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Matrix stiffness promotes hepatocellular carcinoma (HCC)
metastasis. This study examined the contribution of lipid
metabolic reprogramming to matrix stiffness-induced HCC
metastasis. HCC cells were cultured on mechanically tunable
polyacrylamide gels and subjected to lipidomic analysis. The
key enzyme that responded to matrix stiffness and regulated
lipid metabolism was identified. The comparative lipidomic
screening revealed that stearoyl-CoA desaturase 1 (SCD1) is a
mechanoresponsive enzyme that reprogrammed HCC cell lipid
metabolism. The genetic and pharmacological inhibition of
SCD1 expression/activity altered the cellular lipid composition,
which in turn impaired plasmamembranefluidity and inhibited
in vitro invasivemotility of HCC cells in response to highmatrix
stiffness. Knockdown of SCD1 suppressed HCC invasion and
metastasis in vivo. Conversely, the overexpression of SCD1 or
exogenous administration of its product oleic acid augmented
plasma membrane fluidity and rescued in vitro invasive
migration in HCC cells cultured on soft substrates, mimicking
the effects imposed by high matrix stiffness. In human HCC
tissues, collagen content, amarker of increasingmatrix stiffness,
and increased expression of SCD1 together predicted poor sur-
vival of HCC patients. An SCD1-dependent mechanoresponsive
pathway that responds to increasing matrix stiffness in the
tumor microenvironment promotes HCC invasion and
metastasis through lipid metabolic reprogramming.

INTRODUCTION
Hepatocellular carcinoma (HCC) is the third most common cause of
cancer-related deaths worldwide.1 This dismal outcome has been
attributed to patients being diagnosed at late stages and the high fre-
quency of metastasis in HCC. Even among patients with resectable
HCC (most of them belonging to early stage), up to 70% will experi-
ence intra- or extra-hepatic recurrent metastasis after resection.2

Metastasis remains the major concern that causes death in HCC pa-
tients. Elucidating the mechanism underlying HCC metastasis will
provide a basis for the prevention of metastasis.3,4

The majority (80%) of HCC develop in liver fibrosis or cirrhosis,5 a
condition in which altered biochemical and biophysical microenvi-
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ronment initiates cancer onset and progression. Matrix stiffness is a
characteristic of biophysical signals in the microenvironment and
potently regulates cellular behaviors in various physio-pathological
processes. Abnormal matrix stiffness plays a significant role during
tumor progression. Increasing matrix stiffness is a strong predictor
of HCC incidence, regulates HCC cell proliferation, chemothera-
peutic response,6 invasion and metastasis,7 and correlates with
poor survival in HCC patients.8 The signal from physical matrix
stiffness is converted into various biochemical responses to drive
malignant behaviors; among these, metabolic input that occurs
during matrix stiffness-induced tumor progression is poorly
understood.

While glycolysis accounts for rapid proliferation in cancer cells,9 lipid
metabolism not only produces more energy but also provides the raw
materials for cellular components and signaling molecules for
oncogenesis and metastasis.10 Reportedly, matrix stiffness rewires
metabolism in the tumors, including HCC. Matrix stiffening activates
a mechano-transduction pathway of MAPK-YAP to promote aerobic
glycolysis in HCC cells.11 In addition, a matrix stiffness-dependent
amino acids aspartate/glutamate exchange between stromal fibroblast
and cancer cells initiates tumor progression and metastasis in
squamous cell carcinoma.12 These studies highlight the crosstalk
between matrix stiffening and tumor metabolic rewiring. However,
whether matrix stiffness controls lipid metabolic reprogramming to
accelerate tumor progression is yet to be elucidated.
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Figure 1. Matrix stiffness promotes the invasion of HCC cells

HCC cells were cultured on polyacrylamide hydrogels with the indicated rigidities

(1.6 and 25.6 kPa) and plastic plates in 3D Matrigel overlay culture. (A) Bright-field

images of HCC cells. The in vitro invasion of HCC cells is quantified by the degree of

cell scattering using ImageJ software. (B and C) Expression of basement membrane

component laminin b1 and EMT-related markers (E-cadherin and N-cadherin) was

assessed by immunofluorescence staining. (D) Matrix stiffness modulated the ratio

of monounsaturated/saturated fatty acids in all lipid species. (E) Phospholipids

levels were determined by lipidomic mass spectrometry. (F) Western blot analyzed

stiffness-induced SCD1 protein expression. (G) Hue-saturation-brightness images.

The value of the minimum color (blue) was set to generalized polarization (GP) = �1

and the maximum (red) was set to 1. *p < 0.05, ***p < 0.001.
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Previously, we found that high matrix stiffness promotes HCC
metastasis.13 Herein, we examined the specific contribution of lipid
metabolic reprogramming to HCC metastasis triggered by matrix
stiffness. Stearoyl-CoA desaturase 1 (SCD1) is an essential me-
chano-mediator that reprograms HCC cell lipid metabolism. The ge-
netic and pharmacological modulation of SCD1 expression/activity
altered the cellular lipid composition, which in turn impaired plasma
membrane fluidity and inhibited invasive migration in vitro in HCC
cells in response to matrix stiffness and reduced metastasis in vivo.
Collagen deposit indicates increased matrix stiffness in the tumor
microenvironment. In human HCC tissues, collagen content, a
marker of increasing matrix stiffness, and increased expression of
SCD1 together predicted poor survival in HCC patients. These find-
ings reveal that an SCD1-dependent mechanoresponsive pathway re-
sponds to increasing matrix stiffness (the biomechanical signal in the
tumor microenvironment) and promotes HCC invasion and metas-
tasis through lipid metabolic reprogramming, thereby providing a
new therapeutic target to attenuate HCC metastasis.

RESULTS
SCD1 is essential for matrix stiffness-induced lipid metabolic

programming and cellular invasion

In agreement with previous observations that increasing matrix
stiffness induces malignant phenotype,14 HCC cells presented an
invasive migration on stiff supports of 25.6 kPa, showing a protrusive
appearance with mesenchymal phenotype and well-spread
morphology in a three-dimensional (3D) Matrigel overlay culture
system (Figure 1A). Since the basement membrane serves as a barrier
separating epithelial cells from the surrounding stroma, the decrease
in the basement membrane component laminin occurs in an early
invasive stage. In Figure 1B, a pronounced decrease in the basement
membrane protein laminin b1 was observed in HCC cells at 25.6 kPa,
as an indicator of cellular invasion, in conjunction with changes in the
epithelial marker E-cadherin and mesenchymal marker N-cadherin
(Figure 1C), which highlights that increased matrix stiffness induces
mesenchymal shift and cellular invasion.

To determine the contribution of lipid metabolism tomatrix stiffness-
induced cellular invasion, we performed a mass spectrometry-based
lipidomic analysis in HCC cells plated on polyacrylamide gels with
tunable matrix stiffness in a 3DMatrigel overlay culture system. A to-
tal of 1,060 unique lipids were identified through the integration of
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Figure 2. SCD1 is required for matrix stiffness-induced invasion in HCC

cells

HCC cells expressing control (shControl) or SCD1 shRNA (shSCD1) were cultured on

polyacrylamide hydrogels with the indicated rigidities (1.6 and 25.6 kPa) and plastic

plates in 3DMatrigel overlay culture. (A) Efficiency of SCD1 knockdownwas probedby

western blot. (B) Bright-field images of HCC cells. The in vitro invasion of HCC cells is

quantified by the degree of cell scattering using ImageJ software. (C) Expression of

EMT-relatedmarkers E-cadherin andN-cadherin was assessed bywestern blot. HCC

cells were treated with or without oleic acid (OA) (the product of SCD1). (D) Ratio of

monounsaturated/saturated fatty acids in all lipid species. (E) Phospholipid levels

were determined by lipidomic mass spectrometry. (F) Hue-saturation-brightness im-

ages of HCC cells. The value of theminimum color (blue) was set to generalized polar-

ization (GP) = �1, and the maximum (red) was set to 1. *p < 0.05, ***p < 0.001.

Molecular Therapy

2556 Molecular Therapy Vol. 30 No 7 July 2022
positive and negative electrospray ionization mode, including 20 free
fatty acids, 502 glycerophospholipids, 505 glycerides, 12 sphingoli-
pids, and 21 cholesteryl esters (Figure S1A). Phosphatidylcholine
and phosphatidylserine had increased trends on 25.6 kPa compared
with 1.6 kPa by relative quantification (Figure S1B). A total of 125
unique lipids exhibited changes in HCC cells cultured on stiff versus
soft supports; among these, 3 phosphatidic acids, 12 phosphatidyl-
cholines, 15 phosphatidylethanolamines, 4 phosphatidylglycerols,
10 phosphatidylinositols, and 12 phosphatidylserines were signifi-
cantly increased (Figures S1C and S2). First, we noted that the ratio
of monounsaturated fatty acid/saturated fatty acid (MUFA/SFA)
was increased across most lipid classes (Figure 1D). Among these
lipids, membrane phospholipids containing the C18:1 unsaturated
fatty acid was predominantly increased in MHCC97H and
PLC/PRF/5 (Figure 1E), with a significant increase of C16:1 fatty
acyl chain in PLC/PRF/5. Meanwhile, membrane phospholipids
containing C18:0 were significantly decreased in MHCC97H and
showed a non-significant decreasing trend in PLC/PRF/5. These
findings suggest that SCD1 might be responsible for matrix stiff-
ness-induced lipid reprogramming because SCD1 is a rate-limiting
enzyme in monounsaturated fatty acid synthesis. The protein levels
of SCD1 increased proportionally to stiffness (Figure 1F). The mem-
brane content phospholipids affect the invasion of cancer cells by
modulating plasma membrane fluidity; higher plasma membrane
fluidity was detected in HCC cells cultured on stiff versus soft sup-
ports, which was measured by a biophysical parameter-generalized
polarization (GP) value inversely correlated with membrane fluidity
(MHCC97H, 0.07 versus 0.41; PLC/PRF/5 0.09 versus 0.36, Huh7
-0.01 versus 0.42; Hep3B 0.13 versus 0.38; all p < 0.05) (Figure 1G).
These phenomena indicate that SCD1 might be involved in matrix
stiffness-trigged lipid metabolic reprogramming, which in turn
influences membrane fluidity and cellular invasion.

Next, we investigated whether SCD1 is required for matrix stiffness-
induced lipid metabolic reprogramming and cellular invasion. We
generated HCC cells expressing short hairpin RNAs (shRNA) against
SCD1 and tested the impact of SCD1 on the mechanoresponsive
pathway. The knockdown of SCD1 significantly attenuated the
HCC cell-invasive phenotype at high matrix stiffness; these cells
were round with decreased N-cadherin and increased E-cadherin
on rigid matrix substrates (Figures 2A–2C). These data demonstrate
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Figure 3. Pharmacological disruption of SCD1 activity suppresses matrix

stiffness-induced invasion in HCC cells

HCC cells were cultured on polyacrylamide hydrogels with the indicated rigidities (1.6

and 25.6 kPa) in 3DMatrigel overlay culture and treated with DMSO or SCD1 inhibitor

CAY10566. (A) Bright-field images of HCC cells. The in vitro invasion of HCC cells is

quantified by the degree of cell scattering using ImageJ software. (B) Ratio of

monounsaturated/saturated fatty acid in all lipid species. (C) Phospholipids levels were

determined by lipidomic mass spectrometry. (D) Hue-saturation-brightness images of

HCC cells. The value of the minimum color (blue) was set to generalized polarization

(GP) = �1, and the maximum (red) was set to 1. *p < 0.05, **p < 0.01, ***p < 0.001.
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that high matrix stiffness-induced HCC cell invasion is SCD1 depen-
dent. Importantly, the knockdown of SCD1 reversed lipid metabolism
reprogramming induced by high matrix stiffness, as displayed by the
notably reduced MUFA/SFA ratio and membrane phospholipids
containing the C18:1 fatty acyl chain (Figures 2D and 2E). This led
to a significant blocking of membrane fluidity of HCC cells on high
matrix stiffness at 25.6 kPa (GP value, MHCC97H, 0.38 versus
0.11; PLC/PRF/5, 0.55 versus 0.11; p < 0.05) (Figure 2F). The pharma-
cological disruption of SCD1 activity using SCD1 inhibitor
CAY10566 significantly tempered matrix stiffness-mediated regula-
tion of cellular invasion, lipid metabolism reprogramming, and
plasma membrane fluidity in HCC cells cultured on stiff supports
(Figures 3A–3D). These data indicate an essential role for SCD1 in
mediating the response of HCC cells to a matrix stiffness-driven lipid
metabolic reprogramming and pro-invasive cue.

To further characterize the critical function of SCD1 during matrix
stiffness-induced cellular invasion, SCD1 was overexpressed in
HCC cells. Remarkably, the upregulation of SCD1 induced cell
spreading or rescued cellular invasion of HCC cells on the soft supports
(Figures 4Aand 4B)with increasedN-cadherin and reducedE-cadherin
levels (Figure 4C). The altered lipid metabolism was observed with
respect to increased MUFA/SFA ratio and membrane phospholipids
containing the C18:1 fatty acyl chain, and increased plasmamembrane
fluidity was detected in SCD1-overexpressing HCC cells cultured on
soft substrates (MHCC97H, 0.03 versus 0.35; PLC/PRF/5, 0.04 versus
0.39; all p < 0.05) (Figures 4D–4F). However, the overexpression of
SCD1 did not show any statistically significant increase in the plasma
membrane fluidity of HCC cells at 25.6 kPa (Figure 4F), implying
that SCD1 product stimulated by high matrix stiffness is sufficient to
maintain membrane fluidity for an invasive phenotype. These results
suggested that SCD1 overexpression and its downstream regulators
rescue the invasive motility of HCC cells on the soft supports, thereby
mimicking the effects imposed by stiff supports.

Taken together, the above data strongly support SCD1 as a mecha-
noresponsive target mediating matrix stiffness-induced lipid
programming and cellular invasion in HCC cells.

SCD1 is upregulated by high matrix stiffness

To determine whether SCD1-mediated protrusive invasion in HCC
cells could be reversed if high-stiffness matrices returned to a low
level, we first cultured HCC cells on either high- or low-stiffness
matrices until the pattern of invasive migration was clear and then
Molecular Therapy Vol. 30 No 7 July 2022 2557
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Figure 4. Upregulation of SCD1 expression rescues the invasion of HCC

cells cultured on soft matrix substrates

HCC cells transfected with mock or SCD1-expressing plasmid (ovSCD1) were

cultured on polyacrylamide hydrogels with the indicated rigidities (1.6 and 25.6 kPa)

and plastic plates in 3D Matrigel overlay culture. (A) SCD1 protein expression was

analyzed by western blot. (B) Bright-field images of HCC cells. The in vitro invasion of

HCC cells was quantified by the degree of cell scattering using ImageJ software.

(C) The expression of EMT-related markers (E-cadherin and N-cadherin) was

assessed by western blot. (D) Ratio of monounsaturated/saturated fatty acids in

all lipid species. (E) Phospholipids levels were determined by lipidomic mass

spectrometry. (F) Hue-saturation-brightness images of HCC cells. The value of

the minimum color (blue) was set to generalized polarization (GP) = �1 and the

maximum (red) was set to 1. *p < 0.05, **p < 0.01, ***p < 0.001.
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transferred the HCC cells to another matrix stiffness environment.
The transfer from low- to high-stiffness matrices raised the level of
SCD1 and protrusive migration in the new stiffness environment,
whereas the transfer from high to low matrices resulted in an SCD1
decrease and a retraction of protrusions and confined growth
(Figures 5A and 5B). However, these invasive phenotypic transitions
were lost in SCD1 knockdown cells (Figure 5A). These results suggest
that the local matrix stiffness environment determines the SCD1-
mediated invasive migration strategy in HCC cells.

As described above, SCD1 protein expression was elevated in HCC
cells on stiff versus soft matrix (Figure 1F), whereas its mRNA expres-
sion under different matrix rigidities did not differ significantly (Fig-
ure 5C). Surprisingly, in the presence of a protein synthesis inhibitor,
cycloheximide, SCD1 protein in HCC cells on the soft matrix
degraded faster than that on the stiff matrix (Figure 5D). Moreover,
treatment with a proteasome inhibitor MG-132 increased the expres-
sion of SCD1 protein in HCC cells (Figure 5E). To determine whether
stiffness could influence the ubiquitination status of SCD1 and thus
promote its degradation, ubiquitination analyses were performed un-
der different matrix rigidities. The ubiquitination level of SCD1 was
markedly increased in HCC cells cultured on the soft versus stiff ma-
trix (Figure 5F). Therefore, the SCD1 protein underwent accelerated
proteasomal degradation in HCC cells on soft substrates, whereas it
was more stabilized in cells cultured on stiff matrices.

To determine the pathway associated with SCD1 upregulation by
matrix stiffness, we utilized a function-blocking anti-b1-integrin
antibody and pharmacological FAK inhibitor PF562271. The anti-
b1-integrin antibody and PF562271 reversed the high matrix
stiffness-mediated upregulation of SCD1 (Figures 5G and 5H).

Together, these results indicate that high matrix stiffness-mediated
SCD1 increase occurs through integrin b1/FAK signaling pathway
activation and downregulation of SCD1 ubiquitin-proteasomal
degradation.
Oleic acid, the product of SCD1, reverses SCD1 knockdown-

mediated inhibition of cellular invasion

SCD1 catalyzes de novo synthesis of monounsaturated fatty acids
from saturated fatty acids, especially stearic acid (18:0) and palmitic
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Figure 5. Matrix stiffness modulates SCD1 expression

HCC cells expressing control (shControl) or SCD1 shRNA (shSCD1) were

grown on polyacrylamide hydrogels with the indicated rigidities (1.6 and

25.6 kPa) and then switched from 1.6 to 25.6 kPa (1.6–25.6 kPa) or from 25.6

to 1.6 kPa (25.6–1.6 kPa) in 3D Matrigel overlay culture (A) Representative

bright-field images of HCC cells. The in vitro invasion of HCC cells is quantified

by the degree of cell scattering using ImageJ software. (B) SCD1 expression

was analyzed by western blot. (C) qRT-PCR analysis of SCD1 mRNA

expression in HCC cells on polyacrylamide hydrogels with the indicated ri-

gidities (1.6, 3.2, 6.4, and 25.6 kPa) in 3D Matrigel overlay culture. (D) Effect of

matrix stiffness on SCD1 protein stability was analyzed by western blot in the

presence of cycloheximide (CHX). The half-life (T1/2) of SCD1 was calculated.

HCC cells were collected at the indicated time points after exposure to CHX,

and cell lysates were subjected to immunoblotting. (E) SCD1 protein expres-

sionwas increased in HCC cells treated with the proteasome inhibitor MG-132.

(F) The level of ubiquitinated SCD1 was reduced in HCC cells cultured on stiff

matrix. (G and H) HCC cells were treated with the anti-b1-integrin antibody or

p-FAK inhibitor PF562271 (PF). SCD1 expression was analyzed by western

blot. ***p < 0.001.
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acid (16:0) to their D9-cis monounsaturated oleic acid (OA) (18:1)
and palmitoleic acid (16:1).15 As described above, knockdown of
SCD1 inhibited matrix stiffness-induced cellular invasion in HCC
cells by reduced membrane phospholipids containing the C18:1 fatty
acyl chain (Figures 2B and 2E). Next, we evaluated the impact of the
main lipid product of SCD1, OA, on the matrix stiffness-induced
lipid metabolic reprogramming, plasma membrane fluidity, and
cellular invasion. The HCC cells were incubated with a non-cyto-
toxic concentration (100 mM) of OA, and then membrane fluidity
and invasive cellular motility were analyzed. The supplementation
of OA reversed the SCD1 knockdown-mediated E-cadherin
increase and N-cadherin decrease in HCC cells on the stiff
supports (Figure 2C). The addition of OA significantly increased
the basal membrane fluidity and invasive motility in HCC cells on
the soft matrices. Notably, OA significantly reversed the SCD1
knockdown-mediated inhibition of membrane fluidity and invasive
migration of HCC cells on stiff supports (Figures 6A, 6D, S3A,
and S3D). These results indicate that OA is an effector in
matrix stiffness-SCD1-mediated membrane fluidity and cellular
invasion.
Increased membrane fluidity mediates matrix stiffness-induced

cellular invasion

Membrane fluidization promotes the invasion of cancer cells. As
described above, increased matrix stiffness promotes plasma mem-
brane fluidity. To determine the role of membrane fluidity in matrix
stiffness-induced cellular invasion, HCC cells were pretreated with
the membrane-stabilizing agent ursodeoxycholic acid (UDCA) or
the compound benzyl alcohol (BA) that fluidifies plasma membranes.
Pre-incubation of HCC cells with UDCA significantly attenuated the
high matrix stiffness-mediated increase in membrane fluidity and
invasive motility (Figures 6B, 6E, S3B, and S3E). Conversely, BA
treatment significantly enhanced cell membrane fluidity in HCC cells
on soft supports, leading to the cells acquiring invasive migration
(Figures 6C, 6F, S3C, and S3F). More importantly, UDCA signifi-
cantly abrogated the SCD1 overexpressing increased membrane
fluidity and invasive motility in HCC cells on soft supports
(Figures 6B, 6E, S3B, and S3E). Concurrently, BA treatment reversed
the SCD1-knockdown inhibition of membrane fluidity and invasive
motility in HCC cells on stiff supports (Figures 6C, 6F, S3C, and
S3F). Collectively, these data indicate a pivotal function of membrane
fluidity in the matrix stiffness-SCD1 axis-induced cell-invasive
motility.
Figure 6. Membrane fluidity mediates matrix stiffness-induced cellular invasio

(A) MHCC97H cells expressing control (shControl) or SCD1 shRNA (shSCD1) were grow

presence of oleic acid (OA) in 3D Matrigel overlay culture. (B) MHCC97H cells were trans

amide hydrogels with the indicated rigidities (1.6 and 25.6 kPa) in 3D Matrigel overlay cu

expressing control (shControl) or SCD1 shRNA (shSCD1) were cultured on polyacrylam

culture and treated with membrane-agonist compound BA. The in vitro invasion of HC

GraphPad Prism 8. (D) Hue-saturation-brightness images of MHCC97H cells expressing

of MHCC97H cells transfected with mock or ovSCD1 treated with/without UDCA. (F) Hu

treated with/without compound BA. ***p < 0.001.
Knockdown of SCD1 suppressed HCC invasion and metastasis

in vivo

To investigate the role of SCD1 in HCC progression in vivo, we
employed a metastatic MHCC97H HCC xenograft model, which
recapitulates the metastasis of human HCC.4 The knockdown of
SCD1 significantly attenuated an invasive phenotype in MHCC97H
cells cultured on high matrix stiffness in a 3DMatrigel culture system
(Figure 2B), indicating that the SCD1 mechanoresponsive pathway is
intact in these HCC cells. Mice were subcutaneously injected with a
cell suspension of MHCC97HshSCD1or MHCC97HshControl cells. As
shown in Figure 7A, the growth rate of tumors derived from
MHCC97HshSCD1 cells was significantly slower than that of control
tumors. Similarly, the weight of tumors in MHCC97HshSCD1group
was significantly reduced compared with the control group (Fig-
ure 7B), suggesting that SCD1 promotes tumor growth and progres-
sion. In the tumors from the MHCC97HshSCD1 group, SCD1, Ki-67,
N-cadherin, and a-SMA expression was significantly decreased,
whereas that of E-cadherin was markedly increased (Figure 7C). To
further define the role of SCD1 in HCC metastasis, we orthotopically
implanted the subcutaneous tumors into the livers of nude mice and
allowed tumor development for 7 weeks. Consistent with the results
of subcutaneous tumors, the volume and weight of liver tumors in
situ in MHCC97HshSCD1 group were reduced than those in the
control group (Figure 7D). Importantly, MHCC97HshSCD1 tumors
presented a nested architecture characterized by a less-invasive tumor
edge and a significant decrease in the number of distant lung metas-
tases compared with the control tumors (Figure 7E). Together, these
results support a critical role of SCD1 in modulating HCC invasion
and metastasis in vivo.
Increased collagen content and SCD1 upregulation

synergistically predict poor outcome in HCC patients

Next, we investigated whether the SCD1mechanoresponsive pathway
had a significant role in human HCC progression. SCD1 protein was
highly expressed in tumor tissues compared with paired non-tumoral
tissues in 12 HCC patients (Figure 8A). SCD1 expression and
intratumoral collagen content were determined in the tissue
microarrays from a cohort of 110 HCC patients. The clinicopatho-
logic characteristics of patients are summarized in Table S1. SCD1
protein expression was restricted to the HCC cells (Figure 8B). As a
surrogate marker for tissue rigidity, collagen content determined
by Masson trichrome staining was automatically quantified using
Image Pro Plus 6.0 software. The collagen content was significantly
n in HCC cells

n on polyacrylamide hydrogels with the indicated rigidities (1.6 and 25.6 kPa) in the

fected with mock or SCD1-expressing plasmid (ovSCD1) and cultured on polyacryl-

lture and then treated with membrane-stabilizing agent UDCA. (C) MHCC97H cells

ide hydrogels with the indicated rigidities (1.6 and 25.6 kPa) in 3D Matrigel overlay

C cells was quantified by the degree of cell scattering using ImageJ software and

shControl or shSCD1 in the presence of OA. (E) Hue-saturation-brightness images

e-saturation-brightness images of MHCC97H cells expressing shControl or shSCD1
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Figure 7. Knockdown of SCD1 suppresses HCC invasion and metastasis in vivo

(A) The growth curve of subcutaneous tumors derived from SCD1 knockdown or control MHCC97H cells (shSCD1 versus shControl) in nude mice. (B) Weight of subcu-

taneous tumors from SCD1 knockdown or control MHCC97H cells (shSCD1 versus shControl). (C) Expression of SCD1, a-SMA, Ki67, and EMT-related markers (E-cadherin

and N-cadherin) was analyzed by immunohistochemistry. (D) Subcutaneous tumors were orthotopically implanted into the livers of nude mice and allowed tumor develop-

ment. (E) In situ liver tumors derived from SCD1 knockdown versus shControl MHCC97H cells presented a less invasive tumor edge and a decrease in the number of distant

lung metastases, as indicated by H&E staining. **p < 0.01, ***p < 0.001.
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correlated with the level of SCD1 expression in HCC (Figure 8B). The
patients with stiffer tumors (high collagen content R11.98%) had a
poor 5-year recurrence-free survival (RFS) and overall survival (OS)
of 16.90% and 52.73% compared with 54.70% and 74.06% in patients
with compliant tumors (low collagen content <11.98%) (p < 0.01;
Figure 8C), respectively. The patients with high SCD1 expression
had more unfavorable outcome than those with low SCD1 expression
(5-year RFS: 18.20% versus 54.32%; 5-year OS: 51.40% versus 76.70%)
(p < 0.01; Figure 8D). Importantly, the level of SCD1 expression,
together with collagen content, indicated that matrix stiffness
stratified HCC patient prognosis. Patients with collagenhigh/SCD1high

tumors had markedly poor outcomes with a 5-year RFS and OS of
6.02% and 44.44% compared with 65.00% and 81.50% in patients
with collagenlow/SCD1low tumors (p < 0.001, Figure 8E). Further-
more, patients with tumors presented as either collagenhigh or
SCD1high had intermediate survival outcomes (5-year RFS: 36.80%
and 39.40%; 5-year OS: 68.40% and 62.80%, respectively; Figure 8E).
These indicated the cooperative effect of increasing matrix stiffness
and SCD1 upregulation on HCC progression. Similar to the impor-
tance of tumor size, the association between collagenhigh/SCD1high

tumors and poor prognosis was independent of other clinicopatho-
logical parameters, including gender, and Child-Pugh and BCLC
staging (Tables S2 and S3). In addition, collagenhigh/SCD1high tumors
predicted poor survival in The Cancer Genome Atlas-HCC cohort
(Figure 8F). Thus, these findings indicate that increasing matrix
stiffness in the HCC tumor microenvironment in concert with
SCD1 upregulation promotes HCC recurrence and progression,
and predicts poor prognosis.

DISCUSSION
Matrix stiffness is a physical cue in the tumor environment that
significantly increases carcinogenesis and tumor progression.16,17

To the best of our knowledge, this is the first study that reveals that
the SCD1-mediated mechanoresponsive pathway is upregulated by
high matrix stiffness. This leads to lipid metabolic reprogramming
and increased plasma membrane fluidity, which in turn promotes
HCC cell-invasive migration and metastasis. This study provided a
new potential approach by decreasing SCD1 expression/activity to
reduce matrix stiffness-induced HCC metastatic dissemination.

HCC frequently develops and progresses in the fibrotic or cirrhotic
liver with increased matrix rigidity, which has led to detrimental in-
teractions between the altered biomechanical environment and
HCC.18 Moreover, most of the HCC lesions are stiffer than their
Figure 8. Increased collagen content and SCD1 upregulation synergistically pr

(A) SCD1 protein expression in the tumor and non-tumoral tissues detected by wester

tissues analyzed for intratumoral collagen content by Masson’s trichrome staining and

intratumoral collagen content and SCD1 expression. (C and D) Kaplan-Meier curve of r

content or SCD1 expression. (E) Kaplan-Meier curve of recurrence-free survival and OS

(collagenhigh/SCD1high versus collagenhigh/SCD1low versus collagenlow/SCD1high vers

stratified by collagen content and SCD1 expression in The Cancer Genome Atlas-HC

mechanoresponsive pathway responsive to increasing matrix stiffness promotes HCC

matrix; b1, integrin b1; FAK, focal adhesion kinase; EMT, epithelial mesenchymal trans
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surrounding liver tissues.19 The increase in extra-/intratumoral tissue
rigidity or matrix stiffness plays a significant role in HCC progres-
sion.20,21 Reportedly, the mechanical forces derived from matrix
stiffness underlie the physio-pathological processes, including
development,22 inflammation,23 and cancer.24–26 For example, stem
cells differentiate into specific lineages in response to various matrix
elasticities;27 mammary epithelial cells grown on the matrix with
rigidity similar to the stiffness of breast cancer exhibit EMT-morpho-
logical features and invade into the basement membrane.7 The
physical signal derived frommatrix stiffness is a characteristic feature
in the mechanical properties of extracellular matrix and transformed
into intracellular biochemical responses to direct cancer cell
behavior.28–30 However, metabolic input during matrix stiffness-
induced tumor metastasis is largely unknown. Only a few studies
have yet addressed the interconnection between matrix stiffening
and tumor metabolic rewiring in cancer. This study explored the
direct connection between matrix stiffness and lipid metabolic re-
programming. We used lipidomic analysis and identified changes
in the lipid composition in HCC cells in response to matrix stiffness.
Moreover, SCD1 was identified as an unanticipated target enzyme
modulated by matrix stiffness. Lipid metabolic reprogramming
initiated by matrix stiffness was orchestrated in an SCD1-dependent
mechanoresponsive manner.

In this study, we showed that the expression level and activity of SCD1
affected the matrix stiffness-induced MUFA/SFA ratio and the lipid
metabolism in HCC cells. An increase in matrix stiffness-induced
fatty acid desaturation was reversed by SCD1 inhibition. Membrane
fluidity alteration has been described in various pathologies, including
cancer, which is regulated by modification of MUFA/SFA ratio. The
type of fatty acids in the structure of the cell membrane can influence
its fluidity, which is closely related to the fatty acyl chain saturation of
phospholipid molecules.31 Saturated fatty acids with a straight, rigid
chain form an ordered structure and the phospholipids form a rigid
bilayer; hence, the fluidity of membranes formed by saturated fatty
acids is low, while membranes formed by cis-unsaturated fatty acids
are flexible. Among these lipids in membranes, phospholipids play
a critical role in the structural components of membranes on cell
growth, differentiation, and motility.32 As components in the two-
layered sheets of lipid molecules, phospholipids with a C18:1
monounsaturated fatty acyl chain can induce membrane curvature,33

which may account for the increased membrane fluidity in response
to elevated matrix stiffness in this study. In addition, SCD1 inhibition
antagonized the effects of high matrix stiffness on membrane fluidity,
edict poor prognosis in HCC patients

n blot. T, tumor tissues; N, non-tumoral tissues. (B) Representative images of HCC

SCD1 expression by immunohistochemistry staining. Correlation analysis between

ecurrence-free survival and OS for HCC patients stratified by intratumoral collagen

for HCC patients stratified by intratumoral collagen content and SCD1 expression

us collagenlow/SCD1low tumors). (F) Kaplan-Meier curve of OS for HCC patients

C cohort. (G) Schematic of the proposed mechanism that an SCD1-dependent

invasion and metastasis through lipid metabolic reprogramming. ECM, extracellular

formation.
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a prominent feature of cancer cell invasion. SCD1 knockdown-medi-
ated inhibition of membrane fluidization and cell invasion is reversed
by pre-incubation with exogenous OA, one of the SCD1 product.
Also, a perturbation of membrane fluidity by membrane-stabilizing
agent ameliorates a direct action of high matrix stiffness on cellular
invasion. Furthermore, SCD1 overexpression led to an increase in
fatty acid desaturation and rescued the invasive motility of HCC cells
cultured on soft supports. SCD1 knockdown inhibited HCC metas-
tasis in vivo. Taken together, we propose a new mechanism in which
a matrix stiffness-SCD1 axis regulates lipid metabolism to promote
HCC invasion andmetastasis, thereby suggesting that SCD1 is a novel
therapeutic target to reduce matrix stiffness-induced HCCmetastasis.

In this study, we show that the pro-invasive activity conferred by ma-
trix stiffness is through SCD1-mediated fatty acid desaturation,
providing a basis for evaluating an SCD1 target for inhibiting HCC
metastasis. SCD1 inhibition will reduce fatty acid desaturation,
modify a pathological interaction between matrix stiffness and lipid
metabolism, and decrease membrane fluidity, thus alleviating matrix
stiffness-induced cellular invasion. An important feature of cancer
cells is the enrichment of unsaturated fatty acids in lipid composition
to form various cell membranes, supporting tumorigenesis and ma-
lignant progression.34 SCD family converting saturated fatty acids
to D9-monounsaturated fatty acids is correlated with cancer aggres-
siveness and poor outcomes of patients.35 Studies have shown that
SCD1 is involved in the biological behaviors of cancer cell prolifera-
tion, migration, metastasis, and maintaining cancer stem cell charac-
teristics of cancer stem cells,36 implicating that it is a promising target
for anticancer therapy. SCD1 inhibitors for the treatment of cancer
have been developed and preclinically tested. Currently, there are
two SCD isoforms in humans, SCD1 and SCD5,37 that contribute
to fatty acid desaturation and exert a high activity on C16 or C18 sub-
strates. Since SCD1 is ubiquitously expressed in various tissues,
including the liver, there are potential off-target side effects of SCD
inhibition. Surprisingly, SCD1 inhibitors have shown a favorable
tolerance in clinical studies.38

Collagen deposition is a surrogate marker for increasing matrix stiff-
ness in the tumor microenvironment and is associated with tumor
progression.39 In this study, collagen content, together with increased
expression of SCD1, predicted the elevated risk of metastatic relapse
in a relatively large cohort of HCC patients, thereby indicating that
increased matrix stiffness in the tumor microenvironment leads to
SCD1 upregulation that promotes HCC recurrence and metastasis.

Nevertheless, this study has some limitations. Firstly, the direct
molecular mechanism by which matrix stiffness fine-tuned SCD1
expression is not determined. Although our data indicate that high
matrix stiffness promotes SCD1 expression through activated integ-
rin b1/FAK signaling and decreased SCD1 proteasomal degradation,
how the FAK pathway affects the ubiquitination of SCD1 has not
been dissected in this study. Also, the ubiquitination pathway that
mediates SCD1 ubiquitination and then affects its protein expression
level is not clarified. Moreover, how OA (the main product of SCD1)
modulates the downstream targets has not been resolved. Secondly,
we used pharmacological and genetic approaches and showed that
the level of SCD1 expression affected matrix stiffness-triggered
EMT. How SCD1 triggered EMT is not clarified in this study. One
study reported that a metabolic acyl-CoA synthetase (ACSL)/SCD
pathway causes EMT, which promotes migration and invasion of
colon cancer cells.40 Another study showed that hyperglycemia in-
duces EMT in colorectal cancer cells via the SCD1-MUFA axis and
by suppressing PTEN.41 Thus, it will be interesting to explore whether
the matrix stiffness-SCD1 axis induces EMT in HCC cells through the
same or different mechanism.

In conclusion (Figure 8G), this study provides a new mechanistic
linking matrix stiffness-SCD1 axis to lipid metabolic reprogramming
and HCCmetastasis, indicating that the SCD1-dependent mechanor-
esponsive pathway is a potential therapeutic target for anti-HCC
metastasis.

MATERIALS AND METHODS
Quantification of membrane fluidity

Plasma membrane fluidity was quantified by the laser scanning
platform as described previously.41,42 Living cells were labeled with
polarity-sensitive membrane probe laurdan (6-dodecanoyl-2-dime-
thylamino-napthalene) (Aladdin, China), which provides informa-
tion about membrane fluidity by the shift in the emission spectrum.
The laurdan intensity images were obtained under excitation at
405 nm, and fluorescence emission was recorded simultaneously
through two channels of 400–460 and 470–530 nm. Cell membrane
fluidity was expressed in the form of pseudo-colored GP values by
ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The GP values were calculated using the formula:
GP = (I400-460�GI470-530)/(I400-460 + GI 470-530) where G (the calibra-
tion factor) was obtained for laurdan in dimethyl sulfoxide (DMSO)
(Sigma) and I indicated the intensity of pixels in the images acquired
in specified channels. The GP value was calculated in multiple regions
of the cell membrane (n = 10) per group, which is inversely correlated
with membrane fluidity.

HCC tissues

This study was approved by the Zhongshan Hospital of Fudan
University Research Ethics Committee, and written informed consent
was obtained from each patient. HCC andmatched non-tumoral liver
tissues from 12 patients who underwent curative liver resection and
did not receive preoperative therapy were collected from Zhongshan
Hospital of Fudan University from July 2015 to August 2017. A total
of 110 HCC specimens collected between August 2010 and June 2011
were used for tumor tissue microarrays (TMAs). Duplicated tissue
cores of 1-mm diameter were obtained from the same tissue block.
The TMAs were constructed as described previously43 and stained
for SCD1 for retrospective analysis. The TMAs were also stained
with Masson’s trichrome to evaluate the degree of collagen deposi-
tion. SCD1 staining was scored blindly by two investigators according
to the following criteria: 0 for no expression, 1+ for very weak expres-
sion, 2+ for moderate expression in >75% of tumor cells, and 3+ for
Molecular Therapy Vol. 30 No 7 July 2022 2565
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strong expression in >75% of tumor cells. The collagen content in tu-
mors was quantified in the images with five random fields per tumor
using the ImageJ method as described previously.44

In vivo study

All animal experiments were approved by the Committee on Animal
Research of Zhongshan Hospital (Shanghai, China) and performed in
accordance with the guidelines formulated by Shanghai Medical
Experimental Animal Care Commission.

A metastatic model of human HCC in nude mice using MHCC97H
cells was established as described previously.45 In brief, 5 � 106

HCC cells (MHCC97HshSCD1or MHCC97HshControl) suspended in
PBS were injected into the upper left flank region of BALB/c nude
mice (male, 4–6 weeks old, weighting 18–20 g) (Shanghai SLAC Lab-
oratory Animal, China) (n = 7/group). Tumor growth was monitored
by measuring the length and width of the tumor at the inoculation
site. The tumor volume was calculated using the following formula:
V = a � b2/2, where a is the largest diameter and b is the smallest
diameter. When the tumor reached 10 mm in length, one mouse in
each group was sacrificed, and the subcutaneous tumor was
minced into small pieces of equal volume (1 � 1 � 1 mm3), which
were orthotopically transplanted into the livers in 14 nude mice
(n = 7/group). Subsequently, the mice were euthanized, and lung
metastasis was assessed at 7 weeks post-tumor implantation. The tu-
mors were fixed in 4% formaldehyde or snap-frozen in liquid nitrogen
for further analysis.

Statistical analysis

Statistical analysis was performed using SPSS 25.0 (SPSS, Chicago, IL,
USA) and GraphPad Prism8.0 (GraphPad Software, San Diego, CA,
USA). Continuous variables are expressed as mean ± standard devi-
ation and analyzed by Student’s t test between two groups or one-way
analysis of variance for multiple groups. Categorical variables are ex-
pressed as absolute number (n) and compared using c2 test or Fisher’s
exact test. OS and RFS between different groups were generated using
the Kaplan-Meier method and the log rank test. Cox’s proportional
hazards regression model was used to analyze independent prog-
nostic factors. A p value of < 0.05 (two-tailed) was considered statis-
tically significant.

Other materials and methods

For more information on other materials and methods, please refer to
the supplemental information.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.03.015.
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