrin activation and clustering”'® and consequently
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Figure 1. Kindlin-2-mediated signaling pathways that link mechano-environment to proline synthesis, YAP/TAZ signaling and cancer progression.

The figure depicts signaling pathways through which fermitin family homolog 2 (FERMT2, best known as kindlin-2) links mechano-environment to proline synthesis
and Yes-associated protein (YAP)/WW domain containing transcription regulator 1 (WWTRI, best known as TAZ) signaling. Kindlin-2 is recruited to cell-extracellular
matrix (ECM) adhesions through interaction with integrins, where it promotes integrin activation, clustering, and downstream signaling. ECM stiffening promotes
kindlin-2 translocation to mitochondria, where it interacts with pyrroline-5-carboxylate reductase 1(PYCR1), resulting in elevations of PYCR1 level and proline
synthesis that promotes cell proliferation and collagen matrix synthesis, which further increases ECM stiffness. Kindlin-2-mediated regulation of proline synthesis
also helps to maintain redox balance and cell survival. In addition, kindlin-2 interacts with myosin light chain kinase (MLCK) in response to ECM stiffening, which
promotes myosin light chain phosphorylation and actomyosin contraction, resulting in inhibition of neural precursor cell expressed, developmentally down-regulated
4(NEED4)-like E3 ubiquitin ligase Atrophin-interacting Protein 4(AlP4)-mediated YAP/TAZ degradation and increase of YAP/TAZ expression and signaling.® a-KG: a-
ketoglutarate; P5C: A1-pyrroline-5-carboxylate; ROS: reactive oxygen species; TCA: tricarboxylic acid cycle; TEAD1: TEA domain family member 1; RHOA: Ras homolog
family member A.
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