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SUMMARY 
The ability to sense and respond to osmotic fluctuations is critical for the 

maintenance of cellular integrity. Myriad redundancies have evolved across all facets of 
osmosensing in metazoans, including among water and ion transporters, regulators of 
cellular morphology, and macromolecular crowding sensors, hampering efforts to gain a 
clear understanding of how cells respond to rapid water loss. In this study, we harness 
the power of gene co-essentiality analysis and genome-scale CRISPR-Cas9 screening 
to identify an unappreciated relationship between TSC22D2, WNK1 and NRBP1 in 
regulating cell volume homeostasis. Each of these genes have paralogs and are 
functionally buffered for macromolecular crowd sensing and cell volume control. Within 
seconds of hyperosmotic stress, TSC22D, WNK and NRBP family members physically 
associate into cytoplasmic biocondensates, a process that is dependent on intrinsically 
disordered regions (IDRs). A close examination of these protein families across 
metazoans reveals that TSC22D genes evolved alongside a domain in NRBPs that 
specifically binds to TSC22D proteins, which we have termed NbrT (NRBP binding 
region with TSC22D), and this co-evolution is concomitant with rapid IDR length 
expansion in WNK family kinases.  Our study identifies functions for unrecognized 
components of the cell volume sensing machinery and reveals that TSC22D, WNK and 
NRBP genes evolved as cytoplasmic crowding sensors in metazoans to co-regulate 
rapid cell volume changes in response to osmolarity. 

 
INTRODUCTION 

Precise cell volume measurements in response to osmolarity were first reported 
nearly a century ago by Ponder and Saslow while measuring red cell volume1, and 
failure to adapt to osmotic challenges is lethal. To protect cells from osmotic stress, 
functional redundancies have evolved to regulate cell volume (e.g. genes encoding 
aquaporins and cation chloride co-transporters) and maintain normal cell function in 
response to osmolarity or the effective osmotic pressure gradient2-5. Cell volume 
changes are generally thought to occur on short time scales (seconds to minutes). 
During hyperosmotic stress, cells undergo crenation (shriveling) within seconds and 
then adapt to volume contraction by orchestrating a system of ion transporters, 
channels and pumps that drive net solute and water influx, resulting in regulatory 
volume increase (RVI)6. All multicellular organisms, unicellular protists and algae 
encode WNK kinases7, while unicellular organisms such as yeast are not thought to 
have WNKs, although homologies can be found by virtue of the WNK kinase domain8. 
Human WNK1 has recently been shown to form membrane-less phase-separated 
biomolecular condensates within seconds in response to hyperosmotic stress9. These 
WNK1 biocondensates are thought to be functionally relevant, occurring at native 
protein concentrations and at levels of hyperosmotic stress that are within the 
physiological range experienced by different cell and tissue types. The emergent model 
is that WNK kinases act as crowding sensors (i.e., through IDRs) and signal 
transducers (i.e. through intrinsic kinase activity) to activate cell volume recovery 
through the downstream effector kinases OXSR1 and SPAK9. 
 The idea of crowding-induced phase separation caused by hyperosmotic stress 
as a means of cell volume control was proposed decades ago10-12. Aside from a 
requirement for the C-terminal IDR of WNK1 for formation of WNK1 biocondensates9, 
our current understanding of macromolecular crowd sensing in response to 
hyperosmotic stress in vivo and in vitro is poorly understood. For example, the 
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constituents and function of WNK biocondensates remain to be characterized. The 
WNK kinase signaling cascade is clearly significant for normal cell function as genes 
involved in this pathway have been associated with numerous diseases including 
Pseudohypoaldosterism type II and Gordon syndrome13-15. We postulate that 
macromolecular crowd sensing must have evolved distinctly between bacteria, fungi, 
plants and metazoans, where animal cells refined the cytoplasmic cellular milieu to 
facilitate biological processes necessary for different cell types and habitats to facilitate 
organism movement. Surprisingly little is known about molecular-crowd sensing 
mechanisms in different organisms, tissues, cell types and cellular compartments, 
potentially due to extensive redundancy and functional buffering. 

Mechanisms of functional buffering can be revealed by profiling genetic 
interactions (GIs), which are defined as the phenotypic consequences of two or more 
gene perturbations that combine to produce a functional outcome. The most extreme 
negative GI (i.e. synthetic lethality) has been exploited as a cancer therapeutic 
strategy16,17. While profiling GIs can also reveal the function of paralog pairs, multi-gene 
families, where functional buffering occurs between more than two paralogs, pose an 
additional challenge for genome-scale functional annotation efforts18-20. One approach 
to map gene functions is to deconvolve gene-by-gene (GxG) co-dependencies through 
systematic efforts to generate GI profiles that can be used build interaction networks 21. 
Another approach is to define gene dependency profiles, such as the Cancer 
Dependency Map (DepMap) which has profiled over one thousand human cancer cell 
lines with genome-wide CRISPR knockout libraries22-26. By systematically surveying 
DepMap data, we identified one gene cluster composed of three essential genes 
(TSC22D2, WNK1, and NRBP1), each within a multi-gene family, that share similar 
dependency profiles. WNK1 has long been known to play a key role in cell volume 
regulation27; however, the function of NRBP1 is poorly characterized and the function of 
TSC22D2 is even less well understood. We combine genome-wide genetic screens, live 
cell microscopy, proximity mapping, evolutionary analyses, drug screens and epistasis 
to study the WNK-related cytoplasmic macromolecular crowd sensing mechanism and 
reveal a complex and highly buffered regulatory network involving several multi-gene 
families that evolved in metazoan cells for co-regulation of cell volume homeostasis.  
 
RESULTS 
TSC22D2, WNK1 and NRBP1 exhibit functional dominance for cell fitness. 

Our initial motivation was to comprehend the scope or degree of functional 
redundancy amongst paralogs in the human genome using data from genome-wide 
pooled CRISPR fitness screens. To do this, we intersected gene families arising 
through whole genome duplication (i.e. ohnologs, 4935 genes from 1827 gene families28) 
with three different fitness gene sets defined by thresholding the DepMap data (i.e. 
DepMap30, DepMap60 and DepMap Common Essentials; see Data S1)22-26. Amongst 
ohnologs, we found multi-gene families that include a single fitness gene occur ~3-fold 
lower than expected by chance (Fig. S1A). The low representation of fitness genes in 
ohnolog families is consistent with the idea of functional buffering amongst paralogs. 
However, 7%-11% (Fig. S1A) of ohnolog families still retain a single fitness gene, which 
we interpret as the functionally dominant member of a multi-gene family. Despite 
potential buffering from paralogs, disruption of a functionally dominant family member is 
sufficient to produce a measurable fitness defect for a fraction of ohnologs. To further 
investigate this small fraction of 197 functionally dominant ohnologs, we examined 
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genetic co-dependencies using pairwise correlation analyses of DepMap dependency 
profiles (19,306 pairs of profiles). Using the DepMap30 list of fitness genes, several 
highly correlated gene clusters were apparent; for example, those involved in focal 
adhesion, thiamine pyrophosphate binding, and ARF-COPI pathway function (Fig. 1A). 
Notably, TSC22D2, WNK1, and NRBP1 gene dependency profiles were highly 
correlated in large-scale CRISPR and RNAi datasets, indicating that these three genes 
act in related functions across a variety of genetic contexts (Fig. 1A,B). TSC22D2, 
WNK1 and NRBP1 are fitness genes, are members of multi-gene families (i.e., WNK1-
4, TSC22D1-4, and NRBP1-2), and represent functionally dominant members of their 
gene families for cell fitness. Functional dominance is specific to a given phenotype or 
trait; for example, WNK1 is the functionally dominant family member for cell line fitness 
(Fig. S1B). Functionally dominant family members are also the highest expressed gene 
in >80% of cases (Fig. S1A). However, unlike WNK1 and NRBP1, which are the highest 
expressed genes in their gene families across most cell types and tissues examined, 
TSC22D2 is expressed at much lower levels compared with its family members (Fig. 
S1C). 
 To further explore the idea of functional dominance in cultured isogenic cells, we 
generated stable HAP1 clonal cell lines mutant for TSC22D2, WNK1, or NRBP1 (Fig. 
1C), where the corresponding protein levels were substantially decreased or 
undetectable (Fig. S1D), and subjected these mutant query cell lines to genome-wide 
pooled loss-of-function CRISPR fitness screens (Fig. 1C) to measure negative and 
positive genetic interactions (GIs)21,29. If gene family members are capable of genetic 
buffering, the expectation is that family members of the query gene would be negative 
GIs. In the TSC22D2 query screen, we observed a negative GI with TSC22D1 
(FDR=8.8E-2), but the reciprocal interaction was not observed in the TSC22D1 query 
screen (Fig. S1E). We also observed negative GIs in the WNK1 query screen with both 
WNK2 (Fig. 1D, FDR=6.5E-10) and WNK3 (Fig. 1D, FDR=7.5E-11), as well as a 
negative GI in the NRBP1 query screen with NRBP2 (Fig. 1D; FDR=4.1E-25). WNK4 is 
not detectably expressed in HAP1 cells and was not expected to buffer the mutant 
WNK1 cells. Also, no GI with WNK1 was observed in the WNK2 and WNK3 single 
query screens (Fig. S1E). Lastly, no GIs were observed between the TSC22D2, WNK1, 
and NRBP1 gene families, despite the reproducible nature of these screens based on 
within-and-between correlation measurements (Fig. S1F)30. Together, these results 
provide evidence that genetic buffering can occur within the TSC22D, WNK and NRBP 
gene families when systematically surveying digenic interactions and when the 
functionally dominant family member serves as the query gene. 
 To enhance our understanding of genetic buffering amongst these gene families, 
we also constructed isogenic TSC22D1:TSC22D2 and WNK2:WNK3 double-mutant 
HAP1 cells and performed genome-wide pooled loss-of-function CRISPR screens in 
each of these double-mutant query cell lines. In this context, we found negative trigenic 
interactions amongst TSC22D1, TSC22D2, and TSC22D4 (Fig. 1D, FDR=1.8E-4), as 
well as WNK1, WNK2, and WNK3 (Fig. 1D, FDR=1.7E-4). Although not comprehensive 
for all family members, these observed higher-order trigenic interactions provide further 
evidence of genetic buffering within each of the TSC22D and WNK gene families in 
human HAP1 cells. 
 
TSC22D2, WNK1 and NRBP1 regulate cell volume. 
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 Because WNK1 has been implicated in cell volume regulation 9, we next 
examined whether stable perturbation of TSC22D2, WNK1, or NRBP1 impacts cell 
volume in HAP1 cells. Remarkably, the average cell volume of TSC22D2, WNK1 and 
NRBP1 mutant clonal HAP1 cells were smaller than parental HAP1 cells (Fig. 1E). We 
also measured the cell volume of 238 unique HAP1 isogenic query mutant cell lines 
representing 146 unique genes whose functions spanned biological processes (Data 
S1) and found that TSC22D2, WNK1 and NRBP1 mutants had cell volumes that were 
consistently smaller than the average HAP1 mutant cell line (Fig. 1F). To corroborate 
these results, HAP1 cells were treated with the pan-WNK kinase inhibitor WNK46331,32 
and a dose-dependent decrease in cell volume was observed, comparable to the MTOR 
inhibitor Torin2, which inhibits both mTORC1 and mTORC2 complexes and is known to 
cause smaller cell size broadly across eukaryotic models (Fig. 1G and S1G)33. More 
modest cell volume changes were also observed in HAP1 cells treated with WNK-IN-11, 
a WNK1 inhibitor, as well as the mTORC1 inhibitor rapamycin 34. The decrease in cell 
volume following WNK463 treatment was consistent in multiple human and mouse cell 
lines including RAW264.7, BV2, THP-1, HeLa-Kyoto, U-937, and Huh-7 cells (Fig. 1G 
and S1H). Thus, both stable genetic and acute chemical perturbation of the TSC22D2-
WNK1-NRBP1 co-essential gene cluster led to cell volume decreases in mammalian 
cells. 
 
Endogenous TSC22D2, WNK1 and NRBP1 colocalizes to reversible 
biocondensates under hyperosmotic stress. 

To our knowledge, the TSC22D2 and NRBP1 genes have not previously been 
linked to cell volume regulation; however, WNK1 forms biocondensates and regulates 
cell volume increase by acting as a macromolecular crowding sensor 9. To investigate 
whether the products of TSC22D2 and/or NRBP1 are involved in crowd sensing, we first 
endogenously tagged the canonical isoform of TSC22D2 in HAP1 cells with the 
fluorescent protein mScarlet at its C-terminus (i.e., TSC22D2mScarlet) (Fig. 2A), 
confirmed that the endo-tagged protein was properly expressed (Fig. S2A), and 
performed live-cell microscopy under hyperosmotic stress to pinpoint TSC22D2 
localization. Treating TSC22D2mScarlet cells with increasing amounts of sodium chloride 
(NaCl), potassium chloride (KCl), or sorbitol resulted in the rapid formation of >10 bright 
cytoplasmic foci per cell that were on average ~200 nm or less in diameter (Fig. 2B and 
S2B). Increasing hyperosmotic stress caused more and denser cytoplasmic foci; the 
highest stress condition led to the dissolution of the condensates or redistribution of the 
protein to other cellular sites (Fig. S2C)35. At medium levels of stress, these foci 
persisted and then gradually dissolved following prolonged hyperosmotic stress (Fig. 
2B and S2C). TSC22D2 foci were only observed under salt or sorbitol stress, and not 
using small molecule crowding agents such as urea (Fig. S2B), consistent with previous 
observations with WNK1 foci 9.  
 To confirm our observations were not HAP1 dependent, TSC22D2 was endo-
tagged with mScarlet at the C-terminus in four additional human cell lines originating 
from different tissues including Huh-7 (liver), HeLa (cervix), HEK293T (kidney), and UM-
UC-4 (bladder). Using live cell imaging, TSC22D2 foci were evident following 
hyperosmotic stress in all four cell lines, comparable to what was observed in HAP1 
cells (Fig. 2C). 
 TSC22D2 co-localization studies were next performed with sub-cellular markers 
to identify whether TSC22D2mScarlet cytoplasmic foci co-localize with known structures 
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including CLTC for clathrin-mediated endocytic vesicles, LAMP1 for lysosomes, 
SQSTM1 for aggresomes, DCP1A for processing bodies, G3BP1 for stress granules, 
and TOMM20 for mitochondria (Fig. S2D). These results indicate that TSC22D2 
cytoplasmic foci induced by hyperosmolarity partially co-localize with clathrin but are 
distinct compared to other known cytoplasmic organelles. 
 The kinetics of TSC22D2 foci formation following hyperosmotic stress was also 
examined by total internal reflection fluorescence microscopy and foci were observed 
within 10 seconds and saturated within 30 seconds after hyperosmotic stress, then 
disappeared within 10 seconds after removing the stress (Fig. 2D; Movies S1-S3). 
These changes were accompanied by a corresponding cell volume decrease and 
increase, consistent with the effects of hyperosmolarity and volume recovery, 
respectively (Fig. 2D; Movies S1-S3). Intriguingly, time-dependent post-translational 
modifications on both TSC22D2 and WNK1 proteins happen after the formation of 
TSC22D2 foci. Phosphorylation of SPAK/OSR1 and WNK1, as well as band up-shifts of 
both TSC22D2 and WNK1, are observed after ~5 minutes of hyperosmotic stress (Fig. 
2E). Thus, TSC22D2 rapidly forms transient and reversible cytoplasmic foci within 
seconds in response to hyperosmotic stress. 
 Despite some of the conceptual issues employing 1,6-hexanediol (1,6-HD)36, this 
compound has been used to dissolve weak hydrophobic interactions and some 
biomolecular condensates in live cells 37. To examine whether TSC22D2 cytoplasmic 
foci are phase-separated biomolecular condensates, TSC22D2mScarlet HAP1 cells were 
hyperosmotically stressed with sorbitol, and the persistence of foci was monitored 
following addition of 1,6-HD, or 1,2,6-hexanetriol (1,2,6-HT) as a viscosity control. 
Dissolution of TSC22D2 foci was clearly observed following 1,6-HD but not 1,2,6-HT 
treatment, indicating that TSC22D2 foci are consistent with being liquid-liquid phase-
separated biomolecular condensates (Fig. 2F). 
 Both TSC22D2 and WNK1 are extensively disordered proteins (Fig. 2A and S3A) 
and are subject to post-translational modifications in minutes following sorbitol stress 
(Fig. 2E)9,27. To assay whether TSC22D2 co-localizes with WNK1 under hyperosmotic 
stress, we generated double endo-tagged mNeonWNK1:TSC22D2mScarlet HAP1 cells and 
observed strong co-localization patterns between TSC22D2 and WNK1 foci in 
mNeonWNK1:TSC22D2mScarlet HAP1 cells following sorbitol treatment (Fig. 2G and S3B). 
In contrast to TSC22D2 and WNK1, NRBP1 is composed of a short, disordered N 
terminus (1-54), a highly ordered kinase-like domain (68-327) and an ordered C 
terminal domain (439-535) (Fig. S3A). Nevertheless, we also observed strong patterns 
of co-localization between TSC22D2 and NRBP1 foci in mNeonNRBP1:TSC22D2mScarlet 
HAP1cells following hyperosmotic stress (Fig. 2H and S3B). Thus, TSC22D2 and 
NRBP1 proteins co-localize to cytoplasmic foci with WNK1 under hyperosmotic stress, 
indicating that TSC22D2 and NRBP1 are likely constituents of macromolecular crowd 
sensing 'WNK bodies' (Fig. 2I). 
 
TSC22D2 mediates the translocation of NRBP1 into biomolecular condensates 
through conserved binding domains. 
 Both TSC22D2 and WNK1 are largely composed of peptide sequence containing 
intrinsically disordered regions (IDRs), in contrast to the NRBP1 pseudo-kinase (Fig. 2A 
and S3A). So how does NRBP1 form biocondensates under hyperosmotic stress? 
Previous studies and publicly available large-scale interaction data indicate that human 
TSC22Ds directly bind to NRBPs 38-42. Moreover, the fly homologs of TSC22D2 (bun) 
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and NRBP1 (Madm) were shown to interact using the yeast two-hybrid assay 43. 
Consistent with these observations, we confirmed that endo-tagged mNeonTSC22D2 
interacts with endogenous NRBP1 in HAP1 cells using immunoprecipitation followed by 
Western blotting (Fig. 3A). These results suggest that, under hyperosmotic stress, WNK 
bodies may contain NRBP1 through its association with TSC22D2. To test this 
hypothesis, we generated TSC22D1:TSC22D2:TSC22D4 triple mutant HAP1 cells 
harbouring endo-tagged mNeonNRBP1, in order to minimize genetic buffering effects 
within the TSC22D gene family, and to examine endogenous NRBP1 localization (Fig. 
3B). Strikingly, mNeonNRBP1 fails to partition into visible biomolecular condensates in 
TSC22D1:TSC22D2:TSC22D4 triple mutant HAP1 cells, even in strong hyperosmotic 
conditions (Fig. 3B and S3C). Therefore, we conclude that TSC22Ds are required for 
NRBP1-mediated phase separation into WNK biocondensates.  
 To further understand the structural basis for the TSC22D2-NRBP1 interaction, 
we used AlphaFold2-Multimer (AF2-M) to predict potential interaction regions (Fig. 
3C)44. Notably, 24 out of the top 25 AF2-M structural models predict a strong interaction 
interface (average PAE=7.42 in model1) between an 18 amino acid stretch on the N-
terminus of TSC22D2 (173-190), which we refer to as TbrN (TSC22D Binding Region 
with NRBP), and the structured C-terminus of NRBP1, which we refer to as NbrT 
(NRBP Binding Region with TSC22D)(Fig. 3C). One previous study made reference to 
NbrT as the MIf1-binding region 45. To validate that the TbrN and NbrT sequences 
mediate the physical interaction between TSC22D2 and NRBP1 in cells, we generated 
a series of expression constructs representing truncated proteins with C- or N-terminal 
FLAG epitope tags including TSC22D2-Nterm (1-257), TSC22D2-Cterm (258-780), 
NRBP1-Cterm (1-422), and NRBP1-Nterm (423-535) (Fig. 3C). These constructs were 
subsequently transfected into HEK293T cells and immunoprecipitations were performed 
with cell lysates using anti-FLAG M2 beads. Endogenous WNK1 and NRBP1 were 
immunoprecipitated with full-length (FL) TSC22D2 and the TSC22D2-Nterm mutant, but 
not with TSC22D2-Cterm mutants or the mock control (Fig. 3D). Furthermore, 
endogenous WNK1 and TSC22D2 were immunoprecipitated with FL NRBP1 and the 
NRBP1-Cterm mutant, but not with the NRBP1-Nterm mutant or the mock control (Fig. 
3D). These results provide experimental evidence that the predicted TbrN within 
TSC22D2 likely interacts with the predicted NbrT within NRBP1, and supports the 
predictive power of AF2-M. 
 
WNK biocondensates contain TSC22D and NRBP proteins. 
 To further investigate whether the TSC22D2 TbrN and NRBP1 NbrT extend to 
other TSC22D and NRBP paralogs, and possibly promote pairwise interactions between 
all members of these two gene families (i.e. TSC22D1, TSC22D2, TSC22D3, TSC22D4, 
NRBP1, and NRBP2), we rendered AF2-M predictions for all possible TSC22D-NRBP 
heterodimers, with the exception of TSC22D3 as it does not contain a predicted TbrN 
(Fig. S6D). TbrNs are conserved across TSC22D1, TSC22D2, and TSC22D4 and was 
predicted by AF2-M to bind with NbrTs on both NRBP1 and NRBP2 (Fig. 3E and 3F), 
raising the possibility that TSC22D and NRBP family members may associate 
promiscuously to form biocondensates upon hyperosmotic stress, providing some 
support for the extensive genetic buffering observed in genome-wide pooled CRISPR 
fitness screens (Fig. 1D). 
 To examine the physical association landscape for TSC22D2, WNK1 and 
NRBP1, we performed biotinylation proximity association mapping (BioID) in HAP1 cell 
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lines that were endo-tagged with miniTurbo-2xHA (mT) and express mTTSC22D2, 
mTWNK1 or mTNRBP1 as bait proteins (Fig. 3G, S3D, S3E and ). Biotinylation, mass 
spectrometry and SAINT analysis were performed in each of these engineered cell lines 
in biological triplicate under three conditions:  biotin for one hour (1Hr-B); biotin plus 
sorbitol for one hour (1Hr-SB); or one hour of sorbitol followed by recovery in biotin-
containing iso-osmotic media for an additional hour (1Hr-SRB) (Fig. 3G). Streptavidin 
signals colocalize with bait proteins containing an HA epitope tag, indicating that BioID 
is capable of capturing proteins in proximity to our bait of interest (Fig. S3E) 46-49. 
Significant preys from each of the BioID experiments were used to generate condition-
specific networks of protein associations and gene set enrichment identified 
bioprocesses related to stress granule formation, mitotic spindle, RNA binding, clathrin 
coated vesicles and cytoskeleton-related functions (Fig. S3F). More specifically, BioID 
detected significant associations between members of the TSC22D, WNK, and NRBP 
families as well as the WNK substrates OXSR1 (OSR1) and STK39 (SPAK), particularly 
following sorbitol stress (Fig. 3H). NRBP1 and TSC22D1,2,4 associations were 
observed in all conditions (Fig. 3H), consistent with the predicted interactions above 
amongst family members. Curiously, we also detected an NRBP1-TSC22D3 association 
that decreases under sorbitol stress, suggesting that there may be higher order 
interactions (e.g. hetero-dimerization amongst TSC22D proteins) that could bring 
TSC22D3 in proximity to NRBP1 (Fig. 3H). These results provide evidence that 
TSC22D and NRBP protein families associate with WNKs and their downstream 
effector kinases OXSR1 and STK39 and are constituents of WNK bodies. 
 To extend the BioID results, we further generated endo-tagged HAP1 cell lines 
for additional TSC22D and WNK genes including mNeonTSC22D1:TSC22D2mScarlet, 
mNeonTSC22D4:TSC22D2mScarlet, and mNeonWNK3:TSC22D2mScarlet cells for co-
localization studies in live cells. Consistent with the BioID results, patterns of co-
localization were clearly observed between TSC22D2 and TSC22D1, TSC22D2 and 
TSC22D4, and TSC22D2 and WNK3 following hyperosmotic stress (Fig. S4A). 
Therefore, TSC22D, WNK, and NRPB family members physically associate and co-
localize. However, the composition of individual biocondensates that are formed within a 
cell following osmotic stress appears variable in terms of stoichiometries for each of the 
TSC22D, WNK, and NRBP proteins. Several prey proteins with available antibodies 
were also chosen for validation by co-localization. For example, endogenous CLINT1 
and WNK1 are mostly colocalized with mScarletTSC22D2 foci (Fig. S4B). To recap, 
hyperosmotic stress causes the formation of biomolecular condensates that are formed 
within seconds and contain TSC22D, WNK, and NRBP (i.e., TWN) proteins, which we 
will refer to as ‘TWN bodies’ hereafter for simplicity. In other words, TWN bodies are 
biomolecular condensates that form in response to hyperosmotic stress and minimally 
contain some combination TSC22D, WNK, and NRBP proteins. 

To examine the relationship between TWN-bodies and stress granules, we 
assayed G3BP1 localization by immunofluorescence in mNeonWNK1:TSC22D2mScarlet and 
mNeonNRBP1:TSC22D2mScarlet HAP1 cells following stress granule formation triggered by 
either sodium arsenate or sorbitol 50. Thirty minutes of sodium arsenate treatment 
triggered G3BP1 stress granules, but not TWN bodies. In contrast, sorbitol treatment 
triggered both TWN bodies and stress granules, with only partial co-localization 
between G3BP1 and TWN bodies (Fig. S4C and S4D). Using double endo-tagged 
mNeonTSC22D2:G3BP1mScarlet HAP1 cells coupled with live cell microscopy, 
G3BP1mScarlet- and mNeonTSC22D2-containing condensates were observed to have 
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distinct formation kinetics (Fig. S5A and S5B). In fact, sorbitol treatment of 
mNeonG3BP1:TSC22D2mScarlet cells showed that TSC22D2 condensates formed within 
~10 seconds, concurrent with a rapid decrease in cell volume, whereas G3BP1 
condensates formed with slower kinetics in ~5-10 minutes, indicating that TWN bodies 
and cell volume decrease occur faster than activation of WNK1 kinase and formation of 
stress granules. 
  
TWN bodies likely evolved in metazoans. 

The IDR fraction of proteins that associate with TSC22Ds, WNKs, and NRBPs 
derived from the BioID studies described above was significantly higher than the 
background set of HAP1-expressed genes (Fig. 4A). Thus, the IDRs within the TSC22D 
family of proteins may help to facilitate multivalent interactions promoting condensate 
formation, as has been shown already for the WNK1 C-terminal IDR 9, and reported 
previously for other types of phase-separated condensates, such as stress granules 
and P-bodies 50,51. 
 A recent proteome-wide analysis of human IDRs (i.e., human IDR-ome), focusing 
on 144 features for each IDR (Data S2), demonstrated that evolutionary patterns of bulk 
molecular features of the human IDR-ome enable classification and functional 
annotation ranging from sub-cellular localization and membraneless organelles to the 
constitution of the cytoskeleton and transmembrane signalling 52,53. Using these same 
features, clustering analyses of IDR sequences from TWN body-associated proteins 
demonstrated that TSC22D proteins share striking features with WNK C-terminal 
regions (disordered S1), such as strong depletion in charged residues and enrichment 
of hydrophobic and aliphatic residues, consistent with prion-like low complexity regions 
(Fig. 4B, S6A-S6D). Moreover, the N-terminal IDRs of WNK proteins (disordered S2) 
showed an increased propensity for glutamic acid residues and shared similarities to 
NRBP1 (Fig. 4D, S6A- S6D). 
 WNK and NRBP kinases are part of the STE20 family of kinases (Fig. 4C)54. To 
further address the evolutionary ancestries of the TSC22D, WNK, and NRBP genes, we 
turned to clustering by inferred models of evolution (CLIME)55,56. In contrast to previous 
reports8, CLIME predicts the presence of WNK1 and NRBP1 proteins across all 
kingdoms of life. However, the TSC22D gene family first appears at the metazoan 
branch of evolution, with exceptions including N. vectensis (starlet sea anemone) and 
H. magnipapillata (hydra) (Fig. 4D and S6E). Despite our best efforts, evidence for 
TSC22D proteins were not found in choanoflagellates, filasteria or icthyosporea – the 
closest unicellular organisms related to multicellular animals. Correspondingly, BLASTP 
analysis of the human NbrT described above shows conservation only in metazoans 
(E<0.05), except for C. briggsae (Fig. 4D). The maximum BLASTP57 score between the 
NbrT from human NRBP1 and qualifying metazoan species ranges from 174 (human 
NRBP1, E=1E-49) to 27.7(C.elegans hpo-11, E=5E-05) (Fig. 4D), suggesting the 
binding of NRBP and TSC22D proteins emerged in metazoans, unlike WNK kinases 
which appear to be more ancient. 
  We also performed a phylogenetic analysis and show that WNK1 kinase 
domains co-cluster based on their phylogenetic family. All WNK1 orthologs were next 
analyzed for ‘IDR fraction’ by IUPRED2a 58-60 and this analysis revealed that plant 
WNK1 orthologs have short polypeptide sequence lengths and low IDR fraction, while 
metazoans have long WNK IDR sequences and high IDR fraction (Fig. 4D). Therefore, 
the longer WNK IDR regions are positively correlated with the appearance of TSC22D 
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genes in metazoans, consistent with these two gene families co-evolving to encode 
proteins containing similar IDR sequence features (Fig. 4B). 
 Previous work in model systems indicates that orthologs of TSC22D, WNK, and 
NRBP genes are involved in cell volume control and osmotic regulation. For example, 
Drosophila melanogaster and Caenorhabditis elegans have single orthologs of the TWN 
genes including bunched/tsct-1/TSC22D, dWnk/wnk-1/WNK, and Madm/hpo-11/NRBP, 
respectively (Data S2) and a previous study showed that wnk-1 in worms was important 
for viability in hyperosmotic conditions 61. To extend these observations, we 
hypothesized that tsct-1 and hpo-11 would also be important for surviving hyperosmotic 
stress and performed a survival assay in C. elegans with either tsct-1, hpo-11 or wnk-1 
knocked down using RNA interference. There was no observable difference in viability 
in wild-type N2 worms with depletion of tsct-1, wnk-1 or hpo-11 under normal culture 
conditions; however, knockdown of these genes resulted in substantially reduced 
viability under hyperosmotic conditions (Fig. 4E). These results support the idea that 
TWN genes are general regulators of hyperosmotic stress across multicellular animals. 
 
WNK inhibition triggers TWN body formation in vivo. 

Decisive evidence indicates that WNK signaling acts upstream of OXSR1, 
NKCC1 and p38-MAPK for RVI in response to hyperosmotic stress31, but the role of 
TSC22D or NRBP proteins in this signaling cascade is poorly understood. To examine 
how key cell signalling pathways impact the formation of TWN bodies, we screened 
endo-tagged TSC22D2mScarlet HAP1 cells for TSC22D2 foci formation with 21 different 
small molecule inhibitors targeting common cell signaling pathways (Data S3). 
Strikingly, the pan-WNK inhibitor WNK463, which inhibits WNK proteins at nanomolar 
concentrations in vitro32 and micromolar concentrations in cells31, was found to trigger 
the formation of TSC22D2 foci in the absence of hyperosmotic stress (Fig. 5A, Data 
S3). The kinetics of TSC22D2 foci formation was delayed with WNK463 in comparison 
to salt- or sorbitol-induced TSC22D2 foci formation and occurred between 10-30 
minutes following the addition of WNK463 to cells (Fig. 5B and S7A). WNK463-induced 
TSC22D2 foci also contained NRBP1 (Fig. 5B and S7A). Similar observations were 
made with the small molecule inhibitor WNK-IN-11 (Fig. S7B).  

Both WNK463- and WNK-IN-11-induced TSC22D2 foci disappeared following 
1,6-HD treatment, indicating that these structures may be liquid-liquid phase separated 
foci (Fig. 5C and S7B). To check the composition of WNK kinase inhibitor-induced foci, 
a second set of BioID experiments using mTTSC22D2, mTWNK1, and mTNRBP1 HAP1 
cells was performed in four different conditions: untreated; 30 minutes + sorbitol; 30 
minutes + WNK463; and 24 hrs + WNK463. BioID associations across all the 
experimental treatments with all three baits correlated strongly following the treatment of 
the cell lines with either sorbitol or WNK463 for different lengths of time (Fig. 5D, S7C). 
Together, these observations indicate that the composition of the biomolecular 
condensates formed by sorbitol or WNK463 treatment is comparable (Fig. S7D, 
PCC>0.97), and that TWN bodies are formed by active inhibition of WNK kinases. 
WNK463 also induced the formation of TSC22D2 foci in multiple other endo-tagged 
TSC22D2mScarlet cell lines including UM-UC-4, HEK293T, Huh-7 and HeLa, indicating 
that this may be a general mechanism for the formation of TWN bodies across cell 
types (Fig. 5E).  

WNK463 treatment also causes a significant decrease in [K+]intracellular but not 
[Na+]intracellular (Fig. 5F), coupled with a decrease in cell volume and no observable 
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formation of stress granules (Fig. S1G-H, S7E). This suggests that TWN body formation 
is triggered by tonic imbalance. Notably, in an osmotically balanced sorbitol solution, 
which causes ion and water efflux without changing osmolarity, we observed induced 
TWN body formation (Fig. S7F). Moreover, water efflux caused by a combination of 
diuretics also induced visible but transient TWN bodies (Fig. S8A). The persistence of 
TWN bodies induced by chronic WNK463 treatment (Fig. 5B and S7A) is coupled with 
reduced size-upshift (i.e. PTM modifications) on TSC22D2 and WNK1, as well as 
downregulation of pS373SPAK/pS325OSR1 (Fig. 5G), consistent with the idea that WNK 
kinase activity is needed for RVI and the dissolution of TWN bodies (Fig. 5H). 
 
Chemical-genetics reveals extensive buffering between TSC22D, WNK and NRBP 
gene families. 

To survey genetic dependencies following acute chemical inhibition of WNK 
kinases, we performed a genome-wide chemical genetic pooled CRISPR screen in the 
presence of 2.5µM of WNK463 (Fig. S8B), which is cytotoxic with an IC50~5 µM in 
HAP1 cells. The strongest negative chemical-genetic interaction with WNK463 was the 
perturbation of WNK1 (Fig. 6A; FDR=5.38E-8). We also observed a negative chemical-
genetic interaction with NRBP1, providing the first evidence that NRBP1 buffers acute 
chemical inhibition of WNK genes. This indicates that reducing WNK1 activity or NRBP1 
levels renders cells highly sensitive to WNK inhibition with WNK463. Drug sensitivity 
assays in parental HAP1 cells and two single mutant clones of WNK1 and NRBP1, as 
well as two unique TSC22D1:TSC22D2:TSC22D4 triple mutant clones confirmed these 
results. That is, the IC50 for WNK463 decreased from 4.5µM(WT) to an average of 
0.08µM for WNK1 mutant clones and 0.56µM for NRBP1 mutant clones (Fig. 6B). 
Although TSC22D single gene interactions were not detected in the genome-wide 
knockout screen for genetic modifiers of WNK463 cytotoxicity, we found that 
TSC22D1:TSC22D2:TSC22D4 triple mutant cells showed strong sensitivity to WNK463 
cytotoxicity and the IC50 dropped to an average of 0.30µM in these triple mutant clones 
(Fig. 6B). Since WNK463 impairs WNK kinase activity, reduces cell volume, and 
triggers the formation of TWN bodies, the synergistic fitness effect between WNK463 
and WNK1 or NRBP1 single mutant HAP1 cells, or TSC22D1:TSC22D2:TSC22D4 triple 
mutant HAP1 cells, indicates extensive genetic buffering in the regulation of cell RVI. 
 To evaluate between-family genetic interactions across TWN genes, we 
constructed WNK1:WNK2:WNK3 triple mutant and NRBP1:NRBP2 double mutant 
HAP1 cells by selecting for long term clonal survivors. The 
TSC22D1:TSC22D2:TSC22D4 and WNK1:WNK2:WNK3 triple mutant cells, as well as 
the NRBP1:NRBP2 double mutant cells, are significantly smaller, have slower doubling 
rates, and show a net efflux of cations (i.e., reduced intracellular [K+]), while the 
intracellular [Na+] remains unchanged (Fig. 6C and S8C). The observation that 
TSC22D1:TSC22D2:TSC22D4, WNK1:WNK2:WNK3, and NRBP1:NRBP2 mutant cells 
are viable in standard culture conditions suggests a high degree of genetic buffering 
that can occur for cell fitness. 

As WNK kinase inhibition with WNK463 or WNK-IN-11 results in TWN-body 
formation (Fig. 5B and S7A-B), we postulated that mutations in WNK kinases or NRBP 
pseudokinases would result in diminished phosphorylation activities during RVI. 
Mutations of TSC22D1:TSC22D2:TSC22D4, which failed to partition NRBP1 into TWN-
bodies (Fig. 3B), led to visible mNeonWNK1 foci formation in iso-osmotic conditions (Fig. 
6D). Similarly, mutations of NRBP1:NRBP2 also lead to visible mNeonTSC22D2 and 
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mNeonWNK1 foci formation containing SPAK and OSR1 (Fig. 6E and S9A) under 
standard growth conditions (i.e. no osmotic stress). TSC22D2mScarlet foci formation 
shows similar kinetics with wild-type in WNK1 depleted cells (Fig. S9B), supporting 
paralog redundancy amongst WNK genes. In contrast, visible TSC22D2 and NRBP1 
phase-separated condensates in WNK1:WNK2:WNK3 triple mutant HAP1 cells are only 
detectable at high doses of sorbitol (Fig. S9C), but severely compromised at lower 
doses (Fig. S9D). These data indicate that TWN bodies are exquisitely sensitive to 
concentrations of the components driving phase separation, with a sharp switch-like 
boundary with dependence on the collective concentrations of the contributing proteins 
to reach the necessary "saturation concentration" for phase separation, consistent with 
multi-component condensates. 
 
DISCUSSION 

TSC22D family proteins were first identified as transcription factors due to the 
conserved presence of a leucine zipper motif and their repressive activity when fused to 
a heterologous DNA-binding domain62. However, no direct evidence has been reported 
for the transcription regulation activity of TSC22D family proteins under physiological 
conditions. While TSC22D1 (TSC-22) and TSC22D3 (GILZ) are the most studied of the 
TSC22D proteins (reviewed by Pépin et al63), more recent studies have demonstrated a 
role for TSC22D4 in liver metabolism and hepatic metabolic dysfunction in liver cancer 
models64-66. Little is known about TSC22D2 except for its possible suppressive role in 
colorectal tumorigenesis67. Although TSC22D genes may have distinct roles in specific 
tissues or cell types, we find the protein sequence features and expression patterns63 
shared by the TSC22D gene products (at least for TSC22D1, TSC22D2, and TSC22D4) 
show striking similarities and behave like cytoplasmic crowding sensors. Our work 
demonstrates that the TSC22D gene family is a stark example of evolution creating 
redundancy amongst the TSC22D proteins to allow intermingling with NRBPs and 
WNKs for cytoplasmic crowd sensing and cell volume regulation. Finding the underlying 
molecular features that drive TWN body formation will help to further clarify the 
foundation of cytoplasmic crowd sensing in metazoan cells. 

It is typical in studies of biocondensates to concentrate on a singular protein 
entity and scrutinize the modulatory influence exerted by its discrete domains, often 
characterized by intrinsic disorder, on conditional phase separation dynamics68, such as 
with WNK19, NFAT569, CFTR70, FUS and TDP-4371. Here we report a distinctive 
scenario wherein a protein family whose members are mostly disordered (i.e. TSC22D1, 
TSC22D2, and TSC22D4) constitutively interact with the NRBP pseudo-kinases through 
distinct sequence regions that evolved in metazoans we have termed TbrN (TSC22D 
binding region with NRBP) and NbrT (NRBP binding region with TSC22D). The 
emergence of TSC22D family proteins, long C-terminal IDRs encoded within WNK 
kinases, and NbrT exhibit a pattern of co-evolution exclusive to metazoans. Our finding 
that TWN bodies are formed through inhibition of WNK kinases provides new insight 
into what triggers the formation of WNK containing condensates. It is thought that 
chloride stabilizes the inactive conformation of WNKs, preventing kinase 
autophosphorylation and activation, rendering WNKs intracellular chloride sensors 
through direct binding of a regulatory chloride ion to the active site72-74. Thus, large 
increases in intracellullar chloride are thought to promote WNK inhibition, which is also 
consistent with the formation of TWN bodies. 
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Additionally, it's crucial to note that decades of research on WNK kinases, the 
downstream effector kinases OXSR1 and SPAK, and the cation chloride co-transporters 
(NCCs, NKCCs, and KCCs) have failed to uncover functional links with TSC22D and 
NRBP family members. Gene co-functionality or co-essentiality studies from functional 
screening data is a powerful concept to link genes to functions for systematic annotation 
efforts. 
 Lastly, the evolution of multicellularity in animals required a series of key 
innovations. It is worth noting that the functionally dominant genes and their families that 
we identified in our co-essentiality analysis fall into several cellular functionalities that 
emerged at animal multicellularity including cell signalling and regulation, proteins 
underlying cellular differentiation that are rich in intrinsically disordered regions, and 
many proteins that regulate alternative splicing and post-translational modifications on 
proteins 75. The evolution of regulatory circuitry for controlling macromolecular crowding 
and cell volume in response to hyperosmolarity is a major innovation for metazoans and 
TWN bodies appear to be a key component of cell volume control. 

 
 
LIMITATIONS OF THE STUDY 

There are several limitations to the study. First, genetic interactions are inferred 
from pooled genome-wide CRISPR screens where single mutant fitness profiles in wild-
type or parental HAP1 cells are compared to single mutant fitness profiles from clonally 
derived isogenic mutant HAP1 cell lines. One caveat to this approach is that isogenic 
HAP1 query mutant cell lines may be amplified under selective pressure introduced by 
the mutation. This scenario could elicit adaptive dependencies that may not be 
observed in the acute situation where multiple mutations are introduced simultaneously, 
or collateral genomic changes that would create a more complex background. We also 
note that acute di- or tri-genic mutations may not provide insight into the adaptive 
mechanisms at play for cell fitness. Second, our parental HAP1 cells do not express 
WNK4 at detectable levels. We anticipate that WNK4 is also part of TWN bodies, as the 
work of Boyd-Shiwarski9 has demonstrated that WNK1 biomolecular condensates also 
contain WNK4, as well as OXSR1 and SPAK. Third, TSC22D3 is an outlier in the 
TSC22D family, in terms of function and predicted protein structure. For example, we do 
not detect TSC22D3 as a genetic interaction with other TSC22D family members. 
TSC22D3 appears to have strong co-dependency profiles in DepMap data but is not 
essential in any cell line to our knowledge. TSC22D3 is largely predicted to be an alpha-
helix and is 134 amino acids in length, in contrast to TSC22D1 (1073 aa), TSC22D2 
(780 aa) and TSC22D4 (395 aa) which largely contain intrinsically disordered sequence 
and a predicted alpha-helix. Nevertheless, we do detect proximity interactions between 
TSC22D3 (prey) and endo-tagged NRBP1 (bait), so it remains possible that TSC22D3 
has residual function in HAP1 cells. Moreover, TSC22D3 interactions with NRBPs have 
been detected in large-scale protein interaction studies using overexpressed bait 
proteins and co-immunoprecipitation followed by western blotting38-41,76. Fifth, we did not 
detect ASK3(MAP3K15) as a genetic or physical interaction in our study, despite 
detectable mRNA levels for MAP3K15. ASK3 was previously reported to phase 
separate and to bind and suppress WNK1 and SPAK/OSR1 function in the kidney77-79.
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Figure 1. TSC22D2, WNK1, and NRBP1 are co-essential, genetically buffered by 
family members, and regulate cell volume. A. The top panel shows a heatmap of 
hierarchically clustered pairwise Pearson gene dependency profile correlations (PCCs) 
derived from 197 functionally dominant ohnologs using |PCC|>0.2. Positive PCC scores 
represent pairwise gene dependency profiles that are positively correlated (red) and 
negative PCC scores represent pairwise gene dependency profiles that are negatively 
correlation (blue). Prominent clusters of positively correlated profiles are highlighted. 
The bottom panel shows the distribution of all pairwise PCCs of all 197 functionally 
dominant ohonologs described in Data S1. The 99% percentile of the distribution is 
annotated as the red dashed line. B. Network diagram for TSC22D2, WNK1, and 
NRBP1 showing interactions with PCC cutoff of greater than 0.2.  C. Experimental setup 
for genome-wide pooled CRISPR genetic interaction screens in HAP1 cells using 
WNK1 and NRBP1 single mutant queries and WNK2:WNK3 and TSC22D1:TSC22D2 
double mutant queries. D. Rank plots of qGI scores for WNK1 (n=2) and NRBP1 (n=1) 
single mutant HAP1 query screens (left panels), as well as WNK2:WNK3 (n=2) and 
TSC22D1:TSC22D2 (n=2) double mutant HAP1 query screens (right panels). Legend-
defining dot size and dot color are shown on the right. E. Cell diameter distributions for 
two unique single mutant TSC22D2, WNK1, or NRBP1 HAP1 clones, shown in grey or 
black. Parental HAP1 distributions are shown in red for comparison. F. Rank order plot 
of normalized mean cell volume mearurements for 238 isogenic mutant HAP1 query cell 
lines. G. Heatmap of normalized mean cell volume changes across the indicated cell 
lines following a 24hrs treatment with either WNK463, WNK-IN-11, Rapamycin or Torin 
2 at the indicated doses. See also Fig. S1 and Data S1. 
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Figure 2. Endogenous TSC22D2, WNK1 and NRBP1 form cytoplasmic 
biomolecular condensates and co-localize following hyperosmotic stress. A. The 
top panel describes strategy for tagging the C-terminus of TSC22D2 with mScarlet at 
the endogenous locus; the bottom panel shows predicted canonical TSC22D2 structure. 
Sidebar of the TSC22D2 structure shows disorder score predicted by IUPRED58. B. 
Time-lapse fluorescence microscopy of HAP1 TSC22D2mScarlet cells with the indicated 
hyperosmotic stress (i.e. NaCl, KCl, or sorbitol). C. Fluorescence microscopy of 
TSC22D2mScarlet endo-tagged cell lines including HeLa-Kyoto, Huh-7, HEK293T and 
UM-UC-4 before and after treatment with the indicated concentrations of sorbitol. Line 
graphs to the right represent image intensity values as a function of the line indicated in 
the pre-treatment (green) or 1h sorbitol (red) images. Lines for intensity variation 
measurements are located at the same position in the pre- and post-treatment images 
and processed with ImageJ. D. Quantification of TSC22D2 foci formation in the TIRF 
movies of HAP1 TSC22D2mScarlet cells following sorbitol stress and recovery. 
Representative frames pre-treatment, post-treatment and post-recovery are indicated by 
the four arrows and numbers in the graph and shown at the bottom. The blue box 
indicated in the example frames is expanded to show the TSC22D2 foci from stress. 
Movies files are included as Supplementary Movie files. E. Immunoblots for TSC22D2, 
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WNK1, NRBP1, OSR1, and phosphorylated OSR1S325/SPAKS373. GAPDH serves as the 
loading control. F. Microscope images of a time course of TSC22D2 foci after sorbitol 
treatment followed by treatment of cells with either 1,6-Hexanediol (1,6-HD) or 1,2,6-
Hexanetriol (1,2,6-HT). See also Fig. S2 and Movies S1-3. Representative microscope 
images of HAP1 G. mNeonWNK1:TSC22D2mScarlet or H. mNeonNRBP1:TSC22D2mScarlet cells 
before and after 30 min of hyperosmotic stress with 460mM sorbitol. Line graphs to the 
right represent intensity values as a function of the red line indicated in the before and 
after merged images. Line colors are defined in the inset. I. Model for TSC22D2, WNK1 
and NRBP1 contribution to regulatory cell volume control. See also Fig. S2 and S3. 
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Figure 3. TSC22D2 mediates NRBP1 into biocondensates through conserved 
binding domains. A. Immunoprecipitation from HAP1- TSC22D22xHAmNeon lysates with 
anti-HA beads followed by immunoblotting for endogenous TSC22D2, NRBP1 or the 
loading control GAPDH. Control immunoprecipitations used anti-GST beads. Sample 
loading is indicated including the input lysates. B. Microscope images before and after 
30 minutes of hyperosmotic stress with 460 mM sorbitol in mNeonNRBP1 endo-tagged 
HAP1 parental cells and HAP1 cells with TSC22D1:TSC22D2:TSC22D4 triple gene 
mutants. The line graphs to the right represent intensity values as a function of the blue 
lines (pre-treatment) and orange lines (30min sorbitol) indicated in the images. C. The 
top left panel shows AF2 prediction of 3D structure of human TSC22D2 and NRBP1 
interaction through TbrN and NbrT domains. The top right panel shows the PAE score 
matrix (0-31.75Å) of the AF2 model1 prediction for human TSC22D2 and NRBP1. Blue 
in the colour spectrum shows a low PAE score and red in the colour spectrum shows a 
high PAE score. The bottom panel shows 1D structures of human TSC22D2 and 
NRBP1 as well as the truncation designs used in part D. D. Co-immunoprecipitation 
with exogenous FLAG-tagged TSC22D2 or NRBP1 constructs using anti-M2 beads 
followed by immunoblotting for FLAG, TSC22D2, WNK1, or NRBP1. Overexpression of 
mClover constructs with no FLAG was used as mock control. Sample loading is 
indicated including the input lysates. E. PAE score matrix (0-31.75Å) of representative 
AF2 predictions for human TSC22D1, TSC22D2 and TSC22D4 interactions with human 
NRBP1 and NRBP2. Blue in the colour spectrum shows a low PAE score and red in the 
colour spectrum shows a high PAE score. F. Amino acid sequences of predicted 
TSC22D-NRBP paralog interaction interface (distance<5Å). For sequence conservation 
symbols, an * (asterisk) indicates positions which have a single, fully conserved residue, 
a : (colon) indicates conservation between groups of strongly similar properties, a . 
(period) indicates conservation between groups of weakly similar properties. See in-
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depth definition EMBL-EBI (https://www.ebi.ac.uk/seqdb/). G. Experimental setup for 
condition-specific proximity mapping of TSC22D2, WNK1 and NRBP1 associations in 
HAP1 cells with endogenous N-terminal miniTurbo (mT) tags. mTTSC22D2, mTWNK1, 
and mTNRBP1 cells were treated with 1hr 50mM biotin (1Hr-B), 1hr 460 mM sorbitol 
containing 50mM biotin (1Hr-SB) and 1hr 460mM sorbitol then followed by recovery of 
isotonic medium containing 50mM biotin (1Hr-SRB) prior to mass-spectrometry. H. Dot-
plot analysis of the proximity interactions for each of TSC22D2, WNK1, and NRBP1 
baits in the no stress (1Hr-B), sorbitol stress (1Hr-SB) and recovery (1Hr-SRB) 
conditions (n=3). TSC22D, WNK, and NRBP paralogs are recovered as preys, as well 
as OXSR1 (OSR1) and STK39 (SPAK). Dots are plotted as a function of the Bayesian 
False Discovery Rate or BFDR and spectral counts, as indicated in the legend. 
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Figure 4. Emergence of TSC22D family of proteins in metazoans. A. Percentile IDR 
fraction of the HAP1 transcribed proteome (mean=15.80%) and a union of BioID preys 
(mean=46.62%) with BFDR<0.05 from all baits and conditions predicted by SPOT-
DISORDER. Wilcoxon test is used for calculation of p value (****p<0.0001). B. The left 
panel shows a global heatmap consisting of a 144x208 z-score matrix of evolutionary 
signatures with the core set proximity associations with TSC22D2,  against total human 
proteome. The z-score legends are selected against (blue) or for (yellow) amongst the 
indicated IDRs. The right panel shows a selected portions of heatmap presented in Fig. 
S6C highlighting key evolutionary features that are selected against (blue) or for 
(yellow) amongst the indicated disordered subsequences containing N terminal WNK1-3 
and TSC22D1-2 (cluster1, corresponding to disorder S1 in Fig. S6D). C. Schematic of 
human kinome tree with major families indicated. The expanded box highlights the 
region in the STE20 family that contains WNK and NRBP kinases. D. Circular 
phylogenetic plot highlighting species from all major kingdoms and including intrinsic 
disordered predictions for WNK gene products using IUPRED2a, predicted polypeptide 
lengths for WNK gene products, CLIME predictions for presence/absence of TSC22D 
genes, and prediction of presence of NbrT domain on NRBP homologues by BLASTP 
matrix (E<0.05). E. Survival curves showing the effects of RNAi knock-down of tsct-1, 
wnk-1 and hpo-11 in C. elegans N2 worms under isotonic or high salt conditions. 
Kaplan-Meier survival estimate is used for p-values where *p<0.05 and ****p<0.0001. 
See also Fig. S4, S5, Tables S1, S2 and Data S2. 
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Figure 5. WNK inhibition triggers formation and persistence of TWN bodies. A. 
Heatmap showing a mini microscopy screen for chemical induction of TWN bodies. 
TSC22D2mScarlet HAP1 cells were treated with increasing doses of the indicated 
compounds and the formation of TSC22D2 foci was monitored by automated image 
analyses with Spotcount. See Data S3 for details of drugs and drug doses. B. Images 
from time-lapse microscopy following the addition of 1µM WNK463 to 
mNeonNRBP1:TSC22D2mScarlet HAP1 cells. C. Live cell imaging after 24 hrs treatment of 
TSC22D2mScarlet HAP1 cells with 1µM WNK463 at the indicated doses followed by 
treatment with 5% 1,6-HD or 5% 1,2,6-HT and imaging 2 minutes later. D. Scatterplots 
and pairwise correlation comparisons for the results of the proximity labelling 
experiments using endogenously tagged TSC22D2, WNK1, and NRBP1 baits. To be 
thorough, PCCs are calculated from preys with BFDR<0.25 and indicated in and 
indicated in the top right of each scatterplot. E. Representative microscope images and 
intensity line plots for alternative endogenously tagged TSC22D2mScarlet cell lines 
including UM-UC-4, HEK 293T, Huh-7 and HeLa-Kyoto before and after treatment with 
WNK463 at indicated doses. F. Box-and-Whisker plot for change in [K+]intracellular and 
[Na+]intracellular following treatment of parental HAP1 cells with WNK463. G. 
Immunoblotting for HAP1 parental cells treated with no treatment, 1hr 460mM sorbitol 
and/or 24hrs 10μM WNK463 in two biological replicates. 24hrs treatment of 10μM 
WNK463 prevents sorbitol-induced protein modification of TSC22D2 and WNK1, and 
phosphorylation levels of SPAK/OSR1. H. Model describing the mechanism of WNK 
inhibition drives the formation of non-functional TWN bodies and results in failure of cell 
volume control. See also Fig. S7 and S8. 
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Figure 6. Chemical-genetics with WNK463 reveals buffering between TSC22D, 
WNK and NRBP gene families. A. Volcano plot showing the results of the genome-
wide WNK463 drug screen. B. WNK463 dose-response survival curves for different 
TSC22D1:TSC22D2:TSC22D4 triple mutant clones, WNK1 single mutant clones, and 
NRBP1 single mutant clones as indicated. C. Box-and-Whisker plot for [K+]intracellular in 
parental HAP1 cells, two TSC22D1:TSC22D2:TSC22D4 triple mutant clones, one 
WNK1:WNK2:WNK3 triple mutant clone, and two NRBP1:NRBP2 double mutant 
clones. D. Microscope images before and after 30min hyperosmotic stress with 460 mM 
sorbitol in mNeonWNK1 endo-tagged HAP1 parental cells and two clonally-derived 
TSC22D1:TSC22D2:TSC22D4 triple mutant cell lines as indicated. The line graphs to 
the right of each pair of images represent intensity values as a function of the blue lines 
(pre-treatment) and orange lines (30min sorbitol) as indicated. E. Microscope images of  
mNeonTSC22D2 or mNeonWNK1 endo-tagged (green) signals in HAP1 parental cells and 
two clonally-derived NRBP1:NRBP2 double mutant cell lines as indicated. Blue signal 
represents DAPI stain (i.e. nucleus) and orange signal represents immuno-stained 
SPAK kinase. 
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Fig. S1: TSC22D2, WNK1 and NRBP1 are functionally dominant paralogs in human
cells, related to Fig. 1. A. Bar plot showing the percentage of functionally dominant
ohnolog gene families as a function of essentiality in the DepMap CRISPR data, where
background gene essentiality is indicated by the dotted bar. Pie charts indicate the
percentage of functionally dominant genes that are the highest expressed in each class
where an average of 9.5% (max=11%, min=7%) of multigene families include a single
essential gene. B. ShinyDepMap shows TSC22D2, WNK1, and NRBP1 have the
highest absolute efficacy in their sensitive cell lines among their paralogues(56). X-axis
represents efficacy (i.e., the degree to which perturbation of the gene reduces cell
growth in sensitive lines) and y-axis represents selectivity (i.e., the degree to which its
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essentiality varies across lines). Legend defining dot colour is shown on the right. C. 
Human Protein Atlas RNA expression for TSC22D, WNK, and NRBP paralogs from 
tissue, blood, brain, single-cell sequencing (scSEQ), and cell line datasets. D. 
Immunoblot confirmation of protein levels in WNK1, TSC22D2 and NRBP1 mutant 
HAP1 query cell lines (n=2). E. Rank plot of qGI scores for representative WNK2(n=1), 
WNK3(n=1), TSC22D1(n=1), and TSC22D2(n=2) single mutant HAP1 query screens. 
Legend defining dot size and dot colour is shown on the right. F. Reproducibility of two 
biological replicates of WNK1, TSC22D2, WNK2:WNK3, and TSC22D1:TSC22D2 
mutant query screens using the within-between correlation (WBC) score described 
in(12). G. Distribution plots and bar plots for the cell size data from Fig. 1G. WNK463, 
WNK-IN-11, rapamycin and Torin2 treatments are shown in greys and are performed for 
24hrs with indicated dosages. DMSO treatment distributions are shown in red for 
comparison. H. Bar plots of normalized mean cell volume of RAW264.7, BV-2, THP-1, 
HeLa-Kyoto, U-937, and Huh-7 cells. Drug treatments were performed for 24hrs. 
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Fig. S2: Kinetics of TSC22D2 foci formation, related to Fig. 2. A. Immunoblots for
mCherry polyclonal antibody to detect mScarlet that is endogenously tagged to the c-
terminus of TSC22D2 in indicated cell lines. GAPDH served as the loading control. B.
The left panel shows time-lapse images of HAP1 TSC22D2mScarlet cells following the
indicated hypertonic stress including NaCl, KCl, and sorbitol. Small molecule crowding
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reagent urea is used for comparison. The right panel shows the quantification of 
average TSC22D2mScarlet foci number per cell and the intensities of top 10% of 
TSC22D2mScarlet foci under indicated conditions. C. Representative microscope images 
for TSC22D2mScarlet foci formation under indicated concentrations of hypertonic stress. 
D. Representative microscope images for endo-tagged TSC22D2mScarlet with known sub-
cellular markers of distinct compartments including clathrin heavy chain (CLTC) for 
endosomes, LAMP1 for lysosomes, SQSTM1 for aggresomes, DCP1A for RNA 
granules, G3BP1 for stress granules and TOMM20 for mitochondria. The line graphs to 
the right represent intensity values as a function of the red line indicated in the merged 
images. The colors in the line graphs correspond to the proteins and are indicated in the 
legends. Pixel intensity show good localization with CLTC which is consistent with 
previous publications (3). 
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Fig. S3: Proximity interactions of TWN proteins, related to Fig. 2 and 3. A. Predicted
canonical WNK1 and NRBP1 structure. B. Strategies for tagging the N-terminus of
WNK1 and NRBP1 with mNeon at their endogenous locus; the bottom panel shows. C.
Representative time-lapse images before and after 30min hypertonic stress with various
hypertonicity stress, including 230mM sorbitol, 167mM NaCl, and 167mM KCl, in
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mNeonNRBP1 endo-tagged HAP1 parental cells and HAP1 cells with 
TSC22D1:TSC22D2:TSC22D4 triple gene mutants. D. Immunoblotting for mTTSC22D2 
HAP1 cells to detect TSC22D2 and streptavidin. Tagged TSC22D2 shows an upshifted 
band compared with untagged wild-type (WT) while TSC22D2 mutant line is deficient of 
TSC22D2. GAPDH served as the loading control. E. Co-immunofluorescence staining 
validates that the mT tags in mTTSC22D2, mTWNK1, and mTNRBP1 cells do not interfere 
with formation of biomolecular condensates following a 1hr treatment with 460 mM 
sorbitol. F. Network analysis of the proximity interactions for each of TSC22D2, WNK1 
and NRBP1 baits in the no stress (1Hr, B), sorbitol stress (1Hr, SB) and recovery (1Hr, 
SRB) conditions. The legend at the bottom defines the node and edge colors, thickness 
and size. 
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Fig. S4: Validation of proximity associations, related to Fig. 3. A. Representative time-
lapse images for co-tagging N-terminus of TSC22D1, TSC22D4, or WNK3 with mNeon
in TSC22D2mScaret HAP1 cells. The line graphs on the bottom represent intensity values
as a function of the white box indicated in the merged images. The colors in the line
graphs correspond to the proteins and are indicated in the legends. B. Representative
immunofluorescence images staining preys of interest (i.e., WNK1 and CLINT1) with
antibodies detecting endogenous proteins in TSC22D2mScarlet HAP1 cells. The line
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graphs to the right represent intensity values as a function of the red line indicated in the 
merged images. The colors in the line graphs correspond to the proteins and are 
indicated in the legends. Representative immunofluorescence images of 
mNeonWNK1:TSC22D2mScarlet or mNeonNRBP1:TSC22D2mScarlet HAP1 cells following C. 30 
min treatment with 0.5 mM sodium arsenate or D. 1 hr treatment with 460 mM sorbitol 
(bottom panel). TSC22D2 (yellow), WNK1 (green), G3BP1 (pink) and the merged 
images including nuclei (blue) are indicated. The line graphs to the right represent 
intensity values as a function of the red line indicated in the merged images. The 
colours in the line graphs correspond to the proteins and are indicated in the legends.  
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Fig. S5: Kinetics of TWN bodies and stress granules (SGs), related to Fig. 3. A.
Representative time-lapse images for mNeonTSC22D2 and G3BP1mScarlet dual tagged
cells under hypertonic stresses including 460mM sorbitol, 230mM sorbitol, 167mM NaCl
and 167mM KCl. B. Representative time-lapse images for mNeonTSC22D2 and
G3BP1mScarlet dual tagged cells under 50mM sodium arsenate.  
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Fig. S6: Evolutionary signature and TWN protein structure analysis, related to Fig. 4. A.
Schematics outlining the core set of proximity associations that were examined for
specific sequence features in panel B. B. The 144x208 z-score matrix of evolutionary
signatures global heatmap with the core set against total human proteome. The z-score
legends are selected against (blue) or for (yellow) amongst the indicated IDRs. C.
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Selected portions of heatmap presented in Fig. S6B highlighting key evolutionary 
features that are selected against (blue) or for (yellow) amongst the indicated 
disordered subsequences containing N terminal WNK1-3 and TSC22D1-2(cluster1, 
corresponding to disorder S1 in Fig. S6D), or WNK1-3 and NRBP (cluster2, 
corresponding to disorder S2 in Fig. S6D). The column labels are defined in Data S2. Z-
scores were calculated as described in the Methods. D. TWN protein sequence features 
including protein domains summarized using InterPRO, disorder scrores predicted by 
IUPRED2A, regions of similar IDR features (disordered S1 and S2), and 3-dimensional 
structures predicted by Alpha-fold-2. E. PCA analysis on sequence percentile identity 
with input WNK kinase domains from 51 model organisms from Fig. 4D. 
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Fig. S7: WNK463 inhibition and ion imbalance trigger TWN body formation, related to 
Fig. 5. A. Images of additional time-lapse microscopy following the addition of 1 mM 
WNK463 to mNeonNRBP1:TSC22D2mScarlet HAP1 cells. B. Live cell imaging after 24hrs 
treatment of TSC22D2mScarlet HAP1 cells 5µM WNK-IN-11 at the indicated doses 
followed by treatment with 1,6-HD or 1,2,6-HT and imaging 2 minutes later. C. 
Experimental setup for condition-specific proximity mapping with 1µM WNK463 or 
460mM sorbitol of TSC22D2, WNK1 and NRBP1 associations in HAP1 cells with 
endogenous N-terminal miniTurbo (mT) tags. D. Dot-plot graph showing recovery of 
TSC22D, WNK, and NRBP paralogs as preys, as well as OXSR1 and STK39 under 
indicated conditions. Dots are plotted as a function of the Bayesian False Discovery 
Rate or BFDR and spectral counts, as indicated in the legend. E.  Representative time-
lapsed microscope images for endogenously dual tagged G3BP1mScarlet and 
mNeonTSC22D2 cells following 1µM WNK463 (left) or 5µM  WNK-IN-11 (right) treatment. 
WNK kinase inhibition induces TWN body formation but not SG. F. Images from time-
lapse microscopy following the addition of hypotonic medium (IMDM:H2O=1:1) (left) or 
Isotonic (iso) sorbitol solution (300mOsmol/L) (right) to mNeonNRBP1:TSC22D2mScarlet 
HAP1 cells.  
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Fig. S8: TWN body is induced by tonicity imbalance, related to Fig. 5 and 6. A.
Representative time-lapse images of mNeonNRBP1:TSC22D2mScarlet cells treated with
amiloride, a combination of bumetanide and hydrochlorothiazide (HCZT) and a
combination of bumetanide, HCZT and amiloride with indicated dosages and time.  B.
Schematics for WNK463 chemical-genetics CRISPR screening. gRNA library(TKOv3)
were transduced to HAP1 wild-type cells at MOI of 0.3. Transduced cell populations
were then purified with puromycin selection and split at T0 into two arms. One arm is
treated with 2.5µM WNK463 and the other arm is treated with vehicle control DMSO all
the way to T18. T0 and T18 cell pellets are subjected to next-generation sequencing for
determination of sensitizers and resisters of WNK463. C. Box-and-Whisker plot for
change in [Na+]intracellular comparing TSC22D1:TSC22D2:TSC22D4,
WNK1:WNK2:WNK3, and NRBP1:NRBP2 mutant clones and HAP1 parental cells. 
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Fig. S9: TSC22Ds, WNKs and NRBPs are essential for proper TWN body formation,
related to Fig. 6. A. Microscope images of  mNeonTSC22D2 or mNeonWNK1 endo-tagged
(green) HAP1 parental cells and NRBP1:NRBP2 mutant cells. Blue signal represent
DAPI(nucleus), and the orange signal represents co-stained SPAK or OSR1 kinases. B.
Representative time-lapse images showing TSC22D2mScarlet foci still form in WNK1
depletion cells after the addition of 1µM WNK463. C. Representative time-lapse images
showing mNeonNRBP1 and mNeonTSC22D2 foci are compromised in WNK1:WNK2:WNK3
triple depletion cells after the addition of 460mM sorbitol. D. Representative time-lapse
images showing mNeonNRBP1 and mNeonTSC22D2 form compromised foci in
WNK1:WNK2:WNK3 mutant under 30min treatment of 230mM sorbitol, 167mM NaCl or
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167mM KCl. mNeonWNK1 forms foci under isotonic stress in 
TSC22D1:TSC22D2:TSC22D4 mutant cells. 
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