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Abstract:
It is believed that senescent cells are unable to grow; however, we have treated non-growing

senescent cells with low frequency ultrasound (LFU) and they are rguvenated for growth.
Further, the senescent cells are characterized by low levels of motility but LFU treatment
significantly increases the level of whole cell and organelle motility. At a mechanistic level,
LFU causes Ca’* entry that precedes dramatic increases in autophagy with the inhibition of
MTORC1 and the movement of Sirtuin 1 from the nucleus to cytoplasm. Other characteristics of
senescent cells are also reversed including blocking SASP secretion, restoring telomere length,
plus nuclear 5mc levels, H3K9me3 levels, YH2AX levels, p53 nuclear staining, ROS and
mitoROS levels are al restored to normal levels. Repeated LFU treatments enables expansion of
primary cells and stem cells beyond normal replicative limits without altering cell phenotype.
Reguvenation is enhanced by rapamycin and Rho kinase inhibition but inhibited by blocking

Sirtuin 1, Piezol or TRPV1. Thus, we suggest that mechanical pressure waves similar to those
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generated by exercise can reverse senescence at the cell level, which provides a way to

rejuvenate senescent cellsin vivo.

One-Sentence Summary: Low frequency ultrasound alone rejuvenates senescent cells by

activating autophagy.

| ntr oduction:

Cell senescence is one of the hallmarks of the aging process that is characterized by a permanent block to cell
growth (1-7). It wasfirst noted in 1961, when Hayflick reported that primary cells in culture stopped growing after
a certain number of divisions, i.e. they became senescent (8). Transplantation of senescent cells into young mice
causes physical deterioration and age related pathologies (9), whereas depletion of these cells from aged mice slows
age-related pathologies and enhances life span (10-18). This indicates that cellular senesence is one of the drivers of
the aging process and removing senescent cells is critical for improving performance in aged organisms. Because
senescence is believed to be a state of permanent cell cycle arrest where cells are metabolically active but stop
dividing (19), the selective lysis of senescent cells is considered the best way to remove their negative effects (20-
23). The alternative is to block the transition to the senescent state but that requires early intervention and is not
applicable to aged individuals with senescent cells. Physical exercise is one early intervention to slow aging that is
widely accepted (24-26) and has even been considered as a senolytic (22). Although the effects of exercise could be
purely physical, there is evidence that exercise affects the brain and other organs through increased secretion of the
myokines such as irisin (27). We report here that, surprisingly, physical pressure waves of low frequency ultrasound
(LFU) can restore senescent cell growth by rejuvenating them.

Because the accumulation of senescent cells in tissues causes age-related pathologies (28-30),
including in lung, adipose tissue, aorta, pancreas, and osteoarthritic joints (10), there are potentially many benefits
from decreasing the fraction of senescent cells in tissues. The senescence process has genera physiological
significance since it prevents the propagation of damaged cells, suppresses tumor progression, helps in early
development (31), wound healing (32), and in tissue repair processes (33). Despite the beneficial roles of senescent
cells, there are many age-associated maladies (34-36). Senescent cells secrete many pro-inflammatory molecules,
growth factors, chemokines, extracellular matrices, proteases and cytokines, collectively known as senescence

associated secretary phenotype (SASP) (37, 38). An increase in the level of SASP catalyzes many age-related
3
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problems (39, 40). Therefore, targeted elimination of senescent cells by senolytics can potentialy improve age-
associated pathologies including osteoarthritis (2), diabetes (41), osteoporosis, heurodegenerative disease (42), and
overal lifespan (10). Senolytics have received considerable attention as a way to diminish specific effects of aging
in tissues targeted by senolytics (43), (13, 44, 45) and have gone to clinical trials (41). However, there is currently
no approved senolytic treatment for humans (11, 46, 47).

Autophagy inhibition and mitochondrial dysfunction are hallmarks of aging and cellular senescence (1).
Dynamic changes in mitochondrial fusion and fission are essential for healthy mitochondrial function and increased
fusion contributes to cell senescence (19). There is evidence of decreased senescence with exercise (48) that may be
related to unknown processes that increase mitochondrial fission (49, 50). Although changes in lysosome and
mitochondrial functions may be related, there is significant evidence that inhibition of lysosomal autophagy is a
driver for aging (51-53).

Mutations in the genome can increase the lifespan of worms and flies and they are largely linked to
metabolism and proteostasis pathways that inhibit the onset of senescence but do not reverse senescence at the cell
level (45, 46). Strategies to prolong lifespan, including the use of small molecules (e.g. rapamycin) and caloric
restriction, often can activate autophagy.

Ultrasound treatment can rever se cell senescence. We report here that ultrasound treatment can rejuvenate
senescent cells without senolysis. Ultrasound produces short duration pressure waves in cells that create mechanical
stresses. These conditions are safe for normal tissues and do not adversely influence functions of normal cells (54).
In cases of chemically induced and replicative senescent cells that are blocked for growth, low frequency ultrasound
(LFU) treatment can restore growth. LFU activates autophagy, organelle and cell motility, inhibits MTORC1, SASP
secretion, B-galactosidase expression, decreases cell size, and mitochondrial length. Surprisingly, we find that
normal cellstreated with LFU secrete factorsthat activate senescent cell growth. Thus, purely mechanical stimuli

can rejuvenate senescent cells.
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RESULTS

2
Development and optimization of LFU

Since our previous studies showed that low frequency ultrasound (LFU) caused apoptosis of
cancer cdls (31), we tested if LFU similarly caused apoptosis of senescent vero cells. To our
surprise, the senescent cells grew instead. We then tested the effect of different ultrasound
95 frequencies and power levels on the growth of the senescent cells and found that the stimulated
growth was greater at 33 kHz than 39 kHz and peaked at a power level of 4 Pa as measured by a
calibrated hydrophone (Figure S1C & D). The LFU bath had a peak power at the center and cells
were positioned 7-10 cm above the ultrasound transducer to put them in the far field of the
ultrasound (Figure SIA&B). We also optimized the effects of LFU duration of treatment and
100 duty cycle (on/off times) on the growth rate of senescent cells (Figure S1IE &F). Once we
determined the optimum parameters; 32.2 kHz at 4 Pa for 30 mins with a duty cycle of 1.5s on
and 1.5s off, we used those parameters for subsequent cell and mouse experiments.
To test the generality of LFU treatments for reversing cell senescence, we induced cell
senescence with four compounds: doxorubicin, hydrogen peroxide, sodium butyrate and
105 bleomycin sulfate by treating cells for 36-48 hours in the presence of the drug followed by 4
days of incubation in medium (59). Senescence was characterized by a block to growth (not
different from zero growth statistically), increased p-galactosidase activity (>90% of cells were
positive), increased cell size, and secretion of pro-inflammatory factors called SASP (30, 37).
All four criteria were met with each type of senescent cells (Fig. 1A) in that cell growth was

110 blocked (Figure 1B), cell size increased (Figure 1C and 1D) (27), cells secreted SASP (15)
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(Figure 1E) and B-galactosidase activity increased in over 98% of cells (Figure 1F and 1G).

Thus, by all criteria, the cells were senescent.

Senescent Cells Are Rgjuvenated for Growth
Drug-treated cells may have been quiescent and a fraction may have been partially
115 senescent.  Quiescent cells were characterized by the absence of -galactosidase. The drug-
treated cells were stained with $-galactosidase and over 95% of cells were stained after a four
day incubation (59). Thus, there was not a significant fraction of quiescent cells in these
preparations. To further test if the cells were senescent and if the senescent cells were
reactivatable, we followed the cells by video microscopy for days. The Bleomycin sulfate treated
120 cells were incubated for 22 days to assure that they were senescent before videotaping them for
24 hours (Figure 2A). There were no mitotic events (Figure 2B and F) and the cell migration
was low as measured by the hourly displacements of the nuclei (Figure 2E). After LFU
treatment for 30’, however, over 30% of the cells divided in the next 48 hours (Figure 2C, D and
F). Cell migration rate as measured by nuclear displacements increased by a factor of 2 from the
125 senescent cells (Figure S2A). Thus, fully senescent cells were activated for growth and motility
by LFU.
To determine if organelle motility was also activated, we followed the movements of the
mitochondria. The mitochondria of senescent cells were often fused and were longer than usual
(Figure 3 A). To determine the velocities of movement mitochondria positions of mitotracker
130 labelled mitochondria were recorded every 1-2 minutes. After LFU treatment, the mitochondria
were smaller (Figure 3C) and the linear velocities were dramatically increased by over 5 fold
from before LFU treatment (Figure 3D). In addition, there were many mitochondrial fission and
fusion events after LFU. For consistency, we only recorded the velocities of mitochondria that

did not undergo fission or fusion during the observation period. Thus, the LFU treatment
6
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135 activated both whole cell and mitochondrial movements, which meant that both actin and
microtubule-based motility was increased after LFU.
L FU Rejuvenates Senescent Cellswithout senolysis
To determine if mechanical activity could reverse all types of the senescent cells, we
treated different senescent cells (H202, bleomycin sulfate (BS), doxorubicin (Dox), sodium
140 butyrate (SB), and replicative senescent cells) with LFU at the optimal power levels. After
irradiation for thirty minutes, cells grew significantly (Figure S2 and S3). After the first
passage, the growth rate of BS cells exceeded that of the parent line (Figure S2B). When LFU
activation of the sodium butyrate, hydrogen peroxide and doxorubicin-treated senescent lines
was measured, there was significant growth, but the growth rate was lower than BS (Fig. S2C).
145 In the first two days, large cells divided, and the distribution of cell sizes shifted to smaller
sizes, indicating that cells became smaller with growth, reaching normal cell size over 8-10 days
(Figure S2C). When we analyzed the senescent cell populations after LFU treatment for
apoptosis, there was none, indicating that LFU did not have a senolytic effect (Fig. $4). Cdls
grew after asingle LFU treatment for 12-15 days without significantly decreasing in growth rate
150 (Figure S2D). LFU treated cells had areduced level of cell cycle inhibitor p21 (Figure S2E and
S2F). Thus, by many criteria, LFU treatment activated growth of senescent cells without
senolysis.
When senescent cells were stained for other senescence markers, there were dramatic
decreases after LFU treatment. In particular, the senescence markers including p53 levels,
155 yH2AX foci, H3K9me3 levels, cellular ROS and mitochondrial ROS levels were all decreased
after LFU treatment in  SB induced Vero cells (Figure 4). Thus, by many criteria, LFU

treatment caused a dramatic decrease in the senescent state markers.

L FU Inhibits SASP Secr etion
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LFU treatment of SASP secreting senescent cells blocked further secretion of SASP as

160 measured by the effects of pre- and post-LFU cell supernatants on normal cell growth (Fig.
S5A-S5D). In a separate experiment where we measured the levels of SASP components in
supernatants from senescent HFF cells before and after LFU treatment, the levels of eight SASP
components decreased including Interleukines IL-6, IL-8, IL10, IL-15, and pro-inflammatory

molecules TNF-a, IFN-y, VEGF, MIP-1a (Fig. S5E). Thus, we suggest that LFU rguvenates

165 senescent cells including blocking the secretion of SASP components.

L FU of Normal Cells Causes Secr etion of Componentsthat Activate Senescent Cell Growth

Many studies have shown that physical exercise delays tissue and brain aging (22, 48).

To test the possibility that LFU could benefit senescent cells through an indirect effect on

normal cells, we treated normal Vero cells with LFU over a period of three days (1 h per day)

170 and then collected the ultrasound supernatant (USS) for culturing senescent Vero cells (Figure
5A). Surprisingly, USS activated growth of senescent cells (Figure 5B and 5C) and decreased

their spread area (Figure 5D). We aso assayed the levels of chemokines and cytokines in the
supernatants from P3 HFFs after 3 days and in the USS (Figure 5E). The levels of IL-9, IL-17,

MCP-1, MIP-1a, MIP-1b, RANTES, GM-CSF, EOTAXIN, G-CSF, and IP-10 components

175 decreased whereas the levels of PDGF and VEGF increased (Figure 5E). Thus, LFU treatment

of normal cells stimulated secretion of factors that caused growth of senescent cells.

L FU Activates Ca** entry, Autophagy and I nhibitsmTORC1
If LFU was activating growth by activating autophagy downstream of Ca®* entry as
suggested in our working model (Figure 3D), then we should see C&?* loading and autophagy
180 activation rapidly with LFU treatment. The time course of the Ca?* entry was somewhat slow

and it took 1-2 minutes before Ca®* waves were evident (Figure 6A, B). Autophagy have been
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activated by several processes (55) and it was not surprising that we saw significant changesin
autophagy level (Figure 6C, D). Further, inhibition of autophagy by chloroquine diphosphate
(CCD) blocked growth activation. Still, LFU activated autophagy even (Figure 6D) in presence
185 or absence of the CCD inhibitor (lower GFP fluorescence intensity showed increased
autophagy). Further, rapamycin was known to activate autophagy by inhibiting mTORCL1, which
was synergistic with LFU (51). L-Leucine (LL) activated mTORC1 and LL treated cells had
higher levels of phosphorylated mTOR and rapamycin was antagonistic to mTOR
phosphorylation. We observed that the level of phosphorylated mTOR was decreased by LFU
190 (Figure S6). As expected, LFU activation of senescent cell growth was increased by rapamycin
(Figure S7). Another protein linked to senescence was sirtuinl, an analog of the yeast
deacetylase serl that inhibited senescence (56). When we inhibited sirtuinl during LFU
treatment of senescent cells, we found that rejuvenation of senescence was blocked (Figure S7).
Thus, this indicated that NAD+-dependent deacetylation was needed for reguvenation of
195 senescent cells by LFU. Other factors have been linked to aging and cell senescence, including
telomere shortening (44) and DNA hypomethylation (43). In the case of telomere length, there
was a significant increase in the average telomere length of replicatively senescent fibroblasts
after LFU treatment (Figure S8B) and a smaller increase in mesenchymal stem cells (Figure
S8C). DNA methylation levels of senescent cells were increased by LFU, which was consistent
200 with the rgjuvenation of senescent cells by LFU (Figure S8) and with the decrease in H3K9me3
levels after LFU (Fig. 4). Thus, LFU treatment of senescent cells reverses senescence-dependent
changes in the nucleus, consistent with arestoration of the normal cell state by LFU.
Plasma membrane ion Channels are Needed for Regjuvenation
The first organelle of a cell that encounters LFU is the plasma membrane. Piezol ion

205 channels are activated by the LFU and play a magor role in tumor cell apoptosis (55). We
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checked the expression level of piezol and other ion channels including TRPV1 and measured
if their activation by LFU was important for the process of rejuvenation. Incubation of SCswith
the Piezol inhibitor, GsMTx4, inhibited cell growth after LFU treatment (Figure S9. Further,
when SCs were treated with LFU in presence of Ruthenium Red, an inhibitor of TRPV1, we
210 also observed decreased growth of senescent cells after 48 h (Figure S9). Thus, we suggest that

LFU stimulation of growth depended upon the mechanical ion channels piezol and TRPV 1.

RNAseq anaysis of the changes in mRNA levels of senescent cells upon LFU
rejuvenation revealed that the expression levels of 50 genes were upregulated by a factor of two
or more upon reguvenation whereas 140 genes were downregulated (Table 1 and 2). Of

215 particular interest were the SASP proteins that were downregulated upon regjuvenation, which
included IGF2, IGFBP2, FGF7 and C1Q-TNF7. Further pathway anaysis was done which
indicated that many of the genes activated by LFU were in pathways activated by viral infections
(Table3and 4) Thiswas consistent with the activation of the cells and reversal of the senescent
state upon rejuvenation.

220 Previous studies from our laboratory reported that a different ultrasound treatment caused
apoptosis of tumor cells but not normal cels (57). In that case, LFU-dependent tumor cell
apoptosis increased after microtubule depolymerization by nocodazole and the Rho kinase
inhibitor (Y-27632) blocked apoptosis. Depolymerization of microtubules increased Rho kinase
activity and myosin contractility (58) whereas the Rho kinase inhibitor decreased contractility.

225 In the case of LFU induced senescent cell rgjuvenation, addition of Y-27632 increased
regjuvenation while microtubule depolymerization by nocodazole had no effect (Figure S7E).
Thus, the reversal of senescence by LFU was different from the activation of tumor cell
apoptosis, sinceit involved different cytoskeletal elements.

Expansion of Replicative Senescent Cellsby LFU

10


https://doi.org/10.1101/2022.12.08.519320

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.08.519320; this version posted February 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

230 Because replicative senescence presumably was a common property of normal cells that
limited growth (8), we tested whether LFU could extend the growth potential of normal cells.
After 15 passages human foreskin fibroblasts (HFFs) decreased in growth rate, increased in
average cell size, and exhibited increased B-galactosidase activity. However, after LFU
treatment with every other passage, for passages 15-24, HFF cells behaved like normal cells and
235 continued to grow without a significant change in growth rate for at least 24 passages (Figure
7A). This made it possible to grow >7,500 (2*%) fold more HFF cells than without LFU, while
spread area was normal (Figure 7B) and there was no increase in senescence markers (Figure
4C). When P24 LFU cells were cultured on soft matrices, they ceased to grow, showing rigidity-
dependent growth. Similarly, we expanded mesenchymal stem cells (MSCs) with LFU beyond
240 the normal replicative limit (Figure 7D). Upon treatment with differentiation medium, the LFU
expanded MSCs differentiated into adipocytes or osteocytes, depending upon the medium
(Figure 7E, F & G) although the level of adipocyte differentiation was higher in the LFU treated

cells than in the replicatively senescent MSCs.

245 Discussion
These studies show that rigorously senescent cells can be mechanically rejuvenated by
LFU without transfection or other biochemical manipulations. The ultrasound pressure waves
restore normal behavior irrespective of whether senescence is induced by chemical treastment or
250 by repeated replication. There is no apoptosis with LFU and videos of senescent cells before and
after LFU show a dramatic increase in cell motility as well as growth after whereas there was no
growth before LFU. Features of senescent cells are all reversed by LFU, including the increase
in B-galactosidase activity, p21 expression, decreased telomere length, increased H3K9me3
levels, decreased 5mc levels, increased cell size, secretion of SASP and inhibition of growth.

255 Restoration of normal behavior correlates with a decrease in mitochondrial length and lysosomal
11
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volume. There are optimal values of LFU power, frequency and duty cycle for rguvenation of
senescent cells that belie an unknown set of processes that are mechanically activated by LFU.
Surprisingly, ultrasound treatment of normal cells causes secretion of growth stimulating factors
that partially restore normal behavior in senescent cells. Because replicative senescent cells are

260 restored to a normal phenotype by LFU, they can be cultured for long periods to produce
increased numbers of cells without major alteration in phenotype.

It is perhaps surprising to many that fully senescent cells are rejuvenated by pressure
waves. This raises the question of how a senescent cell is defined. We were careful to incubate
cells that were made senescent by toxic compounds or repeated replications for long periods and

265 time lapse video microscopy verified the absence of any growth. We can rule out the possibility
that we activated quiescent cells since over 95% of the cells expressed 3-galactosidase after
incubation (59) and many of the larger senescent cells grew and divided in the videos. By
tracing individual cells, it was possible to determine that growth was occurring in over 50% of
the originally non-dividing cells after 4-5 days. Such robust growth is inconsistent with the

270 growth occurring in a subpopulation of cells that were not senescent. Further, there was no
apoptosis after LFU treatment of our senescent cells. Thus, because of all of these objective
criteria for the reversal of senescence, we suggest that senescent cells can be rguvenated by
LFU. This opens many new possibilities in aging research including rguvenating aged cells in
vivo to inhibit age-dependent disorders.

275 The selective lysis of senescent cellsis an alternative approach to reducing the effects of
aging, and it has been shown to improve performance of older mice (13, 43, 60, 61) 37). The
obvious difficulty is that the loss of senescent cells is hard to reverse and the stimulation of
growth of the remaining non-senescent cells will stress them and encourage their senescence. In

separate studies, we have found that LFU treatment will improve the physical performance of

12
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280 aged mice (62). Thus, it seems from preliminary studies that LFU can be used to rejuvenate
aged animals without the use of senolytics.

Mechanical effects on cell behavior have been known for along time. However, recently
it has become clear that controlled mechanical perturbations can reproducibly alter cell functions
and phenotypic behaviors. Tumor cells are mechanosensitive since either stretching, fluid shear

285 or ultrasound can cause apoptosis in vitro (57, 63, 64). In addition, exercise appears to inhibit
tumor growth in vivo (65). Normal cells appear to do better with exercise and myokines that are
released with exercise benefit the organism. In the studies presented here, LFU stimulation of
normal cells causes the release of beneficial factors that stimulate growth of senescent cells and
perhaps could augment the LFU rejuvenation of aged cellsin tissues.

290 There is evidence of a correlation between exercise and a reversal of senescent cellsin
older animals and humans (48). Individual cells have not been followed and it is not clear if
exercise reverses senescence or is a Senolytic (28). In these studies, it is clear that ultrasound
pressure waves alone can reverse senescent cell to normal cell behavior, i.e. rguvenate them,
without causing cell death in vitro. The ultrasound and exercise effects in vivo are synergistic

295 and both will cause cell deformations. We suggest that both exercise and LFU will rguvenate
cells in situ without apoptosis and thereby increase the performance of aged animals. Because
LFU can easily penetrate the whole human body with only significant loss of power in bone and
lung, it can rgiuvenate most of the tissues including internal organs like pancreas and kidney that
will not be particularly sensitive to exercise. A critical issue for improving the performance of

300 aged animals is that the level of SASP and other inhibitory factors in the animal decreases,
through either senolytics, exercise or LFU.

The senescent cell state has been extensively studied but the molecular bases for the

changes are not fully understood. It is noteworthy that Ca®* transients occur soon after LFU

13
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stimulation and Ca* is needed for activation of autophagy (62). In addition to autophagy, there
305 are major roles for changes in mitophagy in senescence (51, 56, 66-69). Accordingly, most
models of the senescence process postulate complicated roles for autophagy and mitophagy to
couple changes in activity of lysosomes, mitochondria and other cellular organelles with the cell
cycle (48, 49). The subcellular effects of ultrasound appear to be mediated by Ca’* effects on
mechanically dependent mitochondria-ER-lysosome interactions, which activate |ysosomal
310 autophagy and mitochondrial fission that is a requisite for mitophagy. Thus, we suggest that LFU
induced distortion acts on organized elements of the cytoplasm like exercise to reverse
complexes induced by aging. Similarly, the increase in motile activity caused by LFU indicates
that thereis ageneral effect on cells to restore normal functions that are slowed in senescent cells
by the accumulation of damaged material. At a molecular level, senescence is associated with
315 active mTORCL1 binding to lysosomes thereby inactivating autophagy (70, 71). Rapamycin
inhibition of MTORCL1 is synergistic with LFU-induced rejuvenation and rejuvenation involves
activation of autophagy (Figure S6) and a decrease in lysosomal staining (Figure 3B). In the
case of Sirtuin 1, loss of activity is associated with an increase in senescence, which fits with the
need for Sirtuin 1 activity in rguvenation (Figure S7) (56). In addition, AMPK plays a major
320 role in mitophagy and autophagy and its activation by AICAR increases the performance of aged
mice (50). Piezol and/or TRPV 1 ion channel activity is needed for optimal LFU rejuvenation of
senescent cells and appears to have a role in endothelial cell aging (54). The ruthenium red
inhibitor may have off-target effects and selective inhibitors are needed to understand how the
relatively slow Ca?* waves might be involved in rejuvenation. In general, much more research is
325 needed to understand how LFU pressure waves could activate autophagy, inhibit mTORC1 and

activate Sirtuinl enzyme function to stimulate cell growth.

14
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Cdlular changes with senescence are extensive and involve not only changes in organelle
architecture but also in the secretory pathways that produce SASP. The surprising finding of
growth stimulatory factors that are secreted by normal cells upon LFU stimulation indicates that

330 LFU mechanical effects may be part of a larger network of functions that support systemic
responses to physical exercise. For example, exercise stimulates the secretion of myokines that
benefit brain function and quality of life (72). We suggest that the effects of LFU mimic many
of the effects of exercise at a cellular level with the added benefit that LFU can penetrate the
human body to reach internal organs.

335 The activation of growth of replicative senescent cells by non-invasve LFU has
important implications for the in vitro expansion of normal cells to aid in autologous repair
procedures and it can augment the effects of nicotinamide on replicative senescence (73). Much
more research is needed to understand the extent of the expansion that is possible. However, we
find that expansion does not involve apparent damage to the cells or mgjor modifications of their

340 phenotype. This indicates that the ultrasound reversal of senescence can have significant benefits
in enabling the continued growth of normal cells beyond current limits.

Since ultrasound has been approved for human exposure at power levels ten to hundred-
fold higher than the optimal levels used in this study, we suggest that it is practical to develop
ultrasound-based therapies that could inhibit the increase in senescent cells in tissues with aging

345 and thereby inhibit the onset of many age-related maladies. This non-invasive procedure has
advantages over senolytics and exercise in that it is not tissue selective. In addition, LFU is non-
invasive and will not directly affect biochemical or molecular biological treatments. Most
importantly, these results show that mechanical treatments can augment or replace biochemical
treatments to produce desired reversal of senescence and they are consistent with known effects

350 of exercise on senescence and quality of life with aging.
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Figure 1 Characterization of Senescent Cells. (A) Brightfield images of control Vero cells and senescent cells
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induced by H,0,, sodium butyrate (SB), Doxorubicin (Dox), and Bleomycin Sulphate (BS). Scale bar=300 um. (B)

Drug Media change LFU |
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590 Quantification of proliferation shows no senescent growth after a 48 h incubation. (C) Senescent cells become

enlarged

compared to the normal control cells. (D) Quantification of avg. cell volume of bleomycin sulfate treated cells

compared to control cells. (E) Supernatant collected from the senescent cells after 24 hour incubation was used to

study the growth of normal proliferating Vero cells. Culture medium was used as a positive control. Result are the
595 mean of three experiments+ SD. (F) SA-b-galactosidase staining of control (proliferating) and BS treated senescent

cells. Scale bar= 300 um. (G) Level of b-galactosidase senescence marker in H,O, and SB induced SCs. Scale

bar=300um. *P<0.05, **P<0.002, *** P<0.0001;datain (B)-(E) and H are mean £ SD. Minimum of 150 cells were

analyzed for spread area, cell volume and b-galactosidase from three independent experiments.

600

Figure 2. Fully Senescent Cellsare Rejuvenated for Growth and Matility by LFU. (A) This diagram shows the
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treatment plan to produce cells that are fully senescent. (B) Time-lapse video images of afield with 18 Bleomycin
sulfate treated cells incubated for 22 days in vitro, at the beginning and end of ahour observation period (red

605 numbers) where images were taken every 30" (two cells that entered the field in that period are marked by purple
numbers and one that left by yellow). (C) Time-lapse images of afield of 14 cells after a30" LFU treatment at the
beginning and end of a 24 hour observation period (red numbers). Three of the orginal cells divided (#s5, 8 and 13)
and the daughter cells are noted by green numbers. Five cells entered the field (Purple numbers) and two |eft the fiel
(yellow numbers). (D) Twenty-eight image fields were tracked for 24 hours before and for 48 hours after LFU

610 treatment and the number of cells in those fields were counted.
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Figure 3 Low Frequency Ultrasound Decreases Mitochondrial Length and Lysosome intensity in Senescent
Cells. (A) Representative immunofluorescent images of mitochondrial morphology and lysosome fluorescence in
615 normal, senescent (bleomycin sulfate-treated for 30 hours and incubated for 3 days) and LFU-treated senescent Vero
cells stained with Mitotracker and Lysosome tracker. Scale bar=10 pm. (B) Ratio of intensities of lysosomal to
mitochondrial staining is decreased by ultrasound treatment of senescent cells. (C) Quantification of mitochondrial
length shows decreased length after LFU. Results are shown as mean + SD, minimally 108 cells were analyzed, n>3
experiments, and significance was determined using two-tailed unpaired t-test. *P<0.05, ** P<0.002. (D) Velocity
620 of mitochondria before and after LFU treatment. Images were capture every five seconds for 10 minutes. A
minimum of 10-12 mitochondrial puncta were manually tracking using ImageJ software. (E) Diagram of a working
model for the rejuvenation of senescent cells by activation of autophagy through LFU inhibition of mTORC1

activity.
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Figure 4. Senescence Markers in Senescent Cells Are Reduced after LFU Treatment. (A) Representative
images of p53 (green) and YH2AX foci (red) stained cells. Sodium Butyrate senescent Vero cells were treated two
times with or without LFU and then immunostained with P53 and yH2AX antibodies. Staining was done 24 hours
655 after LFU treatment (2™ treatment that was 1 day after first). (B) Quantification of p53 (green) intensity from the
three replicates. (C) Quantification of YH2AX mean intensity from three replicates. (D) Representative images of
H3k9me3(green) stained images. Sodium Butyrate senescent Vero cells were treated two times with or without LFU
and then stained with H3k9me3 antibody (one day separated first and second LFU treatments and staining). (E)
Quantification of H3k9me3 (green) intensity from the three replicates using standard conditions. (F) Representative
660 images of ROS (green) and MitoSOX (red) treated cells with live cell staining probe. Sodium Butyrate induced
Vero cells were treated with or without LFU and images were captured after 24 h. (G) Intensity of ROS (green)
staining and (H) MitoSOX (red) staining from the three replicate experiments. Scale bar =10 um. Datais plotted as
meant s.d. from the three replicates. One data point represents one cell analyzed. Non- parametric Mann Whitney
test was used to determine the statistical significance between two groups. * p value<0.05, ** p value <0.007, ****
665 p value<0.0001, and ns p value >0.05.
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730 Figure 5 Normal Cells Treated with LFU Secrete Growth Activating Factors. (A) Timeline and

strategy of LFU treatment of normal proliferating cells, passage 3 HFF cells. Schematic shows
that normal cells were treated with LFU four times in the same media and the supernatant was
collected (USS) for incubation with senescent cells for 48 h. (B) Brightfield images show change
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in morphology of senescent cells in supernatant collected from LFU treated normal cells and
after 48 h in the presence of USS. Senescent cells in normal growth medium were the controls.
(C) Graph shows growth of SCs in USS increased and (D) shows decreased spread area of
senescent cells. (E) Chemokines and cytokines in supernatants collected from untreated and
LFU treated cells (P3 HFF) were analyzed using Multiplex immunoassay. Results are plotted
as meant s.d.,, n=6 replicates. Mann Whitney Test was used to determine the statistical
significance, ns not significance, * p value <0.05 ** p value <0.01, *** p value 0.0001, and ****
p value 0.00001. Graphs were plotted by mean £ SD; *P<0.05, **P<0.002, *** P<0.0001.
Minimum, 200 cells were analyzed from the three independent experiments for graph (C) and
(D). Scale bar=300 um.
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Time course of Ca™ levels in a senescent cell after LFU treatment starts at the vertical lined. (C) Representative
immunofluorescence images of P18 HFF cells treated with LFU and treated with or without Chloroquine

795 diphosphate (CCD, 10 Um). Control cells were not treated with CCD or LFU. Cells were transfected with
autophagy sensor and incubated overnight as per manufacturer’s instructions (See the method sections for details).
Cells were then treated with CCD or LFU and incubated for 24 h. Confocal images were captured post 24 h
incubation. Scale bar= 10 um. (D), violin plots show the quantification of mean intensity of LC3-GFP to LC3-RFP
fluorescence. Autophagy flux is inversely correlated with GFP mean intensity because active autophagy quenches

800 the GFP-LC3. Result is plotted as meant s.d., n=80 fields ROl and a minimum 10 cells were analyzed. * p- value
<0.05, ** p-value <0.01 and **** p value<0.0001, two tailed Mann Whitney test was used.
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Figure 7 Ultrasound Reversal of Replicative Senescence I ncreases Number of Cells. (A) Growth rate shown as

cumulative population doublings (CPD) for Control HFF and LFU treated HFF cells passaged every 48 h from P13
to P24 passage with LFU treatment every other passage (B). LFU treated cells were smaller than the p24 control and
even pl3 cells. (C) Percentage of SA-b-galactosidase positive cells decreased after LFU treatment. (D) Similarly,
810 LFU treatment of mesenchymal stem cells (MSCs) expanded the cell number P10-P19, with treatment every other
passage. (E) LFU treated M SCs showed normal differentiation to (ORO) adipocytes and (ARS) osteocytes. Oil red o
staining dye marked lipid droplets (ORO) and alizarin red S-stained dye marked osteogenesis (ARS). (F) Percentage
adipocytes were quantified in P18 MSCs treated with and without LFU. Results are plotted as mean of three
31
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independent experiments, a minimum of 100 cells were counted. (G) Quantification of osteocytes was determined

815 by the intensity of aizarine Red S staining. Mean intensity was calculated from ten random images of three
independent experiments. Results are shown as mean + SD, minimally 200 cells for spread area and 150 cells for
percentage b-galactosidase analysis, n>3 experiments, and significance was determined using two tailed unpaired t-
test. . *P<0.05, **P<0.002, *** P<0.0001.

820 Supplementary Materials
Materials and Methods
825 1. Cdllinesand Cdl Culture:

Human Foreskin Fibrablast (HFF) and Bone marrow derived mesenchymal stem cells were purchased from the
ATCC. African monkey kidney derived Vero cells were abtained from the M. Garcia-Blanco lab as a gift. All these
cell lines were cultured as per manufacturer’s protocol. Vero cells and HFF cells were in growth medium containing
Dulbecco’'s Modified Eagle’'s Medium (DMEM) 10 % fetal bovine serum (FBS; Gibco) and 1% Penicillin/
830 Streptomycin. Human MSCs were cultured in MSCs approved medium (ATCC) and expanded as per suppliers
protocol. Culture medium was changed in every 48 h unless otherwise stated. Cells plated at 20-40% confluency
were maintained in an incubator at 37°C and 5% CO,. Cells were passaged every 48-72 h using Trypsin/EDTA
(Gibco). Cells were counted manually using hemocytometer and Imagel in a least three independent replicates

unless otherwise stated. Minimally 5 fields were counted from each replicate.

835 2. MSCsDifferentiation assays

LFU treated and untreated P18 MSCs were cultured in a 12-well culture plate in growth medium for 24 h. Then,
growth medium was replaced by adipogenic (Invitrogen) and osteogenic (Invitrogen) differentiation media as per
the manufacturer's protocol. Adipocytes were assayed after 12 days with oil red o (Sigma Aldrich) dye solution and
osteocytes were assayed using Alizarin red S dye (Sigma Aldrich) solution. Images were acquired using a 10x evos

840 RGB objective.

3. Senescence induction and quantification
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Vero cells were treated with various stressors including 200 uM H,0,, 4 mM of sodium butyrate (SB), 25 mM of
845 Bleomycin Sulphate (BS), 200 nM doxorubicin and incubated for 36-48 h. After washing with PBS and then adding
fresh medium, cells were incubated for 4 days to confirm the growth arrest of senescent cells (59). Human foreskin
fibroblast (HFF) cells were serially passaged until p15 since replication of these cells was dramatically reduced by
p15-17. We used four criteria to determine if cells were senescent; (1) Cell cycle arrest by determining the growth
rate, (2) Increase in cell spread area, (3) Development of senescence associated secretory phonotype (SASP) in
850 culture medium, and (4) B-galactosidase staining. We captured images of cells with an Evos microscope a 10 X
magnification after LFU treatment and 48 h post treatment. To measure growth by the increase in cell number, 15
random images were captured, then the average number of cells were determined, which was divided by the area of
one frame to get the cell density (cells/cm?). Then this seeding density was multiplied by the total area of the dish or
well to obtain the total number of cells after LFU treatment and after 48 h if incubation. The total number of cells at
855 48 h was divided by the total number of cells just after LFU treatment to determine the growth rate. If the ratio was

one, there was no growth.

Senescence was detected by the 3-galactosidase senescence staining kit as per manufacturer’s protocol. Briefly, sub-
confluent senescent cells were stained by the SA-B-gal actosidase staining solution and incubated overnight at 37°C.
The B-galactosidase-stained cells appeared blue and were Senescent cells. The percentage of B-galactosidase
860 positive cells was determined by counting the number of blue cells and dividing by the total number of cells. Cell
spread area was determined by capturing the images of cells with a 10X objective using an Evos microscope. Then,
we used ImageJ software to calculate spread area by manually encircling the cell periphery of each cell. We used a
minimum of 150 cells for the analysis. To determine the SASP activity, we cultured the senescent cells for 3-4 days
and then supernatant was collected from each dish. This supernatant was used to culture normal cells. Development
865 of a senescence phenotype by the normal cells in the supernatant medium confirmed that senescent cells were

secreting SASP.
4. LFU treatment of cedls

Prior to LFU treatment, the plates containing senescent Vero cells or late passage HFF cells were wrapped with
parafilm to avoid contamination and water influx into the plate. The samples were placed on the plastic mesh, which
870 was mounted on the water tank with an ultrasound transducer. Water in the tank was degassed and heated to 35°C.

The distance between the sample and transducer was approximately 9-10 cm. We also ensured that there were no
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air-bubbles or air-water interfaces between the water and the sample. Output power of the transducer was measured
at the plate location by a calibrated needle hydrophone (onda) . Cells were treated with pressure pulses of
intermediate power and low frequency for 30 mins. Cells were treated with a 50% on-off duty cycle. After LFU

875 treatment, cell plates were returned to the incubator for 48 h to determine the growth of senescent cells.
5. Reversal of senescence

First, we induced senescence in Vero cells using sodium butyrate, then we confirmed senescence using growth arrest
and B-galactosidase staining after four days of incubation which normally got rid of quiescent cells (59). We treated
the senescent cells using LFU with optimized parameters (power, frequency, and duty cycle). We incubated these
880 cells for 48hr and we measured the growth and morphology of the cells before trypsinization. We named this
passage PO. These cells were then trypsinzed, reseeded, and incubated for 48 hr. in the P1 passage. This process was
repeated to P3 passage. We evaluated the cells in terms of fold change in number for growth, morphology, B-
galactosidase, and EDU staining to check the population of senescent cells. Senescent cells without LFU treatment
were used as control cells. Typically, by passage P3, the senescent cells exhibited the phenotype of normal

885 proliferating cells.

Passage 15-24 HFF cells were treated with LFU at the optimized frequency and power. Cell proliferation was
determined by counting the number of cells at the time of seeding and 48 h post LFU treatment. LFU treated HFF
cells showed a higher growth rate than the untreated HFF cells. In the case of control P24 HFF cells, they were
treated LFU and incubated for 96h prior to trypsinization, reseeding and incubation for 48 hours. Proliferation and
890 morphology were measured after 48 of incubation. P24, LFU treated HFF cells became smaller in size, and they also

showed dramatically greater proliferation than the untreated P24 HFF cells.
6. Soft surface preparation:

PDMS of 5 kPa elastic modulus was prepared by mixing the Sylgard 184 silicone elastomer kit at an
Elastomer/curing ratio in 75:1. The combination was mixed, degassed and spin coated at 4000 rpm for 20 seconds
895 on 27 mm ibidi glass bottom dishes. PDMS coated dishes were incubated at 65 °C overnight. Dishes were cleaned,
activated by oxygen plasma treatment, then coated with 25 ug/ml Fibronectin (Sigma Aldrich) and kept overnight at

4 °C. Coated dishes were washed with PBS before plating the cells.

7. Microtubule analysis
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Senescent cells were treated with tubulin tracker deep red (Invitrogen) as per manufacturer’s protocol. Briefly, cells
900 were incubated in tubulin tracker at 1000:1 for 30 min and medium was changed before confocal imaging with a 60x
oil objective. The cells were treated with LFU and imaged again at the same confocal microscope settings. Length of

myotubules was determined as described previously (Singh et al. 2021).
8. Pharmacological drugtreatment

The following inhibitors were used in the study: Nocodazole (1uM), Cytochalasin D (100 nM), Blebbistatin (10 uM),
905 Y27632 (1 uM), EX-527 (10 uM), GsMTx (1 uM) and Rapamycin (1 uM). Senescent cells were incubated in
Resveratrol (100 uM ) for 24 h to activate the Sirtuin 1 activity. L-Leucine (10 uM) and Rapamycin (200 nM) were
used to activate and inhibit Phosphorylate mTOR during the 30 min LFU treatments. To assess LFU effect on TRPV1
activation or inhibition, we used Ruthenium Red (10 uM) and Capsaicin (10 uM) during the LFU treatments. For these
treatments al inhibitors were purchased from Sigma Aldrich and prepared in DMSO and milli-Q water as per

910 manufacturer’s protocol. Cells were incubated in inhibitors overnight after 6-8 h cells seeding prior to LFU.
9. Senescence assay

Senescence was detected by the senescence associated B-galactosidase staining (Sigma Aldrich) as per
manufacturer’s protocol. Briefly, Senescent, non-senescent and LFU treated cells were seeded in 27 mm ibidi glass
bottom dish and incubated for 48 h. Then, these cells were fixed and stained per manufacturer’s protocol. After
915 adding staining solution into the dish, cells were incubated overnight at 37°C in absence of CO2. A minimum of

100 cells were counted manually for each condition of the analysis.

Ten-15 random images were captured for each condition for analysis of B-galactosidase positive cells that were
counted manually.

10. EDU and Annexin V staining

920 Cells were incubated with 10 mM EDU reagent for 24 h. Cells were then fixed, permeabilized and blocked
according to the manufacturer’s protocol (Click-iT EdU Alexa Fluor 555 imaging kit, Life Technologies). Hoechst
was used to stain nuclei a a 5000:1 ratio. Images were captured with a 10X objective. The number of red puncta
over the total number of blue nuclei gave the percentage of EDU positive cells. At least 200-300 cells were counted
manually using Imagel for each analysis. Apoptosis of senescent cells was determined using Annexin-V Alexa

925 fluorophore 488 staining solution. Senescent cells were treated with LFU and after 30 mins, they were stained with
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Annexin-V according to the manufacturer’s protocol and imaged were taken in Evos microscope at 10X. Senescent

cellstreated with 0.5 mM H202 were used as a positive control.

11. Mitochondrial mor phology

12. Ultrasound treated cells were incubated with Mitotracker (Invitrogen) at250 uM at 37°C for 30 min.

930 Then, Images were captured in a Confocal microscope for quantification {15 randomized fields per
sample). Mitochondrial velocity was determined from the time lapse image at the Olympus

microscope at 60X. Images were captured after every 5 seconds for 10 minutes. Mitochondrial

mobility was determined by the image) software with manual tracking. 10-15 mitochondria were

traced manually. Immunofluorescence staining

935 Cells were fixed with 4% paraformaldehyde for 15 minutes, permeabilized with 0.5% Triton-X for 5 min, and
blocked with 3% Bovine serum albumin (BSA) for 1 hour a room temperature and then incubated in primary
antibody overnight at 4°C. The following primary antibodies were used; rabbit polyclonal p21 antibody (cell
signaling) (400:1), Mouse monoclonal pl6 antibody (300:1) (abcam), Mouse H3kOme3 (500:1) (ThermoFischer),
Mouse p53 (200:1) (SantaCruz Bio), Rabbit Gamma H2XA (200:1) (Cell Signaling), Mouse monoclona SIRT1

940 antibody (300:1) (Sigma), P-mTOR, Ser 2448 (Cell-signaling D9C2) (200:1), Rabbit Anti YAP (ab52771)( 300:1),
a-Tubulin (ab7291)(500:1). After washing with PBS, cells were incubated with goat anti mouse 488 (1000:1)
(Sgma) and Donkey anti rabbit 555 (1000:1) (Invitrogen) for 2 h. Nuclei were stained with Hoechst at 5000:1
dilution. Images were acquired by spinning-disk confocal microscope. Mitotracker green (Invitrogen) a 100 nM,
Lysosome tracker deep red (Invitrogen) at 50 nM, and Tubulin tracker deep red 1000:1 were used as fluorescent

945 tags.

Sodium Butyrate treated cells were incubated in MitoSOX Red (Invitrogen) and ROS probe (Dojindo’s ROS Assay
Kit) as per manufacturer’s protocol. Briefly, Cells were treated with 5 mM of MitoSOX Red and 1:1000 ROS
detection dye in HBSS for 30 mins. Then, cells were washed twice with HBSS and Treated with LFU and Cells
were imaged at Olympus microscope using EX/EM 490/520 and EX/EM 396/610 in controlled environment at 5%

950 CO, and 37°C.

Cytokine profiling by multiplex cytokine assay:
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To analyze the level of chemokines, cytokines and immunoregulatory proteins in supernatant of LFU treated late
passage and P3 HFF cells, we used Bio flex cytokines 27-flex kit assay (Bio-Rad). This multiplex immunoassay
assay contained fluorescence nanoparticles conjugated with a specific antibody, and was used according to the
955 manufacturer’s protocol. Briefly, supernatant collected from the Late passage HFF and P3 cells treated with or
without LFU, were diluted 1:4 and incubated for 2 h a room temperature in shaking. Then, wells containing samples
were washed, and incubated with biotinylated antibody for 1 h a room temperature, then with streptavidin-
phycoerythrin for another 30 min. A calibration curve was established using the standard given with the assay kit.
Bioplex-200 plate reader (UTMB Galveston, Texas core facility) was used to assess the cytokine level. The

960 concentrations of molecules were determined using the standard curve provided by the manufacturer.
Analysis of Autophagic flux:

To anayze the LFU induced autophagy in late passage HFF and in LFU treated HFF cells, we used Prema
autophagy Tandem sensor RFP-GFP-LC3 kit (Invitrogen). Tandem sensor has acid sensitive GFP and acid
insensitive RFP. In active autophagy, fusion of lysosomes with autophagosomes increased acidity, which quenched
965 the GFP. Cells were cultured in 35 mm glass bottom dishes for 24 h before LFU treatment. Cells were transduced
with autophagy tandem sensor according to the manufacturer’s instructions. Briefly, 40 particles per cells were used
for transduction, and incubated overnight in culture medium. Chloroquine diphosphate (100 uM) was used as an
autophagy blocker overnight. Cells were visualized and images were captured at 100x on a spinning-disk confocal

microscope (Olympus). Autophagy was determined astheratio of intensities of GFP and RFP.

970 13. Telomerelength measurement

The length of telomere was determined using Absolute Human Telomere Length Quantification gPCR Assay Kit
(ScienCell AHTQL-8918) according to the manufacturer’s protocol. Total genomic DNA was extracted from
Human foreskin fibroblasts of various conditions including early passage (P2), late passage (P18) cells, LFU treated
and untreated control cells using Invitrogen Pure Link Genomic DNA kit (K182001). 5 ng of genomic DNA was
975 used as atemplate in PCR. Every experimental genomic DNA was processed four times. The reference DNA was

analyzed in two triplicates. Telomere length was calculated according to the manufacturer’s protocol.

14. DNA methylation assay

37


https://doi.org/10.1101/2022.12.08.519320

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.08.519320; this version posted February 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The protocol for DNA methylation was performed as reported previously (42). Cells were incubated in 20 pM
980 CldU for 16 h. After trypsinization, cells were harvested and resuspended in ice cold PBS. A 2 pl droplet containing
200-300 cells was diluted in 8 pl of Lysis buffer (0.5% SDS, 50 mM EDTA, 200 mM Tris-HCI, pH 7.4). A 10 pl
droplet containing cells diluted in Lysis buffer was poured onto the silane prepared slide (Sigma Aldrich), tilted, and
allowed to flow by gravity. The slide was then fixed in methanol/ acetic acid (3:1) for 25-30 min and rinsed with
PBS thrice. Slides were then denatured in 2.5 M HCI for 1 h; neutralized in 0.4 M Tris-HCI for 5 min and blocked in
985 5% BSA buffer for 1 h. Slides were stained with anti-BrdU (1:200) and 5mc (1:200) antibodies overnight at 4°C.
Slides were stained with Alexa flour 488 goat anti-rat (1:1000) and Q-dot 655 goat anti-mouse (1:2000) for 1 h for

BrdU and 5mc antibody respectively.

15. RNA extraction and sequencing

990 RNA was extracted from early passage HFF cells (P2, P3, and P4) and rejuvenated senescent cells (P18, P19, and
P20) using Qiagen RNeasy Mini Kit. (Germantown, MD). The UTMB Next Generation Sequence (NGS) core
laboratory assessed RNA concentrations and quality using a Nanodrop ND-1000 spectrophotometer (Thermofisher,
Waltham) and an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). PolyA+ RNA was purified
from ~100 ng of total RNA and sequencing libraries were prepared with the NEBNext Ultra Il RNA library kit

995 (New England Biolabs) following the manufacturer’s protocol. Libraries were pooled and sequenced on an Illumina
NextSeq 550 High Output flow-cell with a single-end 75 base protocol. Reads were mapped to the human GRCh38
reference genome with STAR version 2.7.10a with the parameters recommended for the ENCODE consortium.
Reads mapping to genes were quantified with the STAR —quantMode (51) GeneCounts option using the Gencode
v41l (52) primary assembly annotation file. Differential gene expression was estimated with the DESeq2 software

1000 package, version 1.38.3, following the vignette provided with the package (53). The complete RNAseq data will be

posted online.

16. Statigtical analysis

All results are shown as mean + s.d. and two-tailed unpaired t-test, Mann Whitney tests, and Kruskal Wallis One
1005 way
ANOVA test followed by post hoc Dunn's test was used to determine the statistical significance between two

groups.
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GraphPad Prism 8.4.3. was used for making graphs and statistical analyses. * P values<0.05, ** p values< 0.002,

* k%

1010 p values <0.001, ****< p value 0.0001 and non-significant (ns) p-value >0.05 were used, shown
in the figures.
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1015 Tablel RNAseq Data
List of Upregulated Genesin L FU Rejuvenated HFF vs Senescent Cells
S. No. Name log;FoldChange P-value
1 IFI27 4.706732879 3.39E-139
2 ANO3 4.303317562 7.94E-19
3 BST2 4.267516399 4.60E-48
4 NGFR 4.227721006 3.99E-15
5 OAS1 4.194394186 2.58E-109
6 OAS2 3.851520822 3.19E-205
7 IFI6 3.687238684 0
8 NTSR1 3.587703179 5.84E-20
9 MX1 3.41456665 7.56E-188
10 MX2 3.353896447 4.53E-85
n IFITM1 3.267590391 1.12E-82
12 SFRP1 3.062130153 1.02E-136
13 OAS3 3.039643219 3.46E-89
14 RSAD2 3.00663542 9.46E-26
15 CMPK2 2.992910736 4.73E-32
16 EDARADD 2971533613 5.08E-10
17 GBX2 2.893735519 9.38E-11
18 ENSG00000225886 2.869460744 7.25E-07
19 NEURL3 2.844376063 2.79E-05
20 SLC38A11 2.839565113 1.67E-59
21 SPHKAP 2.79074685 1.05E-25
22 ESM1 2.774304098 1.52E-48
23 HAS2 2.761341752 1.28E-48
24 HSPAG 2.608245534 3.99E-10
25 CCL5 2.545666491 1.38E-20
26 HERC6 2.543077514 5.23E-87
27 LINCO01234 2.475565502 4.77E-08
28 ANGPT2 2472972104 2.32E-05
29 TMEM158 2442808274 2.10E-59
30 DIRAS3 2426571346 4.54E-09
31 IFl44 2.382909102 1.83E-78
32 EPSTI1 2.376583283 1.42E-66
33 ZNF385D 2.372390644 4.42E-10
34 STAC 2.368386566 1.66E-11
35 GBX2-AS1 2.334084241 5.12E-07
36 GNA15 2.318072578 2.24E-06
37 IFI144L 2.303837053 5.65E-37
38 HERC5 2.285450475 4.55E-44
39 COLEC12 2.264077281 2.70E-15
40 1SG15 2.259660967 5.02E-145
41 ANO9 2.258562492 7.43E-05
12 FRMD3 2.243609765 1.57E-27
43 CD36 2.218190589 1.51E-15
44 IFIH1 2.192859031 1.26E-42
45 HAND2 2.127703818 3.13E-19
46 BLK 2.055308732 3.31E-05
47 IFIT1 2.051756712 1.68E-146
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Table 2:

48 USP18 2.047027284 8.39E-32
49 SLC24A3 2.035592849 1.77E-45
50 OASL 2.029842409 1.58E-21
51 LRRC37A6P 2.02025571 1.49E-06
52 PODXL 2.016215331 1.31E-35
53 EPB41L3 2.000835065 5.10E-127
List of Downregulated Genesin L FU Rejuvenated HFF vs Senescent Cells
S. No Gene log2FoldChange P-Value
1 EMX2 -6.685669619 4.98E-16
2 EMX20S -6.092350389 1.33E-20
3 RSPO3 -5.647577153 2.01E-10
4 TCR21 -5.453748247 2.25E-11
5 KRT7 -5.380677243 0
6 LRRC61 -5.292511308 1.49E-09
7 IRX1 -5.234068069 1.33E-10
8 TBX4 -5.02798295 1.63E-38
9 KCNH2 -4.911524296 4.44E-08
10 SLC38A5 -4.79985076 7.19E-84
1 LRFN5-DT -4.591846467 4.13E-07
12 STK26 -4.584984891 6.92E-27
13 ACTR3C -4.533911714 3.85E-07
14 GFRA1 -4.507783777 7.78E-100
15 NLGN4X -4.436825012 7.01E-07
16 CLDN11 -4.380720667 1.40E-41
17 CNTN3 -4.258840807 5.35E-49
18 CHRM2 -4.210605354 1.86E-144
19 EFEMP1 -4.210109619 0
20 PIEZO2 -4.186528467 4.15E-20
21 POSTN -4.180979239 1.51E-79
22 KCNJ6 -4.143034445 1.17E-06
23 ACP3 -4.141166627 1.53E-35
24 SPESP1 -4.099375016 7.32E-30
25 HOXD13 -4.087047929 9.71E-18
26 EBF1 -4.078835958 5.72E-24
27 ADGRD1 -4.053786369 7.49E-50
28 CES1 -4.051421755 3.36E-08
29 ALX3 -4.049073332 1.04E-24
30 HOXD12 -3.960130505 2.80E-06
31 FOXP2 -3.894518884 2.92E-10
32 CDH6 -3.883670483 1.09E-36
33 TAFAS -3.769737561 9.67E-15
34 LINC01397 -3.764559924 1.07E-21
35 PCDHGA12 -3.74039003 9.13E-81
36 KCNQ3 -3.658171387 6.54E-41
37 C1QTNF7 -3.653338267 8.27E-06
38 PDE9A -3.642856719 1.79E-09
39 SIX2 -3.626917422 7.83E-32
40 CLEC2B -3.620247018 4.59E-99
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41 FOXL2NB -3.565501153 8.61E-75
42 LRFN5 -3.540521045 1.27E-05
43 LRATD1 -3.501612735 2.73E-63
44 ZNF804A -3.485363219 4.03E-70
45 LINCO1391 -3.473586864 291E-11
46 ENSG00000286023 -3.46713835 1.44E-05
47 MAF -3.445540321 3.58E-44
48 ZNF536 -3.41991169 1.37E-16
49 FGF7 -3.410329734 2.50E-118
50 ZBED10P -3.363205368 1.19E-08
51 SLCO3A1 -3.35068457 1.20E-66
52 LINC00968 -3.332697292 3.01E-84
53 WNT2 -3.310466489 3.61E-26
54 UBL4B -3.265322281 4.50E-18
55 GRID1 -3.247459554 4.93E-10
56 SYBU -3.18364944 5.47E-12
57 KYNU -3.1772595 9.03E-37
58 HTR2B -3.162738129 2.22E-08
59 TACR1 -3.123747595 1.21E-34
60 LINC02575 -3.121696951 3.02E-05
61 GSTM5 -3.107487362 4.52E-44
62 LSAMP -3.106013169 4.34E-07
63 CACNA1H -3.105263645 2.36E-16
64 CYP1B1 -3.056180785 3.28E-72
65 SPATC1L -3.04033194 3.04E-82
66 ALDH1A1 -3.030498204 1.53E-46
67 ZNF608 -3.019061524 8.08E-31
68 BDKRB1 -2.982299496 7.48E-68
69 FOXL2 -2.930627548 5.00E-88
70 LRRC38 -2.926345364 2.71E-08
71 PGM5 -2.907450315 2.83E-16
72 HR -2.882876872 1.59E-16
73 KLHL13 -2.858644818 8.81E-07
74 AKR1B10 -2.828515048 2.57E-20
75 LRRK2 -2.813294912 6.63E-28
76 ZNF812P -2.804622944 5.40E-05
7 RSPO4 -2.80077542 1.04E-12
78 MBNL3 -2.772589763 1.01E-12
79 CEMIP -2.772163949 3.24E-42
80 AJAP1 -2.759826982 1.11E-78
81 PITX1 -2.753771797 8.90E-157
82 CTHRC1 -2.75249351 2.57E-166
83 PDE3B -2.751121655 2.01E-08
84 NETO1 -2.737809763 1.12E-13
85 DNAH11 -2.728034879 4.57E-32
86 KCNN2 -2.714670274 5.67E-51
87 ELAPOR2 -2.652372937 1.77E-05
88 MEOX2 -2.645123188 5.06E-05
89 PCDH7 -2.634530158 1.12E-27
90 SESN3 -2.558015787 1.64E-09
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91 SELENOP -2.557147353 1.24E-06
92 SMIM43 -2.541340191 6.34E-23
93 HOXD11 -2.523786445 3.27E-45
94 DGKI -2.500401863 3.50E-96
95 HEPH -2.475523638 1.32E-22
96 IGFBP2 -2.466853867 1.12E-63
97 SLC22A3 -2.46160273 9.84E-05
98 SLC7A2 -2.433374832 1.05E-18
99 TENT5C -2.432640797 1.15E-54
100 GASK1B-AS1 -2.429532141 4.79E-25
101 EPHB2 -2.422231395 9.03E-73
102 USP32P1 -2.420897639 0.000104623
103 LINC00470 -2.409567901 0.000108628
104 NPTX1 -2.409035393 2.96E-15
105 ZFPM2 -2.407235333 1.07E-12
106 ENSG00000272622 -2.394920051 3.07E-13
107 SCIN -2.389771086 9.16E-43
108 SPP1 -2.387033205 1.33E-46
109 IP6K3 -2.386317917 3.56E-26
110 CARD16 -2.356929744 4.07E-07
m EYAL -2.34786137 8.11E-17
112 MEDAG -2.342822386 5.37E-08
113 IGF2 -2.342163551 3.46E-124
114 TRABD2A -2.335635088 5.16E-41
115 CYTL1 -2.312629587 1.85E-09
116 PDPN -2.299643651 1.57E-67
17 SCG5 -2.299180836 1.84E-12
118 SOX5 -2.291381027 1.93E-12
119 BMP2 -2.290319768 1.57E-89
120 SPATA22 -2.289593656 0.000139229
121 PTPRD -2.286131544 1.28E-08
122 PTPN20 -2.282776934 6.58E-06
123 PRKG2 -2.216841137 2.63E-06
124 LRP1B -2.19440983 3.01E-06
125 FOXL1 -2.163990518 2.36E-44
126 ALDH1L1 -2.160436746 5.69E-05
127 TSPAN2 -2.130477479 4.36E-19
128 RGN -2.124685546 1.31E-11
129 LAMC3 -2.119262696 6.71E-08
130 IGF2-AS -2.117221411 8.75E-05
131 MSC -2.108497484 1.84E-60
132 TREML3P -2.057728892 6.84E-13
133 GABRB3 -2.054842442 1.51E-07
134 COL11A1 -2.050412705 1.05E-44
135 CADPS -2.032686913 8.18E-05
136 RPL7AP28 -2.022183902 9.37E-06
137 ADA2 -2.013230344 3.74E-14
138 GLDN -2.004207555 1.02E-06
139 ARNT2 -2.000734631 8.75E-75
140 MCTP1 -2.000477258 5.16E-14
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Table 3: List of Genes upregulated in LFU treated late passage HFF cells.

Bio Process p-value g-value overlap_genes
[IFIH1, RSAD2, OASL, OAS2, MX2, OAS3,
Influenza A 1.619929¢-08 9.881566e-07
CCL5, MX1]
[IFIH1, OASL, OAS2, MX2, OAS3, MX1,
Measles 7.942201e-08 2.422371e-06
HSPA®G]
- [RSAD2, OASL, OAS2, MX2, OAS3, MX1,
Hepatitis C 1.828574e-07 3.718100e-06
IFIT1]
] ) [IFIH1, OASL, OAS2, MX2, OAS3, MX1,
Coronavirus disease 2.527530e-06 3.854483e-05
1SG15]
NOD-like receptor signaling
1.344502e-03 1.640292e-02 [OASL, OAS2, OAS3, CCL5]
pathway
Herpes simplex virus 1
) ] 1.970480e-03 1.750871e-02 [BST2, IFIH1, OAS1, OAS2, OASS3, CCL5]
infection
Epstein-Barr virus infection 2.009196e-03 1.750871e-02 [OASL, OAS2, OAS3, ISG15]
Human papillomavirus
) ] 1.141362e-02 8.702885e-02 [MX2, MX1, 1SG15, OASL]
infection
RIG-I-like receptor signaling
1.483205e-02 1.005283e-01 [IFIHL, 1SG15]
pathway
Lipid and atherosclerosis 1.935232e-02 1.180492e-01 [CCL5, HSPAB, CD36]

Table 4: List of Genes downregulated in LFU treated late passage HFF cells.

Bio Process p-value g-value overlap_genes
GnRH
i 0.001055 | 0.119259 [KCNJ6, SPP1, KCNN2, CACNA1H]
secretion
Calcium
signaling 0.006934 | 0.309739 [CHRM2, FGF7, HTR2B, BDKRB1, TACR1, CACNA1H]
pathway
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Serotonergic

synapse 0.008223 | 0.309739 [GABRB3, KCNJ6, HTR2B, KCNNZ2]

Regulation of
actin 0.018747 | 0.394402 [CHRM2, ACTR3C, FGF7, SCIN, BDKRB1]
cytoskeleton

GABAergic

synapse 0.024628 | 0.394402 [GABRB3, KCNJ6, SLC38A5]

Morphine

= 0.026083 | 0.394402 [GABRB3, KCNJ6, PDE3B]
addiction

Circadian

. 0.030721 | 0.394402 [KCNJ6, PRKG2, CACNA1H]
entrainment

Neuroactive
ligand-receptor [ 0.033034 | 0.394402 [CHRM2, GABRB3, GRID1, HTR2B, BDKRB1, TACR1]
interaction

Pathwaysin

cancer 0.033440 | 0.394402 [ [ARNT2, FGF7, BMP2, LAMC3, IGF2, BDKRB1, WNT2, GSTM5]

Tryptophan

metabolism 0.034903 | 0.394402 [KYNU, CYP1B1]
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Figure S1 Schematic of LFU experiment setup and optimization of treatment parameters. (A)Schematic
of LFU treatment setup for cells and mice. (B), Heat map representing the distribution of LFU output power at
the location of treatment, darkest red shows the maximum output power measured by the hydrophone and the
yellow color shows the minimum output power. (C), Bar graph showing the growth of Sodium butyrate
senescent Vero cells in 48h h after LFU treatments with various power levels a 33 & 39 kHz. Data is
represented as the mean of three replicates. (D), Bar graph representing the growth of SCsin 48 h after 33 kHz
LFU treatment at the designated power level. Data is represented as the mean + s.d. of three independent
experiments. ** p- value < 0.01 by unpaired two tailed student t-test. (E), Growth was determined as a function
of the LFU treatment duration. Control represents no LFU treatment. Results plotted are the mean of three
independent experiments + s.d. *p value <0.05 by unpaired two tailed student t-test. (F), Effect of duty cycle on
growth. Results plotted are mean of 3 replicates.
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Figure S2 Ultrasound Reverses Cdl Senescence. (A) Schematic illustration showing experiment design of LFU
induced reversal of senescence after Sodium Butyrate (SB) treatment for 48 hour followed by incubation for 4 days.
(B) Growth of Sodium Butyrate (SB) treated senescent Vero cells after low frequency ultrasound (LFU) treatment
1110 and passaged every 48 h for 8-10 days. NSCs were the non senescent Vero cells Graph shows growth of normal
Veros (NSC), BS senescent (SC) and LFU treated (LFU) senescent cells as fold change over 48 h for passages from
PO to P3 every 48 h. (C) Cell area of LFU treated senescent cells (LFU) is largely restored to normal by P3. (D)
Representative anti-p21 immunofluorescence images of senescent P3 control and LFU treated senescent P3 cells.
Scale bar= 300 pm. (E) Quantification of fluorescence intensity of p2l stained senescent and LFU treated
1115 senescent P3 cells shown as mean + SD, for >200 cells in each condition. All graphs were plotted by mean + SD and

p values ns p>0.05, *P<0.05, ** P<0.002. Minimum 200 cells were analyzed from three independent experimentsin
each condition.
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Figure S3: LFU treatment activates growth and reduces cell size of drug-induced senescent Vero cdls. (A)
Growth of Bleomycin Sulphate (BS) (50 uM) induced senescent cells treated once with or without LFU after 48 h.

(B) Spread area of BS cells was measured before trypsinization 48 hour after LFU or no treatment, by analyzing the
brightfield images. (C) Graph showing growth of H,O, (200 uM) senescent cells with LFU or no treatment after 48
h. (D) Spread area of H,O, was measured after 48 h from captured images just before the trypsinization. (E) Growth
of Doxorubicin (200 nM) induced senescent cells with no or LFU treatment after 48 h. (F) Spread areas of

Doxorubicin induced senescent cells were measured 48 h after LFU treatment. Results are plotted as mean of three

replicates and + s.d. At least 35-50 random cells were analyzed from the three replicates. Non-parametric Mann

Whitney test was used to determine the statistical difference between the two groups. * p value <0.05. ** p
value<0.001 and ns p value >0.05.
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Figure 4 : LFU treatment of Senescent cells Does not Cause Apoptosis. (A) Immunofluoresecnce images of
P13 HFF cells treated with 500 uM hydrogen peroxide (H,O,) to induce apoptosis as positive control. Alternatively,
50 mM of H,O, was used to induce senescence; and after 2 days of incubation, LFU-/H,O, cells were treated for one
hour with LFU. As a negative P13 cells were treated for one hour with LFU. LFU treated cells were assayed for
apoptosis with an Annexin V assay after one hour (see Materials and Methods). Although all cells treated with
0.5mM H,0O, bound Annexin V, neither the P13 controls nor the 50 mM H,0, cells showed Annexin V staining.
(B) Quartification of images was performed by manually counting the number of cells stained with Annexin and
DAPI and dividing by the number of DAPI cells. More than 400 cells were counted for each condition. Experiment
was performed in triplicate. Results are plotted as mean + S.D; *P<0.05, unpaired t-test was used to determine the p

value.
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Figure Sb: LFU Treatment Causes Decreased SASP Secretions . (A) Schematic illustration of the experiment.
1220 BS senescent cells were cultured in growth medium for 24 hr and then they were treated with low freguency
ultrasound (LFU) for 30 min. Supernatant was collected after the LFU treatment (S0) and cells were incubated for
another 24 hour in fresh medium before supernatant was collected after (S24). To check the effect of LFU
treatment, supernatants SO and S24 were used to check the growth of non-senescent HFF cells. (B) Representative
brightfield images of control cells after 48 hours of incubation in norma growth medium, SO, and S24. (C)
1225 Quantification of control cell numbers and (D) cell areas after 48 in control, SO or S24 supernatants. (E)
Chemokines and cytokines in supernatants from untreated and LFU treated Late passage HFF (P19) cells were
measured using Multiplex assay before and after LFU treatment. Results are plotted as meant s.d., n= 6
replicates, ns not significance, * p vaue <0.05 ** p value <0.01, *** p value 0.0001, and **** p value 0.00001

using Mann Whitney Test.
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Figure S6: LFU Treatment Causesa Decreasein mTORC1 Activity Synergistic with Rapamycin.

(A), Representative immunofluorescence images of P16 HFF cells (control), (LL) treated L-Leucine (100 mM),
(Rap) treated with Rapamycin (1 uM), (LFU) with LFU, (RUS) treated with Rapamycin and LFU, (LUS) treated
with LFU and L-Leucine.. Cells were co-immunostained with P-mTORC1 antibody (Green), and Tubulin antibody
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1235 (Red), and DAPI (Blue). Scale bar= 10 um. (B), violin plots show the quantification of mean intensity of P-
MTORCL (Green) fluorescence. Result is plotted as meant s.d. per cell, minimum 15 cells were analyzed. **** p
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value<0.0001 Two tailed Mann Whitney test was used.
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Figure S7: Ultrasound has no effect on growth after sirtuinlinhibition and LFU causes Sirt1 movement to
cytoplasm. (A) Schematic of Resveratrol and EX-527 treatment, followed by Ultrasound treatment and medium
change. (B) Growth after 48 h of untreated control senescent P19 _HFF cells in presence of drugs, and (C) growth
after 48 h of LFU treated P19_HFF cellsin the presence of the same drugs. (D. quantification of Sirtuin 1 expression
by intensity ratio of Sirtuin 1 antibody fluorescence to DAPI fluorescence after no treatment (Control), LFU
treatment for 30' (LFU), 10 uM of EX-527 treatment (EX-527), EX-527 and LFU treatment (EX-527_LFU),
Resveratrol treatment (RES), and Resveratrol plus LFU treatment. (E) Growth rate after 48 h of P19 HFF (Control),

53


https://doi.org/10.1101/2022.12.08.519320

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.08.519320; this version posted February 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1295 treated with Rapamycin (1 M) (Control_RAP), treated with LFU (LFU) or treated with Rapamycin plus LFU
(RAP_LFU) shows significantly increased growth with rapamycin and LFU treated SCs compared to with and
without rapamycin controls. (F) Images of DAPI and Sirt1 antibody stained senescent cells before and after LFU
treatment. Results are shown as mean + SD, *P<0.05, **P<0.002, *** P<0.0001.

Figure S8: DNA methylation levels and Telomere Lengths arerestored to normal levels after LFU treatment.

1300 (A) Fluorescence images of passage 2 (P2), untreated P18 (P18_C) and LFU treated P18 cells (P18 _LFU) HFF cells
with BrdU and 5 mc fluorescence. (B) Quantification of intensity of 5mc fluorescence. (C) Telomere length
measurements of HFFs after passage 2 (P2) and passage 22 (P22) C) shows shortening but length increases
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with LFU (P22_LFU) n=4, N=1. Results are shown as mean + SD. (D) In mesenchymal stem cells, the telomere
length decreases slightly from passage 3 (P3) to passage 19 (P19 _C) but is increased proportionally by LFU

1305 (P19 _LFU), n=6 from one experiment. Results are shown as mean + SD from the three independent
experiments. Scale bar= 10 um, *** P<0.0001.
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Figure S9 Rejuvenation of senescent cells involve TRPV1 and Piezil activation. (A) Representative

Immunofluorescence-stained images of 3 day old bleomycin-sulfate-induced senescent cells. Cells were treated

with
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without LFU in presence or absence of TRPV1 inhibitor, Ruthenium Red (RR). Caspaicin (Cas) was used to
activate

TRPV1(Images are not shown). Scale bar= 300 pm. Cells were then incubated for 12 h in EDU reagents and stained

for EDU (red staining) as well as nuclei (DAPI stained, blue). (B), quantification of proliferating cells by manually
1315 counting the red colored nuclei. EDU positive cells, and dividing by the total number of cells in the fields. Results

are

plotted as the mean of three independent experiments * s.d. * p value < 0.05 using unpaired two tailed test, more

than 100 cells were counted in each condition. (C) Representative immunofluorescence images of Bleomycin

sulphate treated Human foreskin fibroblast (HFF) treated with or without LFU in presence or absence of piezol
1320 inhibitor, GsMTx and control (untreated) cells stained for nuclei (DAPI Stained, blue) and EDU positive cells- red).

Scale bar= 300 um. Experiment was performed once.
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