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Cells that proliferate in a confined environment eventu-
ally build up mechanical compressive stress. For example,
mechanical pressure can emerge from the growth of cancer
cells or microbes in their natural settings [1-4]. However,
while the biological effects of tensile stress have been exten-
sively studied [5-10], little is known about how cells sense
and respond to mechanical compression. By combining ge-
netic analysis with microfluidic approaches, we discovered
that compressive stress is sensed through a module consist-
ing of the mucin Msb2 and Shol, which is one of the two
osmosensing pathways in budding yeast [11]. This signal
is transmitted via the MAP kinase Stell to the cell wall
integrity pathway. We term this mechanosensitive path-
way the SMuSh pathway, for Stell through Mucin / Shol
pathway. The SMuSh pathway is necessary for G1 arrest
and cell survival in response to growth-induced pressure.
Our study demonstrates the ability of budding yeast to
specifically respond to mechanical compressive stress rais-
ing the question of whether homologous pathways confer
mechano-sensitivity in higher eukaryotes.

Recent experiments suggest that the fungus S. cerevisiae
senses and adapts to compressive mechanical stress [4]. To dis-
cover the molecular basis of this mechanosensing, we improved
the design of a previously developed confining microfluidic de-
vice to enable higher statistics in an easier-to-handle device [4]
(Fig. S1). Unconstrained cell proliferation occurred in the
chamber until cells filled it, at which point further proliferation
resulted in the progressive build-up of growth-induced pressure
with a typical timescale of ~ 10h (Fig. la and Movie S1).
Pressure was calculated by quantifying the deformation of the
PDMS walls of the chamber (Fig. S2). We chose a pressure of
~ 0.4 MPa as the set-point for our analysis, which is about half
of the pressure at which wild-type cells stall growth [4]. Im-
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portantly, all mutant strains were able to generate this pressure,
thus enabling direct phenotypic comparison.

In contrast to osmotic stress, which causes isotropic reduc-
tion of cell volume without major shape changes [12], contact
forces imposed by growth in confinement led to severe cell de-
formation (Fig. 1b), cell size reduction (Fig. S3), and decreased
cell proliferation. Using a WHI5-mCherry strain, we observed
an accumulation of cells delayed in G1 as pressure built up (Fig.
1b), as indicated by a nuclear Whi5 signal [13]. We also noticed
that about 10% of the cell population died when grown to 0.4
MPa of pressure, as evidenced by accumulation of autofluores-
cent cell debris (Fig. 1b, Fig 2a).

The progressive enrichment of cells in the G1 phase of the
cell cycle, together with the occurrence of cell death suggested
that inhibition of proliferation under mechanical stress could
be an adaptation to increase survival in this challenging envi-
ronment. This model implies the existence of molecular path-
ways that sense and respond to compressive stress. We hypoth-
esized that this mechanosensing could employ elements of the
osmosensing machinery, because both osmotic and mechanical
can result in water efflux. In budding yeast, two overlapping
osmosensing pathways have been identified, both of which ac-
tivate MAP kinase (MAPK) cascades [12]. The SLN1 pathway
regulates the activity of the MAPKKKSs Ssk2 and Ssk22 under
osmotic stress, whereas the SHO1 pathway activates the MAP-
KKK Stell. Both pathways converge to activate the MAPK
Hogl, which is thought to be the primary effector of the os-
motic stress response.

We explored whether genetic alterations to these pathways
would lead to differential cell survival between a mechanical
and an osmotic stress. We found that, while both pathways re-
spond to and promote cell survival under osmotic stress (Fig.
S4), disrupting the SLN1 pathway by deletion of SSK/ did not
affect cell survival under mechanical stress (Fig. 2a), suggest-
ing that the SLN1 pathway is dispensable for survival under
compressive mechanical stress. In clear contrast, deletion of
SHOI led to dramatic cell death: close to 50% of the cells died
within the 10h of mechanical stress build-up from 0 MPa to
0.4 MPa (Fig. 2a-b). Thus, the SHO1 pathway is required for
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Figure 1: Growth-induced mechanical pressure leads to cell
cycle arrest in G1. a. Cells initially proliferate unconfined, de-
veloping no pressure, until they fill the confining chamber. At
this point, proliferation leads to build-up of compressive pres-
sure within hours. We calculate the pressure developed by the
cells through the deformation of the PDMS chamber (Fig. S2).
b. Nuclear accumulation of WHI5-mCherry indicates a delay
in the G1 phase of the cell cycle. The contour of the chamber
is outlined in dash, white arrows indicating chamber deforma-
tion. Red arrows point to cytosolic Whi5 and nuclear Whi$,
while the orange arrow points to a cell debris.

survival during growth-induced compressive stress.

The Shol protein has two different mucin-like co-activators:
Msb2p and Hkrlp, high molecular weight, membrane bound
glycoproteins that communicate with Sholp through a poorly
understood mechanism [14, 15]. Deletion of the HKRI co-
activator only had a mild effect on cell survival, but deletion
of MSB2 showed the same dramatic cell death phenotype un-
der mechanical stress as SHO! deletion (Fig. 2a). This result is
in contrast with zymolyase treatment, a model cell wall stress,
that requires HKR1 for optimal survival, but not MSB2 [16].
Furthermore, deletion of STE1 also led to dramatic cell death
under pressure. Together, these results suggest that Msb2 /
Shol senses compressive mechanical stress and activates the
MAPKKK Stell (Fig. 2c). Thus, we have defined a pathway
essential for cell survival under compressive mechanical stress,
which we term the SMuSh pathway, for Stel1 through Mucin /
Shol pathway.

We sought to determine if cells that lack SMuSh
mechanosensing pathway components are intrinsically unstable
when mechanically compressed. To address this question, we
developed a new microfluidic device that allowed us to exert an
instantaneous mechanical compressive stress (Fig. 3a). In this

system, cells were loaded into the chamber and then the load-
ing valve was sealed. Subsequently, pressure was induced in
two alternative ways: Either the confined cells were allowed to
divide to build-up growth-induced pressure over several hours
(Fig. 3b and Fig. S5), or a thin membrane “micro-piston” at
the base of the chamber was distorted to instantaneously com-
press the cell population (Fig. 3c). When cells progressively
built up pressure through growth and division there was a large
increase in cell death in the ste/IA background compared to
wild-type cells (Fig. 3d). However, when cells were instanta-
neously compressed to a comparable pressure, there was no cell
death in either strain (Fig. 3e). These results demonstrate that
loss of SMuSh components does not cause intrinsic mechanical
instability. Rather, the cell death phenotype that we observe
in mutants for the mechanosensing pathway only occurs when
cells grow and/or divide under pressure.

In the wild-type situation, the build-up of compressive,
growth-induced mechanical stress was accompanied by an in-
crease in cells delayed in the G1 phase of the cell cycle (Fig.
4a). We observed that this cell cycle delay was lost in stel /A
cells (Fig. 4b), suggesting that cell cycle arrest could be key to
cell survival. In agreement with this hypothesis, all stel 1A cells
that we could observe dying (N > 10) had a cytosolic Whi5 sig-
nal, indicating that these cells had progressed beyond START
to enter the cell division cycle (Fig. S6).

The activation of the MAPKKK Stell mediated by Msb2
/ Shol has been reported to activate two main pathways: the
osmotic response pathway, through its MAPK Hogl and the
filamentous growth pathway, through its MAPK Kss1 [17]. In
addition, Stell has recently been shown to signal to the cell
wall integrity pathway and its MAPK SIt2 [16, 18-21](Fig.
4c). We deleted the MAPK for each of these three pathways,
and found that, even though cell death doubled in kss/A and
hogIA strains, deletion of SLT2 had the most dramatic effect,
increasing cell death six-fold to levels similar to those observed
when SMuSh components were deleted. Importantly, we also
observed that the pressure-induced cell cycle delay in G1 de-
pended on the presence of Slt2p: no G1 delay was observed
in the slt2A background (Fig. 4b). Several recent studies have
reported interactions between the MSB2/SHO1/STE1 I pathway
and the cell wall integrity pathway at the level of, or upstream
of the MAPKKK Bckl [18]. Consistent with these studies,
we observed a dramatic cell death phenotype in a bcklA back-
ground (Fig. S7). Thus, cell cycle arrest and cell survival re-
quire activation of the cell wall integrity pathway by SMuSh
(Fig. 4c, orange).

In contrast to osmotic stress, which is mainly integrated
through Hogl, compressive mechanical stress appears to
mainly activate downstream elements of the Cell Wall Integrity
pathway, and affects cell survival through S1t2. Our results also
indicated that compressive stress induces cell cycle arrest via
a distinct mechanism. The Hogl-dependent cell cycle delay
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Figure 2: The SMuSh pathway is essential for survival under compressive mechanical stress. a. Fraction of cell debris under
a mechanical pressure of 0.4 MPa in different genetic backgrounds. p-values were calculated by a T-test on more than 5 replicates
for each genetic background compared to wild-type (WT). b. Fluorescent picture of a sholA background under mechanical stress,
displaying the accumulation of cell debris. ¢. Pathway diagrams for putative osmosensors in S. cerevisiae. Our results suggest
that the Msb2/Shol module is a mechanosensor (orange) while SInl and Hkr1/Shol modules are osmosensors (blue).

that occurs under osmotic stress depends on the kinase inhibitor
Sicl [22]. We found that HOG1 and SIC1I were not required for
G1 arrest under mechanical stress (Fig. S8). Rather, we found
that this cell cycle arrest is mediated by the MAPK SIt2. Re-
cent work demonstrated that S1t2p can arrest cells by inhibiting
DNA replication through Cdc6 degradation [23].

One salient difference between osmotic stress and compres-
sive mechanical stress is the anisotropic nature of the latter,
which results in strong cell deformation (Fig. 1b). The SLN/
branch has long been hypothesized to be a true osmosensor
[11,24,25]. We found that SLNI1 is dispensable for cell sur-
vival under compressive mechanical stress, reinforcing this no-
tion. We can still only speculate about the SLN1 activation
mechanism: One possibility might be that the isotropic volume
reduction imposed through an osmotic stress may crowd the
Sln1 molecules, which are uniformly distributed on the plasma
membrane [12].

In contrast, Sholp is localized asymmetrically at the site of
polarized growth [26]. Moreover, Sholp is required for proper
septation of S. cerevisiae cells, by recruiting the HICS com-
plex, consisting of Hoflp, Innlp and Cyk3p, that may link the
cell membrane to the acto-myosin ring during cytokinesis [27].
Thus, we speculate that Shol may be tuned to sense anisotropic
cell deformation. The HICS complex also recruits Slt2p and is
thought to activate the Cell Wall Integrity pathway. Deletion of
Sholp leads to cell wall defects, including fragility of the bud
neck. Thus, SMuSh pathway mutants may mechanically fail
at sites of septation, which would explain the increase in cell
death under mechanical stress only when cells progress beyond
START. MSB2, but not HKRI, has recently been shown to di-
rectly interact with the actin cytoskeleton [15]. This coupling
raises the possibility that Msb2 / Shol could sense mechanical
stress through deformation of the cortex or changes in plasma
membrane tension, which would also naturally occur during

cell division. The cell cortex is also reorganized and membrane
tension is altered when cells are exposed to osmotic stress [28],
perhaps explaining how the Msb2 / Shol complex also acts as
an 0smosensor.

Our results identified the SMuSh pathway, the first pathway
required for cell survival in mechanical compressive stress. The
identification of the Msb2 / Shol module as the key sensor
in this mechanosensing paradigm opens new avenues to un-
derstand the physical details of compressive mechanosensing.
Transmembrane mucins are also important in human physiol-
ogy and are frequently overexpressed in cancer, another context
where compressive stresses arise [29,30]. This raises the in-
triguing possibility that mechanosensing through mucins may
be widely conserved in eukaryotes.
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Figure 4: Slt2-dependent cell cycle arrest prevents cell death under mechanical pressure a. Pictures of the WHI5-mCherry
construct in the wild-type situation and a stel /A background. b. Quantification of the fraction of cell debris and cells displaying
nuclear Whi5 under a compressive mechanical stress. ¢. Stel1, through Msb2/Shol, can activate three major MAPK pathways,
through the MAPKSs SIt2, Kss1 and Hogl. d. Fold change in cell debris as compared to the wild-type for different genetic
backgrounds, showing that the downstream response of Slt2p is essential for cell survival.
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