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ABSTRACT

Pancreatic Ductal Adenocarcinoma (PDAC) is a disease with high mortality rates due to metastasis. Epithelial-Mesenchymal Transition
(EMT) is correlated with metastasis and drug resistance in PDAC. Therefore, elucidating the changes in cellular characteristics in PDAC
before and after EMT is essential to understand EMT in PDAC cells and to develop novel therapeutic methods for PDAC.

The human PDAC cell line Panc-1 was used to measure cell stiffness before and after EMT induction by TGF-. EMT biomarker expression
levels were measured to identify cell status using real-time PCR, immune cytochemistry. Changes in cell stiffness before and after EMT were
investigated by Atomic Force Microscope with Young’s modulus. Cell size was determined by image analysis. Cellular lipids were examined.
Expression levels of lamin A, the gene associated with cell stiffness, were quantified by real-time PCR.

After induced EMT, PDAC cells were stiffer with larger cell sizes than before EMT. The expression levels of cytoskeletal proteins did not
change significantly, but lamin A expression was significantly reduced after EMT. The amount of polyunsaturated fatty acids in the cell mem-
brane increased, while monounsaturated fatty acids decreased. We reported the changes of cell stiffness and other biological characteristics
in PDAC cells after EMT.

Cell stiffness was determined by multiple factors before and after EMT. These results provide new directions for understanding EMT in
PDAC, which is critical for developing new therapies for PDAC.
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INTRODUCTION

PDAC is one of the most deadly cancers [1]. In PDAC,
which has a poor survival rate, metastasis is a significant
prognostic factor and contributes most to cancer-related
death [2]. During metastasis, transforming cancer cells
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migrate from their primary site to a secondary site, which
is a multifactorial process requiring cytoskeletal and
membrane reorganization [3]. This process is closely
related to the mechanotype of the cell [4].

EMT is one of the well-known metastasis mechanisms,
which represents a series of changes including cell shape,
cell-cell junctions, cytoskeletal organization, and gene
expression etc. EMT is correlated with more aggressive
and advanced metastasis of PDAC [5]. Deeper insight into
the cellular features in EMT might be helpful to address
the challenges of PDAC.

Cell stiffness is an important cellular mechanical factor
in metastasis [6]. Cell stiffness is primarily determined by
the intracellular cytoskeleton and plasma membrane [7].

It is well established that stiffer PDAC cells are more
invasive than more compliant PDAC cells [8]. However,
how PDAC cell stiffness changes after EMT transition has
not been fully elucidated.
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In an attempt to understand the interaction of EMT
and stiffness in PDAC, a human PDAC cell line (Panc-1)
was induced into EMT by TGF-[3 ata defined concentration
and time point to ensure a successful EMT transition.
Cell stiffness before and after EMT was then assessed by
AFM using Young’s modulus as reported [8]. As vimentin,
actin and lamin A are three key mechanoregulatory
factors, their expression along with tubulin expression
was checked by real-time PCR, while FA analysis was also
measured in pre-EMT and induced EMT groups.

MATERIALS AND METHODS

Cell management

Solutions and reagents: DMEM culture medium
and phosphate-buffered saline were purchased from
Boster Biological Technology Co.Ltd (Wuhan, China).
Fetal bovine serum was obtained from Zhejiang Tianhang
Biotech (Hangzhou, China). TGF-f was purchased from
Invitrogen (Carlsbad, CA, USA). RNeasy Mini kit and
Omniscript RT Kit were purchased from Qiagen (Valencia,
CA, USA). PrimeScript™ RT Reagent Kit was purchased
from TaKaRa (Takara Bio Inc., Shiga, Japan). SYBR Green
kit was obtained from Bio-Rad (Hercules, CA, USA).
Primary antibodies for E-cadherin, cytokeratin, vimentin,
alpha-SMA, lamin A, and secondary antibodies were
purchased from Proteintech (Wuhan, China).

Cell culture: The human PDAC cell line Panc-1
was obtained from American Type Culture Collection
(Manassas, VA, USA) and cultured in DMEM medium
under 37°C, 5% CO, conditions. Cell passaging was
performed at 80% cell confluence. Cells were termed as
pre-EMT group and EMT group.

TGF-B induced EMT: TGF-f in concentration series
(5 ng/mL, 10 ng/mL, 20 ng/mL) was added individually
into Panc-1 culture dishes of EMT group. After 72 hours,
the cells were harvested, and the mRNA expression of
EMT biomarkers (E-cadherin, Cytokeratin, Vimentin,
alpha-SMA) was tested by real-time PCR. The TGF-f8
concentration with the most different mRNA expression
level after induced EMT compared with that in the pre-
EMT group was used for further experiments.

Examination of gene expression levels: Expression
levels of EMT biomarkers, vimentin, actin, tubulin and
lamin A were determined by real-time PCR. Total RNA
was isolated using an RNeasy Mini Kit. PrimeScript™
RT Reagent Kit was used for cDNA synthesis according
to the manufacturer’s instructions. Real-time PCR was
performed using the LightCycler® 96 system (Roche
Diagnostics, Basel, Switzerland) according to the
manufacturer’s instructions. The reaction mixture (20 pL)
contained 5 pL cDNA of target gene, 0.5 pL upstream and
downstream PCR primers (Table S1), 10 pL SYBR Green
gPCR SuperMix and 4 pL. ddH20. The house-keeping gene
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)

was used for signal normalization. The amplification
protocol included an initial denaturation step at 95°C for
2 minutes, followed by 40 cycles at 95°C for 15 s and 60°C
for 32 seconds. The 2-AACt method was used to calculate
the fold change in gene expression. Experiments were
repeated at least 3 times.

Immune Cytochemistry (ICC) assay: After the
culture medium was removed, adherent cells were
directly fixed with 3% parafomaldehyde, permeabilized
with 0.5% Triton X-100 (Sigma-Aldrich, USA), and then
ICC was used according to the manufactures’ instructions
for individual primary and secondary antibodies of
E-cadherin, Cytokeratin, Vimentin, and alpha-SMA.
After counterstaining with Mayer’s hematoxylin, the
slides were examined microscopically (Olympus culture
microscope, model CKX53).

Measurement of cell stiffness: AFM studies of
adhered Panc-1 cells were performed as reported. Briefly,
before performing AFM force mapping measurements,
the prepared adherent cells were washed with 1X PBS
buffer. Cells were imaged using an inverted microscope
(TiE, Nikon) as the AFM base (PlanFluor x 20, 0.5 NA
Objective).

The AFM experiments were carried out on live cells.
An AFM-3D-BIO AFM (Asylum Research) was used for
force mapping with a BioLever mini-BL-AC40TS (Silicon
Nitride cantilever, f=110 kHz, k=0.09 N/m). Force maps
were fitted using the Hertz model to calculate Young’s
modulus for each area on the cell surface, assuming a
Poisson’s ratio of 0.4. Cells (N=10 for each condition)
were analyzed with a 6 x 6 force map ina 10 um x 10 pm
area, in the cytoplasmic region on two opposite sides of
the nucleus.

Measurement of cell size: Cells from the control
and EMT groups were photographed using an Olympus
culture microscope (model CKX53). Photographs were
analyzed using Image] software.

Determination and analysis of cellular total fatty
acids

Reagents: 37 fatty acid methyl esters mixture (Table
S2), BHT, and acetyl chloride were purchased from
Sigma-Aldrich (Sigma-Aldrich, Inc., USA). Heptadecanoic
acid-D33 (C17:0-D33) was purchased from CDN (CDN
Isotopes Inc., Canada). K,CO, was purchased from SCRC
(Sinopharm Chemical Reagent Co., Ltd., China). HPLC
grade methanol and hexane were purchased from Thermo
Fisher (Thermo Fisher Scientific Inc., USA).

Sample preparation: Cell pellets were re-suspended
in 0.5 mL pre-cooled methanol and subjected to three
freeze-thaw cycles before sonication in an ice bath for
15 minutes (cycles: 1 minute pulse followed by 1 minute
pause). Aliquots (20 pL) were mixed with 10 pL of the
internal standard (0.2 mg/mL of C17:0-D33, 0.4 mg/mL
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of BHT in methanol) and 200 pL of methanol-hexane (4:1,
v/v). The tubes were gently vortexed, and then placed in
a home-made liquid nitrogen bath for 10 minutes. 20 pL
of acetyl chloride was slowly added to the tubes and then
kept in the dark at room temperature for 24 hours. 0.5
mL of 6% K,CO, solution was slowly added to stop the
reaction and the mixture was neutralize in an ice bath.
After 50 pL of hexane was added to extract fatty acid
methyl esters, and the tubes were briefly vortexed and
then centrifuged (3000 rpm, 10 minutes), the top layer
was collected and transferred to a sample vial for GC
analysis.

GC-FID/MS analysis: The GC-FID/MS consisted
of an Agilent 7890B gas chromatograph coupled to an
Agilent 5977B mass spectrometer with a flame ionization
detector (Agilent Technologies, USA). An Agilent DB-
225 capillary GC column (10 m, 0.1 mm ID, 0.1 pm film
thickness) was employed with a sample injection volume
of 2 puL and a splitter (1:20). Helium gas was used as
carrier gas and nitrogen gas as make-up gas. The injection
port and detector temperatures were both set at 230°C.

The column temperature was set at 55°C for 1 minute
and then increased to 205°C with a rate at 30°C/min. The
column temperature was then kept at 205°C for 3 minutes
and increased to 230°C (5°C/min) and held at 230°C for 1
minute. The MS spectra were acquired with the El voltage
of 70 eV and the m/z range of 45-450.

Data pre-processing: Peak identification and peak
area integration were performed using MassHunter

with a chromatogram from a mixture of known standards
(Table S2) and further confirmed by their mass spectral
data.

The concentration of each fatty acid was calculated
from their FID data relative to the internal standard. The
molar percentages were calculated from the above results
for SFA, UFA, MUFA and PUFA.

Statistical analysis

All results are expressed as mean * SD. Differences
between groups were evaluated by analysis of variance,
and post hoc analysis was performed by the Tukey-
Kramer test. The p values less than 0.05 were considered
statistically significant.

RESULTS
Verifying TGF- induced EMT

Cells in EMT status should express high levels of
mesenchymal biomarkers vimentin and alpha-SMA
and low levels of epithelial biomarkers E-cadherin and
cytokeratin expression. The results of Real-time PCR
(Figure S1) and ICC (Figure S2) indicated that TGF-§3 at
10 ng/mL for 72 hours can successfully induce EMT in
Panc-1 cells.

Measurement of cell stiffness

Cell stiffness of the control and EMT groups was
measured using atomic force microscopy and Young's
modulus. The results showed that the cell stiffness of the
EMT group was significantly higher compared to the pre-

Workstation software (Agilent, version B.08.00). EMT Fi 1A and Fi $3
Methylated fatty acids were identified by comparison group (Figure 1A and Figure S3).
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Figure 1. Cell stiffness and volume were significantly increased (p<0.05). (A) Cellular stiffness of EMT group was significantly
higher than control. (B) Cellular volume of EMT group was significantly larger than control.
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Measurement of cell size

The difference in cell size between control and EMT
groups was also examined. The results showed that
cell size was significantly increased after induced EMT
compared to cells cultured for the same time in the
control group (Figure 1B).

Analysis of expression of cytoskeleton proteins

The expression of cytoskeletal proteins and lamin A at
the mRNA level was analyzed by the real-time PCR. Results
showed that after cell cultivation with TGF- at 10 ng/
mL for 72 hours EMT was induced. However, there were
no significant changes in the expression of cytoskeletal
proteins (Figure 2A and 2B), while the expression of
lamin A was significantly down-regulated compared with
that in pre-EMT group (Figure 2C).

Changes in the fatty acids

Analysis of the intracellular total FA metabolism in

A

pre/post-EMT cells showed that the level of total FA keeps
stable in two groups (Figure 3A), and the proportion
of SFA and UFA in pre-EMT and EMT groups also stays
equable (Figure 3B and 3C). However, the level of MUFA
is significantly decreased in EMT group (Figure 3D) while
the PUFA shows an elevated level without significance in
EMT group (Figure 3E).

While the total SFA level remains unaltered in the EMT
group, its C14:0 subtype exhibits a markedly diminished
level (Figure 4A). Similarly, for PUFA, there are subtypes
C20:3n6 and C20:4n6 that are significantly up-regulated
in the EMT group, respectively, while the total PUFA level
remains stable in the EMT group (Figure 4B and 4C).
In the case of MUFA, the significantly depressed level
observed in the EMT group is largely attributable to the
markedly reduced levels of the subtypes C17:1 and C20:1,
respectively (Figure 4D and 4E). Additionally, a notable
elevation in the ratio of SFA to MUFA was discerned in the
EMT group (Figure 4F).
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Figure 2. The mRNA levels of actin (A) and tubulin (B) are stable, whereas lamin A was significantly down regulated in EMT
group (p<0.05).
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Figure 3. Levels of total FA, SFA, UFA, MUFA, and PUFA in pre-EMT and EMT groups. (4, B, C, and E) The levels of total FA, SFA,
UFA, and PUFA did not alter significantly; (D) The level of MUFA decreased significantly (*p<0.05).
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Figure 4. Significant changes in the subtypes of fatty acids were observed in SFAs, PUFAs, and MUFAs. (A) There is a
notable decline in the level of SFA C14:0. (B,C) PUFAs C20:3n6 and C20:4n6 exhibited a notable increase in the EMT group.
(D,E) MUFAs C17:1 and C20:1 exhibited a notable increase (*p<0.05, **p<0.01, ***p<0.001). (F) The ratio of SFA to MUFA
significantly elevated in EMT groups. (*p<0.05, **p<0.01, ***p<0.001).

DISCUSSION

Metastasis is the major contributor to cancer-related
death in poor-survival PDAC [2]. EMT is correlated with
a more aggressive phenotype and advanced metastasis of
PDAC [5]. Moreover, stiffer PDAC cells are more invasive
than more compliant PDAC cells [8]. With the achievement
above, it is reasonable to assume that PDAC cells in EMT
might be stiffer being of more metastasis than that in pre-
EMT. In our study, PDAC cell line Panc-1 was successfully
induced into EMT by TGF-B, AFM investigation with
Young’s modulus shows that Panc-1 cells in EMT group
is significantly stiffer than that in pre-EMT group. These

data provide additional insight into PDAC EMT, which
correlates with advanced metastasis.

Itis well known that cell stiffness is mainly determined
by the intracellular cytoskeleton and plasma membrane
[7]. Our results showed that the expression of actin and
tubulin were stable in EMT group, while the expression
of vimentin and lamin A was significantly up and down-
regulated respectively, in the EMT group in compared
with the pre-EMT group.

Actin-based microfilaments, tubulin-based microtubules
and intermediate filaments (including vimentin) comprise
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the cytoskeleton [9]. Numerous studies have convincingly
concluded that actin is the major contributor to
cellular stiffness, microtubules play a minimal role,
and intermediate filaments act as a supporting role in
regulating intracellular mechanics [10]. Factors in actin
regulation of cell stiffness could be the expression of
the actin associated protein Tropomyosin (Tpm), MAPK
signaling and the bundling model of actin filament [11].

Actin-based microfilament performs multiple
functions in cytokinesis, cell motility, mechanical stability,
etc. [12]. Through PDAC EMT, a remodeling of the actin-
based microfilament is induced under multiple signaling
pathway such as TGF-8, Wnt, receptor tyrosine kinase,
Notch and Hedgehog signalling pathways [13]. During
the remodeling process, actin monomers polymerize in
response to signaling cascades with the help of actin-
binding proteins [14]. Taken together with the results of
our study, it is clear that there are no significant changes
in actin expression along with actin remodeling after
EMT, implying that remodeling, not expression, plays a
key role in cellular stiffness changes.

Depressed vimentin expression can lead to
reorganization of cytoskeletons, weakened focal adhesion
and impaired mechanical strength due to reduced cell
stiffness and contractile force via advanced B1-integrin
expression and absence of E-cadherin junction [15]. On
the other hand, vimentin overexpression can increase
cell stiffness associated with a more aggressive status as
being in EMT [16], which is represented by significantly
up-regulated vimentin synchronizing a significantly
increasing cell stiffness in EMT group in our study.

The cytoskeleton functions in cytoplasma, lamin A
works intranuclearly. Structurally, there are four lamin
proteins (A, C, B1, B2) [17], which interact to form a
polymeric network in the nuclear periphery over the
inner nuclear membrane, the lamina, which is responsible
for nuclear stability and chromatin organization [18].
There are paradoxical results from individual studies of
lamin A expression in cancer cells, and both lower and
higher levels of lamin A both might be beneficial to cancer
cells [19]. Rowat’s research found that increased lamin A
expression was associated with higher Young’s modulus
for cell stiffness and more invasive potential [8].

In our study, the results showed thatincreased Young’s
modulus was associated with significantly reduced lamin
A expression after induced EMT was exposed. It has been
shown that lower lamin A expression can result in cells
having more deformability in passing through narrow
gaps [20], which meets the requirements for more
migratory ability in EMT.

It has been popular that biological membrane is
heterogeneous composed of lipid and protein mixtures
termed as lipid domains [21], and membrane lipid-
protein domains have been studied as functional unit

as membrane rafts, which is composed of sphingolipid,
cholesterol and bound signaling proteins such as Src-
family kinases and Glycosylphosphatidylinositol (GPI)-
anchored proteins suggesting its function in signaling
pathway [22].

Fatty acids are carboxylic acids, and based on
saturated and unsaturated hydrocarbon chains, fatty
acids can be classified into saturated fatty acids and
unsaturated fatty acids including monounsaturated fatty
acids, and polyunsaturated fatty acids [23].

The endoplasmic reticulum enzyme stearoyl-CoA
desaturase 1 catalyzes SFA to the biosynthesis of MUFA.
In our study, of the stiffer cells in the EMT group, the total
FA and the proportion of SFA and UFA remained stable
in two groups, while the molar percentages of PUFA
and MUFA were significantly increased and decreased
respectively [24].

Due to the significantly reduced MUFA level, the ratio
of intracellular SFA to MUFA (SFA/MUFA) is significantly
elevated in EMT group compared to the pre-EMT group.
The stable SFA and a reduced MUFA levels imply (1) a
reduced MUFA biosynthesis, (2) lower membrane fluidity
as in the gel phase after induced EMT. PUFA can increase
membrane fluidity and decrease cell stiffness [25].

Its mechanism might be (1) the more cholesterol in
the membrane, the less fluidity, the more rigidity, the
less deformability and the thicker the membrane is,
thus implying a higher cellular stiffness [26], due to the
interaction between cholesterol and SFA resulting in a
closer packing order of the membrane phospholipid with
SFA tails [27]; (2) conversely, as an aversion to cholesterol,
PUFA and cholesterol displace each other, forming lateral
lipid segregation of PUFA-rich/sterol-poor and PUFA-
poor/sterol-rich regions [28]. The elevated PUFA levels
may resultin a more heterogeneous membrane consisting
of more PUFA-rich/sterol-poor domains and less PUFA-
poor/sterol-rich domains in EMT.

CONCLUSION

The co-occurrence of elevated SFA/MUFA increasing
cell stiffness and elevated PUFA decreasing cell stiffness
in the EMT group needs further investigation. One
possibility is that the cytoskeleton is of more important
than the cell membrane in regulating cell stiffness.
Obviously, cellular stiffness is highly orchestrated by
multi-factors of the cytoskeleton and membranes.
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