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Abstract

Studying the Relationship Between Cellular Mechanics and Metabolism
By Mark Essien

Mechano-transduction plays a key role in modulating cellular processes, especially in cancer
cells. Past studies have illustrated that mechanical inhibition can modulate the activity of
metabolic pathways, while inhibition of glycolysis and other processes can attenuate cellular
mechanical activity. However, past studies fail to study the relationship between metabolism
and single-molecule traction forces that occur on a pN scale. In this work, we aimed to discover
the relationship between metabolism and pN traction forces by synthesizing tension gauge
tether (TGT) probes, plating cells on 12 pN and 56 pN tension probes, and finally by inhibiting
mechanical and metabolic activity through the use of mechanical inhibitors, blebbistatin and
Y27632, and metabolic inhibitors, 2-deoxy-D-glucose (2DG) and 6-aminonicotinamide (6AN.) In
summary, we discovered that TGT probes modulate ATP levels in HeLa and MEF cells, inhibition
of traction forces lowers ATP levels, and blocking glycolysis and the pentose phosphate
pathway leads to decreases in ATP levels. Future works could utilize DNA tension probes to

study other cancer cell lines.
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Introduction
Mechano-transduction background

Mechano-transduction is a process where mechanical signals from a cell’s outside
environment, specifically the extracellular matrix (ECM), are transmitted to the interior of a cell.
Signals can be transmitted bidirectionally, from the outside of a cell to the inside in “outside-in”
signaling and from the inside of the cell to outside in “inside-out” signaling. External signals can
be used to induce changes in cellular processes such as the cell cycle.? The ECM, where these
signals come from, is made up of proteoglycan and other proteins such as collagen and
fibronectin.?

The multi-step process of mechano-transduction begins when cells use integrins to feel
their environment. Integrins are membrane protein surface receptors that contain an alpha and
beta subunit (Figure #1.) A variety of subunit versions exist and thus allow cell integrins to interact
with numerous components in their environment.> These integrin receptors can bind to
fibronectin and other specific protein sequences.> From there, the integrin transmits the
mechanical signal to the inside of the cell through the formation of focal adhesions (Figure #2.)
Focal adhesions are the integrin-protein interactions that join the integrin receptors to the actin
cytoskeleton components.* These interactions occur with proteins such as vinculin, talin, and
paxillin that interact with actin-myosin bundles to further transmit the mechanical signal to the

side of the cell.
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Figure #1. Integrin structure: The structure of integrin is depicted above. Integrin contains alpha
and beta subunits that allow it to interact with a variety of environmental components.
Reference: The role of integrins in inflammation and angiogenesis by Olachi J. Mezu-Ndubuisi &
Akhil Maheshwari is licensed under CC BY 4.0°

After the mechanical signal has reached the inside of a cell, the cytoskeleton contractility
further transmits the signal and leads to further downstream cellular effects.*® Actin cytoskeleton
slides along Myosin Il proteins, leading to the formation of stress fibers.*#® Mechanical activity
directly regulates myosin Il activity through activation of the Rho/ROCK pathway.”® When RhoA
is in its active GTP form, Rho kinase (ROCK) is activated. The activation of ROCK leads to
phosphorylation of the myosin regulatory light chain, thus promoting actin bundling. This

ultimately leads to the interaction of actin and myosin.3#21011.12
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Figure #2. Integrin-ECM interaction: Integrin-ECM interactions are mediated by focal adhesion
proteins and the activation of the ROCK pathway through Rho GTPases. Reference: Cellular
Mechanotransduction: From Tension to Function by Fabiana Martino et al. is licensed under CC
BY 4.0*

Disease states and their effect on the ECM

Certain disease states can greatly change the stiffness of ECM, leading to changes in
cellular activity. In lung, breast, and pancreas cells, the ECM stiffness ranges from 200-1000
Pa.’®1 In cancer cells, ECM stiffness is enhanced and increases to 4-10 kPA.'*# Kraning-Rush et
al. illustrated that metastatic breast cancer plated on substrates with stiffnesses ranging from 1-
10 kPa had higher traction force generation compared to its non-cancerous counterpart.'> Similar
results were also seen in other metastatic cancer cell types tested.'®> Previous works have also
demonstrated that the interaction between the ECM and integrins could play a key role in cancer

cell metastasis and migration.16:17,18



ECM stiffness and metabolism

Cellular metabolic activity has also been found to be regulated by ECM interactions and
mechano-transduction. The metabolic activity of cancer cells is especially of interest due to its
reprogramming during cancer cell development.!® Specifically, the Warburg effect causes cancer
cells to produce energy through fermentation even though the cell is in the presence of oxygen.3
Because of this, glycolysis plays an important role in cancer cell function. In this pathway, glucose
is broken down into two pyruvate molecules, leading to the production of two net ATP molecules
(Figure #3.) Previous work has shown that cellular environmental stiffness can modulate the
production of certain glycolytic enzymes.?° Park et al. discovered that wild-type human bronchial
epithelial cells (HBECs) plated on stiffer substrates had higher rates of glycolysis compared to cells
plated on a softer substrate.?’ Furthermore, phosphofructokinase (PFK), the rate-determining
enzyme in glycolysis, was found to have higher expression levels in HBECs on stiff substrates
compared to those on soft substrates.?? When this same study treated cells with blebbistatin, an
inhibitor of myosin I, levels of PFKP-GFP, the platelet isoform of PFK, and glycolysis activity were

reduced on stiff substrates.?°
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Figure #3. Glycolysis Pathway: Glucose is converted into glucose 6-phosphate using hexokinase
(HK). This serves as a potential inhibition target. Reference: Glycolysis in tumor microenvironment
as a target to improve cancer immunotherapy by Chu Xiao et al. is licensed under CC BY 4.0%!

Metabolic inhibition and its role in cellular forces

Metabolic inhibition can also play a key role in force generation. 2-deoxy-D-glucose (2DG)
can act as an inhibitor of glycolysis through hexokinase (Figure #3.) Shiraishi et al. found that the
use of 2DG lowered TFM force measures and mitigated focal adhesion formation in prostate
cancer cells.??

In addition to its role in glycolysis, glucose also serves as a building block precursor for
ribose-5-phosphate, a key building block in nucleic acids. This molecule is produced through the
pentose phosphate pathway (PPP.) In the oxidative pathway of PPP, glucose-6-phosphate is
converted to ribose 5-phosphate through a series of reactions (Figure #4.) The rate-determining
step of this process is catalyzed by glucose 6-phosphate dehydrogenase (G6PD.)? Ribose-5-
phosphate’s role in nucleic acid formation makes it an important molecule in the proliferation of

cancer cells. Previous studies have been conducted to illustrate the effects of PPP inhibition on



cancer cell activity. Kaushik et al. established that inhibition of G6PD through the use of 6-
aminonicotinamide (6AN) led to a decrease in cellular proliferation in lung cancer cells.?* Although

not directly related to energy production, PPP inhibition led to lower levels of ATP in these cells

as well.
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Figure #4. The Pentose Phosphate Pathway (PPP): The conversion of glucose 6-phosphate G6P
to 6-phosphogluconolactone is catalyzed by glucose 6-phosphate dehydrogenase (G6PD) and
serves as the rate-determining step of the reaction. Reference: The Role of the Pentose Phosphate
Pathway in Diabetes and Cancer by Tongxin Ge et al. is licensed under CC BY 4.0%°

DNA tension probes and current knowledge gaps

This past research has illustrated the two-way connection between metabolic activity and
mechanical forces. However, despite the developments in this area, force measurements taken
with TFM measure nanonewton (nN) forces, but single receptor forces occur on a piconewton
(pN) scale.?”2829.303132 New methods have been developed in hopes of accurately capturing these
pN measurements. DNA tension probe technology, specifically tension gage tether (TGT) probes,
have been developed in hopes of solving this conundrum (Figure #5.) TGT tension probes are

typically created on biotin-streptavidin surfaces.?” These tension probes contain two DNA strands



bound together, along with a cyclic RGD (cRGD) ligand that mimics fibronectin33, a fluorophore
such as Cy3B, and a quencher such as BHQ-2.2” The cRGD serves as the ligand for integrin cell
surface receptors. When the DNA strand is attached, the quencher stops the fluorophore from
releasing light energy. When the force threshold for the tension probe is passed, the DNA strand
is unwounded, and the fluorophore releases light energy. This light energy release can be
quantified and serve as a measurement of traction force activity in cells. TGT probes open at
different thresholds based on the structure of the probe. In 12 pN and 56 pN TGT probes, the
difference in force is caused by the orientation of the biotin-binding site to the cRGD ligand.
Previous work has demonstrated how DNA tension probes could be used as a drug evaluation

tool** and a means to study cardiac cell maturation.3®
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Figure #5. Tension Gauge Tether (TGT) probes: A. Cells can pull on TGT probes of different
thresholds. When the force threshold is passed, DNA probes rupture and lead to fluorescence. B.
The chemical structures contained in TGT probes. C. The probability of probes rupturing under
different loading times (Adapted from Rashid et al.).?®

Therefore, the goal of this paper was to utilize DNA tension probe technology to evaluate
the relationship between single-molecule pN traction forces and ATP production. The first goals
of our experiment were to synthesize 12 pN and 56 pN tension probes and plate cells on them to
measure tension and ATP levels. Next, we worked to inhibit mechanical forces and determine the
effects on ATP production. Finally, we aimed to inhibit glycolysis and the PPP, using 2DG and 6AN
respectively, and determine their effects on pN tension force measurements. In this process, we

hypothesized that inhibition of mechanical forces would lower ATP production and that inhibition

of glycolysis and PPP would lead to a decrease in pN tension measurements.



Methods
Probe synthesis

TGT probes developed in previous literature work?®:3>36:37.38 were utilized. TGT top strands
were synthesized by mixing a cRGD with top strand DNA in a reaction solution with 5 mM sodium
ascorbate and 0.1 uM preformed Cu-THPTA complex in a 25 pL solution. After two hours, HPLC
was used to purify the product.

To synthesize TGT bottom strands, Cy3B-NHS ester was added to bottom DNA strands by
completing an NHS-amine coupling. Strands were then purified using HPLC.

To anneal the top and bottom strands, strands were synthesized in a 1.5:1 ratio at a 50 pL
volume in a thermocycler for approximately 25-30 minutes. After annealing, DNA strands were
diluted using 1x Phosphate-Buffered Saline (PBS) and subsequently plated on surfaces.

Surface Preparation

DNA tension probe surfaces were prepared following the procedures from previous
literature sources.?> Long glass slides were sonicated with ethanol for 15-20 minutes, washed
with water, and then sonicated with water for another 15-20 minutes. A piranha reaction
containing a 3:1 ratio of sulfuric acid and hydrogen peroxide was used to etch the slides for 20-25
minutes. Slides were subsequently washed with water 3-5 times and ethanol 3-5 times. Next, the
long slides were placed in a 1% (3-Aminopropyl)triethoxysilane (APTES) (440140, Sigma-Alrich)
solution for 40-45 minutes. Afterward, the slides were washed with ethanol 3-5 times and dried
using an oven. After 30 minutes, the slides were cooled and a 2 mg/ml solution of NHS-Biotin and

DMSO was placed on the surfaces overnight.
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After overnight biotin incubation, slides were washed with ethanol and baked for 20-25
minutes. After baking and cooling, slides were attached to a 96-well plate. Wells were washed
with 1x PBS three times. A solution of 0.1 mg/ml solution of bovine serum albumin (BSA) was
plated in each of the wells for 15 minutes. After incubation and another PBS washing, a 1 mg/ml
solution of streptavidin/PBS was plated on each well and left for one hour. After streptavidin and
PBS washing, 30 pL of DNA was placed on each surface for 1 hour. Finally, after DNA plating, the
wells were washed with 1x PBS three times and washed with cell serum containing P/S and FBS.
Afterward, a density of ~10,000 cells was plated on each surface and left to incubate for 1-3 hours.
Cell Culture

Hela and mouse embryonic fibroblasts (MEF) were maintained in cell serum containing
Dulbecco’s Modified Eagle’s Medium (DMEM) (10-013-CM, Corning), Penicillin-Streptomycin
(P/S), and 10% fetal bovine serum (FBS.) Each cell line was grown in T25 flasks, and after reaching
plate confluency, the cells were passaged.

Drug treatment

Hela and MEF cells were treated with ROCK inhibitor Y27632 (Y0503, MilliporeSigma) at
a concentration of 25 uM for 30 minutes on a shaker. These cell lines were also treated with a 15
UM concentration of myosin Il inhibitor blebbistatin (18-521, Fisher Scientific) for 30 minutes on
a shaker.

In our metabolic inhibition experiments, Hela cells were mainly utilized. Hela cells were
cultured with the cell culture highlighted above. Hela cells were cultured with 20 uM of 6-
aminonicotinamide (6AN) (L06692-03, ThermoFisher), a PPP pathway inhibitor, or 10 mM of 2-

deoxy-D-glucose (2DG) (D8375, Sigma-Aldrich) for approximately 30 minutes on a shaker. 2DG
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was dissolved in water, while 6AN was dissolved in DMSO. Treated cells were then plated on 12
or 56 pN tension probes for approximately 1-3 hours.
Microscopy

Cells were imaged and studied using a Nikon Eclipse Ti microscope, epi-fluorescence
microscopy, and a 100x objective. Images were taken using a 561 nm laser to measure tension
activity.
ATP assay

ATP level measurements were taken using an ATP assay kit (ab1139, Abcam) in a
microplate reader. Each plate well was incubated with 50 uL of detergent solution. After shaking
the plate at 600-700 rpm for 5 minutes, a 50 L substrate solution was added to each well. The
plate was then shaken at 600-700 rpm for 5 minutes and then dark-adapted for another 10
minutes. Afterward, ATP levels were taken by measuring luminescence values in a microplate
reader.
Data Analysis

Data analysis and graph formation were performed using ImagelJ, Prism, and Microsoft

Excel.



Results and Discussion

Tension Gauge Tether (TGT) probes were purified using HPLC

12

Before we began our tension measurements, we needed to synthesize our TGT probes

using the previously outlined protocol. The strands were then purified using HPLC. For the cRGD

azide and ligand strand depicted below (Figure #6), 220 nm represents cRGD, 260 nm represents

DNA, and 560 nm represents BHQ2, our quencher. For our 12 pN and 56 pN anchor strands (Figure

#7), DNA is again represented by 260 nm and Cy3B, our fluorophore, is represented by 560 nm.

The cRGD and ligand strand were released at ~20 minutes and ~15 minutes, respectively. Each of

our anchor strands was released at approximately 12 minutes.
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Figure #6. cRGD azide and ligand strand purification: The cRGD azide and ligand strands were
purified using HPLC. The cRGD product was released at ~20 minutes, while the ligand strand

product was released at 15 minutes.
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Figure #7. Anchor strand purification: The 12 pN and 56 pN anchor strands were purified using
HPLC. Each product was released at approximately 12 minutes.

pN tension probes modulate ATP activity

To begin our experiments, we prepared long glass slides using a piranha reaction.
Afterward, we treated the surfaces with APTES and plated a biotin-DMSO solution overnight.
When this treatment was completed, we attached the glass slides to a 96-well plate and added
DNA tension probes to these surfaces. Then, we plated HeLa and MEF cells on these tension probe
surfaces for approximately one to three hours and measured tension levels using microscopy to
establish to obtain baseline values. In these measurements (Figure #8 and #9), we found that
tension levels were higher for both HeLa and MEF cells plated on 12 pN probes compared to the

same cells on 56 pN tension probes. This data is consistent with our initial hypothesis, where we
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predicted that tension levels would be higher on 12 pN probes since these probes have a lower

threshold needed to open them.
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Figure #8. Untreated MEF cell tension measurements: Untreated MEF cell tension was taken
after 1-3 hours. Tension levels were higher in cells plated on 12 pN probes.
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Figure #9: Untreated Hela tension measurements: Untreated Hela cell tension was taken 1-3
hours after incubation. Tension levels were elevated in cells plated on 12 pN probes.

After taking tension measurements, we measured ATP levels as means of measuring metabolic
activity. To accomplish this, we utilized an ATP plate reader assay and measured the luminescence.
In this assay, we found that ATP levels were higher for both HeLa and MEF cells plated on 56 pN
tension probes, compared to those on 12 pN tension probes (Figure #10.) This data is also
consistent with our initial predictions and hypothesis and previous literature sources, where

energy production was elevated on stiffer substrates.?°
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Figure #10. ATP levels in untreated cell lines: ATP levels were measured in HeLa and MEF cells
plated on TGT probes using a microplate reader assay. In both cell lines, ATP levels were higher
on 56 pN TGT probes, compared to 12 pN probes.
Traction force inhibition attenuates ATP activity

After taking baseline traction force measurements, we studied the effects of mechanical
inhibition on ATP levels. For this experiment, we applied 15 uM of blebbistatin to HeLa and MEF
cells for approximately 30 minutes on a shaker. Blebbistatin acts as a myosin Il inhibitor and stops
myosin from interacting with the actin cytoskeleton. Blebbistatin inhibition treatment led to
decreased cellular traction forces in both MEF and Hela cells measured using microscopy (Figures
#11 and #12.) These comparisons were taken by normalizing tension data to control values. MEF
cells were also found to have a larger statistically significant difference in tension measurements
in both 12 pN and 56 pN tension probes. The reduction in tension activity was consistent with our

initial expectations.
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Figure #11. Tension measurements in Hela cells treated with Blebbistatin: Tension
measurements were taken in Hela cells treated with blebbistatin (15 uM) for 30 minutes.
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Figure #12. Tension measurements in MEF cells treated with Blebbistatin: Tension
measurements were taken in MEF cells treated with blebbistatin (15 uM) for 30 minutes.
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Next, we wanted to determine blebbistatin’s effects on ATP production. To do this, we
performed another ATP measurement assay using a microplate reader. In these cells subjected to
blebbistatin inhibition, we discovered that ATP levels were reduced in both HelLa and MEF cells
(Figure #13.) In both cell types, there was no difference seen in ATP levels between 12 pN and 56
pN blebbistatin-treated groups. These results illustrate that mechanical inhibition plays a role in

modifying the production of ATP in both cancerous and healthy cell lines and is consistent with

past studies.?®
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Figure #13. ATP measurements in Blebbistatin-treated cells: ATP measurements were taken in

cell lines treated with blebbistatin (15 uM.) ATP levels were normalized to 56 pN control values.
After our initial blebbistatin treatments, we wanted to evaluate if our results were

consistent across different mechanical inhibitors utilized. In our next set of experiments, a Y27632

treatment was applied to HelLa and MEF cells to inhibit ROCK, a key kinase in the ROCK activation
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pathway. This data was analyzed in the same manner described in our blebbistatin inhibition
experiments. Similar to the blebbistatin treatments, tension levels were reduced in both Hela
and MEF cells treated with Y27632 (Figures #14 and #15.) MEF cells were found to have a larger

statistically significant difference in treatment groups compared to Hela cells.
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Figure #14. Tension measurements in Hela cells treated with Y27632: Tension measurements
were taken in Hela treated with Y27632 (25 uM) for 30 minutes. Tension levels were normalized
to control values.
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Figure #15. Tension measurements in MEF cells treated with Y27632: Tension measurements
were taken in MEF cells treated with Y27632 (25 uM) for 30 minutes.

After these tension measurements, we studied ATP levels using the ATP assay protocol
previously discussed. In these measurements, we found that ATP levels were lower in both cell
lines subjected to the Y27632 treatment (Figure #16.) Furthermore, we found that a there was
larger statistically significant difference between control and treatment groups on cells plated on
56 pN treated cells compared to cells treated on 12 pN tension probes. These results further
validated our metabolism-mechanics hypothesis by depicting that mechanical inhibition led to

lower ATP values.
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Figure #16. ATP measurements in Y27632-treated cells: ATP measurements were taken in cell
lines treated with Y27632 (25 uM.) ATP levels were normalized to 56 pN control values.

Metabolic inhibition lowers cellular traction forces and ATP production

After completing our experiments with mechanical inhibition, we moved toward studying
the inhibition of specific metabolic pathways. In this stage of experiments, we focused on Hela
cells since metabolic activity is known to be upregulated in cancer cells.3>'° In one set of
experiments, Hela cells were treated with a 10 mM concentration of 2-deoxy-D-glucose (2DG)
for 30 minutes on a shaker. In the next set of experiments, Hela cells were treated with 20 uM of
6-aminonicotinamide (6AN), a PPP inhibitor, following the same protocol. These inhibition
concentrations were determined using previous literature studies.3%*° Tension measurements
were again taken using microscopy. In this data, we found that tension levels were lower in Hela
cells treated with 2DG or 6AN, compared to control groups, in cells plated on both 12 pN and 56

pN tension probes (Figures #17-20.) These results are consistent with our pre-experimental
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hypothesis, where we theorized that metabolic inhibition would lower traction force activity, as
seen in previous work.?? In addition to our measurements of tension, we were interested in
measuring the cell spread area of our Hela cells to determine if there was any difference in
treatment groups. Previous studies have indicated that tension activity can be regulated by cell
spread area.**? Similar to our tension measurements, the metabolically inhibited cells

experienced decreases in cell spread area (figure #51.)

Glycolysis Inhibition Tension Data (Microscopy)
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Figure #17. Images and tension activity of Hela cells with glycolysis inhibition on 12 pN tension
probes. 10 mM of 2DG was used to inhibit glycolysis.
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Glycolysis Inhibition
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Figure #18. Images and tension activity of cells with glycolysis on 56 pN tension probes. 10 mM
of 2DG was used to inhibit glycolysis.
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Figure #19. Images and tension activity of Hela cells with PPP inhibition on 12 pN tension
probes. 20 uM of 6AN was used to inhibit PPP.
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PPP inhibition
Tension Data (Microscopy)
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Figure #20. Images and tension activity of cells with PPP inhibition on 56 pN tension probes. 20
UM of 6AN was used to inhibit PPP.

Finally, after traction force and surface area measurements, we performed an ATP assay
on each treatment group. In this assay, we found that ATP levels were reduced in both 2DG and
6AN treatment groups on 12 pN and 56 pN tension probes (Figure #21.) There was not a
significant difference in ATP levels between glycolysis-inhibited cells on 12 and 56 pN tension

probes. Similar results were also seen with 6AN treatment groups.
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Figure #21. ATP measurements in metabolically inhibited cells: The ATP levels of cells treated
with 2DG or 6AN. Data were normalized to 56 pN control values.
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Section IV — Conclusion and Future Directions

Cancer cells have increased metabolic activity.’® In addition, cancer cells with metastatic
potential have higher cellular traction forces.® In this study, we have demonstrated how
metabolic activity and mechano-transduction regulate each other. We have shown how plating
cellsin 12 pN and 56 pN tension probes can modulate ATP levels in both HeLa and MEF cell lines.
Furthermore, our experiments illustrated how mechanical inhibition can result in a reduction in
ATP levels. In addition, we have depicted how DNA tension probes can be utilized as a method
to evaluate the effects of different metabolic treatments on single molecule receptor forces. Each
metabolic inhibition led to lower traction force activity, as measured by our tension probes.

However, we mainly focused on Hela cancer cells. Future works must study different
cancer cell lines to further evaluate the usability of these tension probes. There are also multiple
methods to evaluate glycolysis or metabolic inhibition through different testing kits. These tests

could provide more pathway-specific data points.
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