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Abstract

Yes-associated Protein (YAP) regulates cell proliferation and survival, and is over-
expressed in most malignant tumors. As a transcriptional co-activator, its nuclear
localization is the key determinant of its function. Recent work has revealed that
hyperosmotic stress leads to YAP nuclear translocation and target gene expression, but
how this overrides canonical YAP regulation by the Hippo pathway is unclear. Here we
showed that YAP has an intrinsic ability to form liquid-like condensates when
macromolecular crowding inside a cell increases, and this caused YAP to translocate to
the nucleus, initiating downstream YAP signaling. Within seconds of inducing
macromolecular crowding by hyperosmotic stress, YAP partitioned into cytoplasmic and
nuclear droplets. Cytoplasmic YAP droplets concentrated YAP into an environment
where it could be phosphorylated by NLK for nuclear translocation, whereas YAP
nuclear droplets (enriched in TEAD1 and TAZ) functioned to re-organize gene enhancer
elements, readying transcription of proliferation genes once the cell had either adapted
to or been relieved of hyperosmotic stress. Thus, principles of liquid phase partitioning
are used for reprogramming cells into a YAP-dependent, proliferative state in response

to macromolecular crowding.
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Macromolecular crowding is a key feature of all eukaryotic cells, helping to drive
polypeptide chains to fold into functional proteins, and impacting the diffusion and
reaction kinetics of molecules. When molecular crowding inside a cell reaches a
threshold, it can induce a process called liquid-liquid phase separation (LLPS)* 2, in
which labile, multivalent interactions among proteins and/or RNAs leads to their
demixing from the surrounding milieu into liquid-like or gel-like condensates®°. While the
effects of macromolecular crowding on diffusion/reaction kinetics and protein phase
separation have been studied in vitro, very little is known about how molecular crowding
regulates general cell physiological processes, where changes in macromolecular
crowding are known to occur. For example, changes in macromolecular crowding occur
during starvation®, cell division’, and when cells experience differences in substrate
stiffness®. Changes in macromolecular crowding also occur in cells of kidney®, gut'® **
and blood vessels*?, when they undergo changes in osmotic pressure. What specific

signaling pathways are triggered by these changes in macromolecular crowding to help

the cell adapt to and survive in its transformed environment are unknown.

Recently, hyperosmotic stress, which increases macromolecular crowding®* **, has
been shown to increase the nuclear localization of YAP, a key controller of organ size in
animals. As a transcriptional co-activator, YAP is normally controlled by Hippo pathway.
When the Hippo pathway is active, YAP binds to 14-3-3 proteins and is retained in the
cytoplasm. When the Hippo pathway is inactive, YAP is freed from binding to 14-3-3
proteins and redistributes into the nucleus, where it triggers transcription of proliferation-

specific genes with the TEA domain family member (TEAD) transcription factors™ & .
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However, hyperosmotic stress was found to cause YAP nuclear localization and target
gene expression, overriding canonical Hippo pathway regulation'’. Given YAP’s
significance in controlling multiple aspects of cell behavior, including proliferation, cell

15, 20, 21

stemness and malignancy , We sought to investigate how increase in

macromolecular crowding mediated by hyperosmotic stress leads to YAP activation.

To study the mechanism by which macromolecular crowding regulates YAP activity, we
treated U2-OS cells transiently expressing EGFP-YAP with 10% w/v PEG-300 (PEG),
an osmotic stressor. Cytoplasmic and nuclear volume decreased by 22 + 7 % and 32 +
9 % respectively (Fig. 1a, b), resulting in the cells having a more crowded intracellular
environment (Fig. 1c) and higher dry mass density?” (Extended Data Fig. 1a). In
response to this treatment, EGFP-YAP signal redistributed into the nucleus, peaking at
10 min before attaining a steady state nuclear concentration that, while lower than at 10
min, was higher than that seen before PEG treatment (Fig. 1d). Similar results were
seen for endogenous YAP (Extended Data Fig. 1b). Washout of PEG resulted in EGFP-
YAP’s signal quickly returning to its predominantly cytoplasmic, pre-treatment
localization (Fig. 1d), indicating that the process is highly reversible. Within 3 h of PEG
treatment, transcription of YAP target genes was increased by 2-fold (Fig. 1e),
indicating that YAP’s nuclear redistribution led to downstream target gene expression,

as previously reported®’.

Visualizing EGFP-YAP dynamics under hyperosmotic stress more closely, we found

that YAP changed from being diffusely distributed in the cytoplasm to being localized in
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discrete cytoplasmic and nuclear puncta within 15-30 s of adding PEG (Fig. 2a, upper
panel and Movie S1). In zoomed-in images, these appeared spherical (Fig. 2b). This
contrasted with the behavior of EGFP (Fig. 2a, lower panel) or EGFP-RhoA (Extended
Data Fig. 2a) expressed in cells, which showed no change in subcellular distribution
upon hyperosmotic stress. The EGFP-YAP puncta persisted for 10-15 min before slowly
dissipating. Washing in isotonic medium when the puncta were still present caused the
puncta to disappear in 30 seconds (Fig. 2a, upper panel, Movie S1). The foci were not
artifacts of EGFP-YAP overexpression, since endogenous YAP-positive foci labeled by
YAP antibody staining could be seen after PEG treatment in cells not expressing EGFP-
YAP (Extended Data Fig. 2b). The formation of YAP foci was cell type-independent
(Extended Data Fig. 2c), YAP isoform-independent (Extended Data Fig. 2d), and not

limited to specific osmotic agent used (Extended Data Fig. 2e).

Protein and RNA can partition into discrete fluid condensates in the process called
liquid-liquid phase separation when they reach a local concentration threshold mediated
by weak multivalent interactions® > ?%. These so-called ‘liquid droplets’ have spherical
shapes, can coalesce into larger structures, and can exchange their contents with the
rest of the cytosol or within the structure®. We found that YAP foci exhibited similar
properties. They showed high sphericity in high resolution images (Extended Data Fig.
2f), could fuse with each other to form larger spheres in both the nucleus and the
cytoplasm (Fig. 2c, Movie S2-S4), and exhibited rapid fluorescence recovery upon

photobleaching either the entire foci (t12= 0.9 £ 0.4 sec, Fig. 2d, e) or part of one (Fig.
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2f). Therefore, YAP foci formed under hyperosmotic stress are genuine phase-

separated liquid droplets.

To determine whether YAP’s ability to condense into liquid droplets is an intrinsic
property or requires other co-factors, we expressed and purified EGFP-YAP from E. coli
and examined EGFP-YAP’s behavior under different conditions. Non-ionic crowders
larger than 300Da produced a turbid EGFP-YAP solution and this was dependent on
both the concentration of EGFP-YAP and concentration and size of PEG (Fig. 3a).
Confocal imaging of the turbid EGFP-YAP solution revealed micron-sized spheres that
displayed liquid-like characteristics (Fig. 3b), including droplet coalescence (Fig. 3c),
wetting the coverslip (Movie S5) and concentration-dependent recovery after
photobleaching (Fig. 3d), as reported for proteins capable of phase partitioning®*. The
purified EGFP-YAP droplets retained their fluidity over 30 min and did not undergo
irreversible aggregation (Extended Data Fig. 3b). EGFP-YAP droplets disappeared
when the solution was re-suspended in 20mM Tris buffer, indicating their formation was
reversible (Fig. 3b, washed). Other conditions known to affect protein phase separation
(i.e., salts, inert proteins, and nucleic acids)®* %° did not trigger YAP droplet formation
(Extended Data Fig. 3a). Indeed, varying salt concentration failed to change the turbidity
of EGFP-YAP solution, suggesting that strong electrostatic interactions don’t play an
important role in YAP phase separation (Extended Data Fig. 3a). UV circular dichroism
(CD) analysis revealed the presence of possible a-helical structure in YAP condensates
(Fig. 3e), indicating that weak multivalent interactions among coiled-coil structures might

help drive YAP’s co-acervation into droplets under crowded conditions. These data
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indicate that under macromolecular crowding YAP has an intrinsic ability to partition into

liquid condensates through a mechanism independent of salts or nucleic acids.

Phase-separated condensates provide cells with an additional way to organize their
internal space, functioning as hubs to facilitate protein-protein interactions or to
sequester proteins away from their normal partners®. With this in mind, we examined
what other proteins co-segregate with YAP in YAP-enriched droplets seen under
hyperosmotic stress. Focusing first on cytoplasmic YAP droplets, we concluded they
were not stress granules because they neither contained the stress granule component
G3BP (Extended Data Fig. 4a) nor co-segregated with G3BP-containing stress granules
under arsenite treatment (Extended Data Fig. 4b). YAP droplets also were not
processing bodies (P-bodies) involved in RNA processing as they lacked critical P-body
components, including GW182 and Ago2 (Extended Data Fig. 4c, d). However, the P-
body component Dcpla did co-segregate with YAP droplets (Fig. 4a, d), suggesting
some unknown link to RNA processing. Intriguingly, YAP droplets contained proteins
involved in YAP-specific post-translational modifications, including Nemo-like kinase
(NLK) (Fig. 4b, d) and Hippo pathway kinase large tumor suppressor 1 (LATS1) (Fig. 4c,
e). NLK phosphorylates YAP on Serine 128, releasing YAP from 14-3-3 protein
association thereby triggering its nuclear re-localization'” ?°. Co-segregation of NLK and
YAP in droplets thus could facilitate this reaction, leading to YAP nuclear redistribution.
Co-segregation of LATS1 with YAP in droplets seemed at odds with NLK’s role because
LATS1 phosphorylates YAP at Serine 127, an event that leads to tighter association of

YAP with 14-3-3 proteins®® ?’. However, MST2, one of the kinases that activates LATS1


https://doi.org/10.1101/438416
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/438416; this version posted October 11, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

to enable its phosphorylation of YAP, did not localize to YAP droplets (Extended Data
Fig. 4e). YAP droplet association of LATS1 thus might sequester LATS1 away from
MST2, leading to decreased LATS1 activity. These findings show that YAP
condensates are neither stress granules nor P-bodies, but are a novel type of
cytoplasmic droplet that sequesters kinases that target YAP for possible nuclear

translocation.

We next investigated what molecules co-segregate with YAP condensates in the
nucleus, hoping to gain clues as to the roles of YAP in this environment. YAP nuclear
condensates did not co-localize with known nuclear body markers such as SC35
(nuclear speckle, Extended Data Fig. 4f), PML (promyelocytic leukemia bodies,
Extended Data Fig. 4g), or Coilin (Cajal bodies, Extended Data Fig. 4h), suggesting
they perform functions different from these well-known nuclear bodies. Notably, YAP
condensates were enriched in the transcription factor TEAD1 (Fig. 4f, j) and another
coactivator of the YAP/TAZ signaling pathway, TAZ (Extended Data Fig. 4i). They also
were enriched in B-catenin, the transcription coactivator of the Wnt signaling pathway
that is often co-regulated with YAP?**° (Fig. 4g, j). These properties of nuclear YAP
droplets were similar to phase-separated structures in the nucleus called super

31, 32

enhancers (SESs) , Which contain gene enhancer elements in clusters that are close

with each other and the promoters of genes they regulate®*®°,

To gain more insight into the function of nuclear YAP droplets, we probed them with

antibodies to RNA Pol Il, discovering that RNA Pol Il separated away from YAP nuclear
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droplets upon hyperosmotic shock (Fig. 4h, j). YAP nuclear droplets also did not overlap
with nascent connective tissue growth factor (Ctgf) RNA as shown by RNA-FISH (Fig.
4i). This suggests that YAP nuclear droplets, while potentially driving clustering of gene
enhancer elements to form SEs, do not recruit RNA Pol II. This could be important for
preventing transcriptional activity at these super enhancer sites in the initial phase of
hyperosmotic shock. Our RT-PCR results showing an initial decrease at 20 min in YAP
signaling upon hyperosmotic shock (see Fig. 1e) is consistent with this possibility. We
thus hypothesized that only later, when YAP droplets have disappeared as visible
structures, would newly formed, YAP-induced SEs impact cell reprograming by
recruiting RNA Pol I, leading to rapid transcription of cell proliferation genes. Supporting
this possibility, we observed that treating cells with PEG for just 10 min was enough to
confer cells with a proliferation advantage 2 hours later compared with cells in normal
medium, as shown by EdU labeling (Fig. 4k). A recent paper reported that hyperosmotic
shock depletes RNA Pol Il from promoter regions of genes, and after relieving cells of
hyperosmotic stress, cells accumulate more Pol Il at promoter regions than before
treatments*®. Our results confirmed this finding, and further suggested that it is YAP
nuclear droplets that re-organize gene enhancer elements to facilitate rapid transcription
of cell proliferation genes once cells have either adapted to or been relieved of

hyperosmotic stress.

We next sought to identify and remove regions in YAP responsible for its phase
separation under hyperosmotic stress to test whether YAP droplet formation is

necessary for the above effects on transcription and DNA synthesis. The YAP protein
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mainly consists of disordered sequences except for the central WW domain and C-
terminal PDZ binding motif (Fig. 5a). To identify regions responsible for YAP phase
separation, we first deleted the C-terminal transcriptional activation domain (TAD) of
YAP and made an EGFP-YAPATAD fusion protein (Fig. 5b). We found that EGFP-
YAPATAD was unable to phase separate under hyperosmotic shock (Fig. 5c, d),
indicating that the TAD sequence is indispensable for YAP phase separation. We
further found that phase separation-deficient EGFP-YAPATAD disrupts endogenous
YAP droplet formation (Extended Data Fig. 5), and has impaired nuclear localization
compared with wildtype (WT) EGFP-YAP at 15 min after PEG treatment (Fig. 5e). To
test whether YAP phase separation seen immediately after PEG addition is necessary
for the long-term promotion of YAP transcriptional activity, we expressed EGFP-YAP-
ATAD in U2-OS cells and studied the localization of endogenous TEAD1 transcription
factor. In the absence of YAP liquid droplets, TEAD1 did not enrich in any nuclear foci
(Fig. 5f). Correspondingly, the transcriptional activity of YAP under hyperosmotic stress
was much decreased in cells expressing ATAD compared to those expressing WT-YAP
as assessed by Ctgf mRNA expression 3 hrs after PEG treatment (Fig. 5g), indicating
that formation of liquid droplets enhances YAP target gene transcription in the long run.
These results indicated that the C-terminal TAD domain was necessary for YAP
condensate formation, and that the formation of YAP condensates was required for

downstream YAP signaling.

The N-terminal 51 amino acid region of YAP is a low complexity proline-rich domain

(comprised of 35% proline) (Fig. 5b), which might enhance the solubility of YAP

10
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condensates (i.e., preventing their gelation) by acting as a hydrophilic agent®” *.
Consistent with this possibility, deletion of this region did not inhibit formation of YAP
liquid droplets. Rather, the EGFP-YAPAP condensates persisted longer in the cell,
being visible 15 min after PEG treatment when the EGFP-YAP full length condensates
had already disappeared (Fig. 5c, d). These results indicate that only the C-terminal
TAD was responsible for YAP condensate formation, with other disordered sequences

in the protein (i.e., proline-rich domain) acting to maintain fluidity of the condensates.

In conclusion, we describe a mechanism for how hyperosmotic stress causes YAP to
translocate to the nucleus and initiate downstream YAP signaling that is based on
YAP’s intrinsic ability to phase partition into liquid droplets under macromolecular
crowding. In this mechanism, YAP’s low complexity TAD domain causes YAP to
partition into cytoplasmic and nuclear droplets within seconds of increased
macromolecular crowding. Whereas cytoplasmic YAP droplets concentrate YAP into an
environment where it becomes modified for nuclear translocation, YAP nuclear droplets
(enriched in TEAD1, TAZ and B-catenin) function to re-organize gene enhancer
elements, readying transcription of proliferation genes once the cell has either adapted
to or been relieved of hyperosmotic stress. Transient nuclear YAP droplet formation
under increased macromolecular crowding thus represents a novel way that cells
reprogram their long-term gene expression patterns. Its operation may be relevant for
understanding cell state changes under various physiological conditions where

macromolecular crowding increases.
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Figure Legends:

Fig. 1. Cells change volume and form YAP-positive condensates during hyperosmaotic
stress. (a) Side-view of a cell before, undergoing, and after hyperosmotic stress, 3-D
rendered by Imaris. Color bar: volume (um?®). (b) Quantification of normalized U2-OS
nuclear (cyan), cytoplasmic (pink) and total (blue) volume. Unpaired t test. Comparing to
volume before treatment. EGFP-YAP cellular localization in a U2-OS cell at indicated
time. (c) Ratiometric images and quantification of crowding sensor FRET expressed in
U2-0OS cells. Rainbow-RGB showing changes in FRET indices. Color bar: FRET index
(a.u.). (d) Localization of EGFP-YAP in U2-OS cells and quantification of normalized
nuclear to cytoplasmic EGFP-YAP ratio. Unpaired t test. Comparing to ratio pre-
treatment. (e) Relative Ctgf and Cyr61 mRNA levels in control and PEG-treated HEK
293T cells expressing EGFP-YAP. Unpaired t test. Error bars are SEM. *p<0.05,
**p<0.01, **p<0.001, ****p<0.0001. Scale bars are 5pum.

Fig. 2. YAP condensates have liquid-like properties in cell. (a) EGFP-YAP forms
cytoplasmic and nuclear foci 15 sec after PEG treatment and disappears after wash,
while EGFP alone doesn’t. Scale bar: 5um (b) Nuclear and cytoplasmic YAP
condensates. Scale bar: 2um. (c) Fusion of nuclear and cytoplasmic EGFP-YAP
droplets. (d) FRAP recovery image of nuclear or cytoplasmic EGFP-YAP droplet. Dotted
circle: Spot of photobleaching. Scale bars in c and d are 1um. (e-f) Nuclear FRAP
recovery curve when whole droplet (e) or part of the droplet (f) is bleached. Error bars in
e, fare SD.

Fig. 3. Purified YAP condensates have liquid-like properties in vitro. (a) Purified EGFP-
YAP shows concentration-dependent increase in turbidity at increasing wt% of
PEG1000 and PEG6000. Color bar: turbidity measured at 600nm (a.u.). (b) EGFP-YAP
pre-treatment (left) and after the addition of 25% PEG (middle). Upon centrifugation and
resuspension in buffer, the droplets disappear (right). Scale bar, 10um. (c) Droplet
coalescence shown in fluorescence (top) and brightfield (bottom) illumination. Scale bar,
2um. (d) Spot-bleach FRAP experiment show that the recovery in the bleached spot
occurs faster at lower osmotic pressures. Scale bar, 2um. (e) CD signal at 222 nm
showing a constant decrease for PEG and ficoll but not glycerol at increasing wt% (left
and upper right). Corresponding partitioning coefficient for glycerol, PEG, and ficoll
(lower right).

Fig. 4. Nuclear and cytoplasmic YAP droplets selectively enrich and exclude different
proteins. (a, b) Live-cell imaging showing colocalization of cytoplasmic EGFP-YAP
droplets with mCherry-Dcpla droplets (a), mCherry-NLK droplets (b) after hyperosmotic
shock. (c) Live-cell imaging showing colocalization of cytoplasmic mCherry-YAP
droplets with EGFP-LATS1 droplets after hyperosmotic shock. (d, e) Quantification of
(a-b) and (c), respectively. Unpaired t test comparing PEG or Washed colocalizations
with pre-treatment. Error bars show SEM. (f-h) Immunofluorescence images of nuclear
EGFP-YAP with endogenous TEAD1 (f), B-catenin (g), and RNA Pol Il (h) in control
medium or in PEG medium. (i) Immunofluorescence image of EGFP-YAP with RNA-
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FISH against Ctgf RNA, in control or in PEG medium. (j) Quantification of (f-h).
Unpaired t tests comparing PEG with control-treated cells. (k) Quantification of EdU
incorporation within 2hrs, after treating cells first with control medium for 10min or
10%PEG for 10min.

Fig. 5. Phase separation of YAP is important for its nuclear localization and signaling. (a)
Disorder analysis of YAP 454aa isoform. Algorithms used: IUPred (blue), VLXT (cyan)
and VSL2 (magenta). (b) Schematic of wild-type (WT) and mutant YAP structures. (c)
Phase separation of EGFP-YAP variants in cell. (d) Percentage of cells expressing
EGFP-YAP variants with liquid droplets at different time after PEG treatment. (e)

Nuclear localization of different EGFP-YAP variants. (f) Relative localization of EGFP-
YAP-ATAD with TEAD1 before and after PEG treatment. Immunofluorescence (Q)
Relative Ctgf mRNA expression in EGFP-YAP and EGFP-YAP-ATAD mutant after
control or PEG treatment. Error bars show SEM.
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