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METHODS 
 
RESOURCE AVAILABILITY 
 
Lead contact 
Further information and requests for resources and reagents should be directed to and will be fulfilled by the 
lead contact, Rajat Rohatgi (rrohatgi@stanford.edu). 
 
Materials availability 
All unique reagents generated in this study are available from the Lead Contact and will be provided upon 
request. 
 
Data and code availability 
The published article contains all datasets generated and analyzed during this study. This paper does not 
report original code. 
 
 
EXPERIMENTAL MODELS AND SUBJECT DETAILS 
 
Mammalian cell culture and stress treatments 

IMCD3 Flp-In cells were cultured in DMEM/F12 (HyClone Dulbecco’s Modified Eagle Medium with L-
glutamine and HEPES) supplemented with 10% fetal bovine serum (Atlanta Biologicals), and penicillin (40 
U/ml) and streptomycin (40 µg/ml) (Gemini Biosciences). 293FT cells were cultured in DMEM (Dulbecco’s 
Modified Eagle Medium) containing high glucose (Thermo Scientific) and supplemented with 10% fetal bovine 
serum, 1 mM sodium pyruvate (Gibco), 2 mM L-Glutamine (Gemino Biosciences), 1x MEM non-essential a.a. 
solution (Gibco), penicillin (40 U/ml), and streptomycin (40 µg/ml). HAP1 cells were cultured in IMDM (Iscove’s 
Modified Dulbecco’s Medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (40 
U/ml), and streptomycin (40 µg/ml). HAP1 cells were maintained in media containing Deacetyl-baccatin-III 
(DAB, 2.5 µM) to prevent conversion to diploidy.95 All cell lines were kept in a humidified atmosphere 
containing 5% CO2 at 37°C. To impose hypertonic or ionic stress, the indicated amounts of NaCl, sorbitol, 
urea, NH4OAc, were added to growth media (which has a baseline osmolarity of ~300 mOsm/L). Thus, the 
total media osmolarity was ~300 mOsm/L + added osmolarity of NaCl, sorbitol, urea, or NH4OAc. 
 
Mammalian cell lines 

Human near haploid cells (HAP1) have been described in our prior publications22 and were validated 
prior to our screens using propidium iodide staining to ensure they have a haploid DNA content. Human 293T 
and 293 FT cells were obtained from commercial vendors (see Reagent Table) with certificates of 
authentication and used at low-medium passage (<20) without additional STR profiling. Mouse IMCD3 Flp-In96 
cells were engineered to contain an FRT site at a unique site in the genome using the Flp-In system from 
Thermo Fisher, allowing for Flp-mediated stable gene expression from a single, defined genomic locus to 
readily create sets of isogenic cell lines. IMCD3 Flp-In cells were validated by ensuring they contain a lacZeo 
cassette at the integration locus as recommended by the manufacturer. Cell lines were confirmed to be 
mycoplasma-negative when cultures were started in the lab and when there was a change in the growth rate or 
morphology of the cell lines.  
IMCD3 Flp-In cells and derivatives 

The Nfat5-/- clonal IMCD3 Flp-In cell line (used for the stable, single-locus expression of all NFAT5 
variants described in this paper) was generated using CRISPR/Cas9 with a sgRNA targeting the DNA binding 
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domain (Rel-homology domain) of Nfat5 (Table S2). The sgRNA was cloned into pSpCas9(BB)-2A-mCherry23 
and transiently transfected into WT IMCD3 Flp-In cells using X-tremeGene 9 DNA transfection reagent 
(Roche). Two days post-transfection, mCherry positive single cells were sorted and assessed by 
immunoblotting (to measure NFAT5 protein abundance, transcriptional response to hypertonic stress, and 
sequencing (Figures 1B and S1A). Clonal Akap13-/- (Figure S1E) and Wnk1-/- IMCD3 Flp-In cell lines (Figure 
3G, S3H, and S3N) were generated using a two-guide system, co-transfecting pSpCas9(BB)-2A-GFP 
(Addgene plasmid #48138) and pSpCas9(BB)-2A-mCherry expressing gene-specific sgRNAs along with Cas9 
and either GFP or mCherry. Cells expressing both fluorescent markers were single-cell sorted using a Sony 
SH800S Cell Sorter, and edited clones were assessed for genetic knockout via genomic PCR (to ensure 
excision of the DNA fragment between the two Cas9 cut sites). For the Wnk1-/- clonal line, genetic knockout 
was also confirmed by immunoblotting to measure WNK1 protein abundance (Table S2).  

All NFAT5 variants described in this study were assessed after stable expression at moderate levels 
from the same single genomic  locus in an otherwise isogenic background lacking WT NFAT5 (to prevent the 
potentially confounding effects of the presence of both WT and mutant NFAT5 in the same cell). To accomplish 
this goal, all variants were stably expressed in a clonal Nfat5-/- IMCD3 Flp-In cell line using site-specific 
recombination into a single site in the genome using the Flp-In system. Briefly, cells at 40-60% confluency in 6-
well plates were transfected with a mixture of 2.7 μg pOG44 Flp-Recombinase Expression Vector (Invitrogen), 
0.3 μg expression pEF5-FRT-V5_DEST plasmid (Invitrogen) carrying the gene of interest, and XtremeGene 9 
(Roche) in 200 μl Opti-MEM Reduced Serum Medium (Gibco). Positive clones were selected for with the 
addition of 200 μg/ml hygromycin B to the growth medium. Expression of NFAT5 variants was confirmed by 
immunoblotting to measure the abundance of the protein encoded by the transgene (Figure S2B). 

To generate a transcriptional reporter for NFAT5 activity (8TonE-GFP), we replaced the seven 
TCF/LEF binding sites in a previously described reporter for WNT signaling97 with eight concatenated copies of 
the NFAT5-binding TonE site (5-TGGAAAATTAC-3’). The final 8TonE-GFP reporter contains eight TonE sites, 
a minimal promoter, a gene encoding EGFP and the 5’UTR of the SuperTOPflash WNT reporter. The full 
8TonE-GFP cassette was introduced into the unique Flp-In locus of IMCD3 Flp-In cells using site-specific 
recombination. These reporter cells were subsequently modified for stable expression of an inducible Cas9 
(iCas9) for the genome-wide CRISPR screen shown (Figures 1F and 1G). A clonal cell line for the screen was 
established based on the abundance of nuclear Cas9 protein. 
HAP1 cells stably expressing the 8TonE-GFP hypertonic stress reporter 
293FT cells growing in a 10 cm plate were transfected with pCF567:pLenti-PuroR carrying the 8TonE-GFP 
reporter cassette mixed with PEI in Opti-MEM. Virus was harvested and then concentrated by 
ultracentrifugation in sterile 25x89 mm Beckman centrifuge tubes for 1.5 hours at 65,000×g at 4°C using a 
Beckman SW 32 Ti rotor. Pelleted virus was resuspended in 10 ml IMDM (see below for media compositions). 
5 ml of resuspended virus was mixed with 5 ml IMDM and polybrene at a final concentration of 4 μg/ml and 
added to HAP1 cells. 48 hours after transduction, HAP1 cells were treated with 1 μg/ml puromycin to select for 
cells with a stably integrated 8TonE-GFP cassette. The resulting puromycin-resistant polyclonal population 
was used to create the Gene-Trap mutant library for genetic screening. 
 
Yeast culture and treatments for reporter assays  
All yeast cells were cultured with shaking at 30°C. For RNA extraction for HOG pathway analysis, W303a 
(MATa leu2-3,112 trp1-1 can1-100, ura3-1, ade2-1, and his3-11,15) cells were cultured in yeast extract-
peptone-dextrose (YPD) medium supplemented with 0.004% adenine or complete synthetic medium (CSM) 
supplemented with 2% glucose and 0.004% adenine. For reporter assays and western blot analysis requiring 
galactose (Gal) induction (Figure 2D), saturated overnight cultures of cells in CSM + 2% raffinose, 0.1% 
glucose, and 0.004% adenine were diluted to an OD600 of 0.3 (3.0x106 cells per ml of media) the next morning 
in CSM + 2% raffinose and 0.004% adenine lacking glucose. Early log-phase cells were then cultured in CSM 
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supplemented with 2% galactose and 0.004% adenine for 2-4 hours before the application of hypertonic stress 
as described in the figures. 8TonE-pCYC1-GFP fluorescence was measured after 4 hours by BD Accuri C6 
Flow Cytometer using a 473 nm laser for excitation and a 520/30 nm bandpass filter to collect emitted light.  
 
 
METHOD DETAILS 
 
Western blotting and immunoprecipitation  
IMCD3 cells were washed and scraped with ice-cold 1x phosphate buffered saline (PBS). Cell pellets for 
western blotting were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 100 mM sodium chloride, 1% NP-40, 0.5% 
sodium deoxycholate, 0.1% SDS, 0.5 mM DTT, 1x SigmaFast protease inhibitor cocktail from Milliore-Sigma, 
and 1x PhosSTOP phosphatase inhibitor cocktail from Roche). Lysates were cleared by centrifugation at 
20,000×g for 30 minutes (min) and protein concentrations were determined using the BCA protein Assay 
(Thermo Fisher). Lysate volumes containing equal total amounts of protein (by mass) were dissolved in 1x 
NuPAGE Lithium Dodecyl Sulfate (LDS) sample loading buffer and analyzed by SDS-PAGE. The resolved 
proteins were transferred onto a nitrocellulose membrane using a wet electroblotting system (Bio-Rad) 
followed by immunoblotting (more detail provided in22).  

To  measure protein abundance  (e.g. GFP reporter protein, Figure S2G) in W303a yeast cells 
expressing mini-NFAT5, 3.0x107 of log-phase cells growing in complete synthetic media (CSM) (Sunrise 
Science) supplemented with 2% galactose were collected by centrifugation, washed with 1 ml of ice-cold 
water, and resuspended in Y-PER Yeast Protein Extraction Reagent (Thermo Scientific) mixed with 1x 
SigmaFast protease inhibitor cocktail from Millipore-Sigma. Resuspended cells were mixed with acid-washed 
glass beads (Sigma Alrich) and lysed by vortexing. Lysates were then cleared at 20,000×g for 20 min at 4°C 
and equal amounts of protein (by mass) from each sample were analyzed by SDS-PAGE and immunoblotting. 

For immunoprecipitation (IP) from W303a cells expressing mini-NFAT5 or its variants (dimerization 
mutant or DNA-binding mutant, Figure 2G), 5.0x108 of log-phase cells growing in CSM supplemented with 2% 
galactose were collected by centrifugation and washed with 10 ml of ice-cold water. Washed cell pellets were 
then resuspended in ~1 ml of lysis buffer (20 mM HEPES pH 7.4, 150 mM potassium acetate, 5% glycerol, 1% 
NP-40, 1x SigmaFast protease inhibitor cocktail, and 0.5 mM DTT), mixed with acid-washed glass beads, and 
lysed through a 3 minute bead beater cycle at 4°C (MiniBeadBeater-16, Model 607, 3450 RPM, 115 V, 
BioSpec Products). Samples were spun at 1,000×g for 1 min at 4°C to separate the protein sample from the 
beads and coarse cell debris and then at 20,000×g for 20 min at 4°C to obtain a clear lysate for 
immunoprecipitation. NLS-mRuby3-mini-NFAT5-1D4 variants were immuno-purified via the 1D4 epitope tag by 
mixing a lysate sample containing 2.5 mg of total protein with Anti-1D4 antibody (The University of British 
Colubia) covalently conjugated to Protein A Dynabeads (Thermo Fisher Scientific, Invitrogen). Following a 4 
hour incubation at 4°C, beads were washed 3 times with a wash buffer (50 mM Tris-HCl, pH 7.4, 100 mM 
sodium chloride, 1% glycerol). Proteins captured on the anti-1D4 beads were eluted using 2x NuPage LDS 
sample buffer (95°C, 10 min). Equal volumes of eluates were analyzed by immunoblotting to measure the 
abundance of 1D4-tagged NFAT45 variants. The abundance of PGK1 was measured in the lysates to ensure 
that sample inputs for the IPs contained the same amount of total protein. 
 
Measurement of mRNA abundance by RT-qPCR 
RNA was extracted from IMCD3 cells using TRIzol reagent (Life Technologies), and cDNA was synthesized 
using iScript Reverse Transcription Supermix (Biorad). Real-Time RT-qPCR for mouse Akr1b3 (aldose 
reductase, NFAT5 target gene), mouse Slc5a3 (sodium/myo-inositol cotransporter), mouse Slc6a12 (sodium- 
and chloride-dependent betaine transporter) and mouse Gapdh (housekeeping gene) was performed on a 
QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific) with the following primers - Akr1b3 (Fwd: 5’-
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CCTCAGGGAACGTGATACCT-3’ and Rev: 5’-CAATCAGCTTCTCCTGAGTT-3’), Slc5a3 (Fwd: 5’-
GGCAGCAGACATTGCCGTA-3’ and Rev: 5’-AATCGCCACCCAGGTCATAGA-3’), Slc6a12 (Fwd: 5’-
TCTTGGGCTTCATGTCTCAG-3’ and Rev: 5’-GACCTGACTCAGCCACTTCA-3’), and Gapdh (Fwd: 5’-
AGTGGCAAAGTGGAGATT-3’ and Rev: 5’-GTGGAGTCATACTGGAACA-3’). Reporter GFP transcript levels 
were assessed using the primers- Fwd: 5’-GACGTAAACGGCCACAAGTT-3’ and Rev: 5’-
GAACTTCAGGGTCAGCTTGC-3’. Transcript levels relative to Gapdh were calculated using the ΔΔCt method.  

For yeast mRNA measurements, 4.0x107 of cells were pelleted, resuspended in TRIzol, and lysed 
using agitation with acid-washed glass beads (5 min, room temperature). After RNA samples were isolated, 
samples were treated with DNase at 37°C for 1 hour, followed by addition of EDTA and a 10 minute incubation 
at 65°C to inactivate the DNase. Complementary DNA was synthesized using the iScript Reverse Transcription 
Supermix. RT-qPCR for STL1 (Sugar Transporter-like Protein, HOG pathway target gene) and ACT1 
(housekeeping gene) was performed with the following primers - STL1 (Fwd: 5’-GTTGCGGTATTTCATCAC-3’ 
and Rev: 5’-CATAGTTGAACTGTTTACC-3’), ACT1 (Fwd: 5’-GTGTGGGGAAGCGGGTAAGC-3’ and Rev: 5’-
GTGGCGGGTAAAGAAGAAAATGGA-3’).98 Transcript levels relative to Act1 were calculated using the ΔΔCt 
method.  
 
Pooled genome-wide CRISPR/Cas9 screens in IMCD3 cells 

Genome-wide CRISPR and haploid screens to identify positive and negative regulators of NFAT5 
activity using a fluorescent transcriptional reporter were performed exactly like our previous screens 
interrogating the Hedgehog23 and WNT22 signaling pathways.  

CRISPR guide RNA library amplification, lentiviral production, functional titer determination and 
transduction were performed as previously described.23,99 To generate a genome-wide mutant cell population 
for screening, IMCD3 8TonE-GFP iCas9 cells were transduced with the the Brie genome-wide library of 
sgRNAs,27 which targets 19,674 mouse genes with ∼4 sgRNAs each and includes 1,000 non-targeting 

controls. Each of forty-five T-225 flasks were seeded with 8.0x106 IMCD3 8TonE-GFP iCas9 cells. After cells 
recovered for eight hours, ~2.4x106 lentiviral particles mixed with polybrene (2.5 μg/ml) were added to each 
flask. After the infection was allowed to proceed for 24 hours, successfully transduced cells were selected by 
supplementing the media with 2 μg/ml puromycin. Screens were scaled so that each guide was represented in 
at least 1,000 cells in the starting mutant library. For each screen, iCas9 was induced for 5 days using 1 μg/ml 
doxycycline to initiate genome editing and then the entire mutant cell population was subjected to hypertonic 
stress (200 mOsm/L NaCl or Sorbitol added to isotonic media in two separate replicates) for 12 hours. A BD 
FACS Aria Verdi cell sorter was used to isolate cells with the lowest 5% and highest 5% of 8TonE-GFP 
reporter fluorescence to identify positive and negative regulators respectively. Guide RNA frequencies in the 
unsorted and sorted populations were determined by deep sequencing followed by analysis using the 
MAGeCK computational pipeline,100 as described in our previous publications.23 Screen results can be found in 
Table S1 and all Fastq files from NGS have been deposited into the NIH Short Read Archive (SRA) with the 
BioProject ID PRJNA1015695. 
 
Insertional mutagenesis screens in human haploid (HAP1) cells 

HAP1 8TonE-GFP reporter cells were subjected to pooled insertional mutagenesis using a gene-trap 
(GT) bearing retrovirus (Figure S1H) as described in our previous publications.22 
Retroviral production and concentration 
Each of six T-175 flasks were seeded with 1.5x107 293 FT cells in antibiotic-free media media. When cells 
reached 80% confluency (~24 hours), they were transfected with a mixture of retroviral transfer plasmids with 
the GT in two reading frames (3.3 μg each of pGT-mCherry and pGT+1mCherry), a plasmid carrying 
packaging genes (4 μg pCMV-Gag-Pol), a plasmid carrying envelope genes (2.6 μg pCMV-VSV-G) and a 
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plasmid to enhance translation (1.7 μg pAdVAntage), all mixed in 450 μl serum-free DMEM containing 45 μl of 
X-tremeGENE HP DNA transfection reagent. After ~16 hours, virus-containing media was harvested twice, 8 
hours apart. Harvested virus was filtered through a 0.45 μm low-protein binding syringe filter and concentrated 
by ultracentrifugation in sterile Thinwall, Ultra-Clear, 25x89 mm Beckman centrifuge tubes with a Beckman SW 
32 Ti rotor (65,000×g , 1.5, 4°C).  
Insertional mutagenesis of HAP1 cells with GT retrovirus 
Each of three T-175 flasks were seeded with 2.0x107 HAP1 8TonE-GFP reporter cells and, after ~16 hours, 
infected twice, 8 hours apart, with the GT retrovirus. Concentrated virus was resuspended in 76 ml of IMDM 
containing 10% fetal bovine serum (FBS) and polybrene (4 μg/ml); 25 mls of this suspension was added to 
each of the three flasks of HAP1 8TonE-GFP reporter cells. Flow cytometry demonstrated that 76.5% of the 
8TonE-GFP HAP1 cells had been successfully transduced by a GT retrovirus based on mCherry fluorescence.   
Selection scheme for HAP1 cells carrying mutations in genes encoding positive and negative regulators 
Seven T-175 flasks were each seeded with 2.0x107 cells. The next day, cells (3.0x107) from one plate were 
collected to map insertions in the control, unsorted parent cell population without the application of any stress 
or selection. Cells in the remaining six flasks were subjected to hypertonic stress (100 mOsm/L NaCl added to 
isotonic IMDM media) for six hours later and then FACS was used to isolate cells with the 10% highest GFP 
reporter fluorescence to identify positive regulators of NFAT5 (Figure 1F). To identify negative regulators, cells 
(in a second screen) were exposed to low-level hypertonic stress (25 mOsm/L NaCl added to isotonic media), 
followed by sorting to isolate cells with the 10% highest GFP fluorescence. For each sorted population, 
genomic DNA was extracted from 3.0x107 cells to map retroviral insertions in the selected population. The 
experimental, computational and statistical methods used to map and compare retroviral insertions in the 
unsorted and sorted populations has been described in detail previously.22 The only difference was that the 
IGTIOB score used to assess the insertion bias (Figure 1G) scored all GT insertions in the selected 
population, regardless of orientation. Screen results can be found in Table S1 and all Fastq files have been 
deposited into the NIH Short Read Archive (SRA) with the BioProject ID PRJNA1015695. 
 
Validation pipeline for gene hits from CRISPR screen (Figure S1F) 
For each candidate gene hit, two separate guides that targeted early exons of all possible transcripts were 
chosen and individually cloned into px459 (Addgene plasmid #62988). Pooled knockout cell lines were 
generated by transfection of IMCD3 8TonE-GFP reporter cells with px459 containing a gene specific guide, 
and cells positive for sgRNA and Cas9 expression were selected with 2 µg/µl puromycin treatment for 3-5 
days. Knockout efficiency was determined by sequencing PCR products that encompass the sgRNA cleavage 
site, and cell populations with >90% knockout efficiency (confirmed using the Synthego ICE CRISPR Analysis 
Tool, https://www.synthego.com/products/bioinformatics/crispr-analysis) were immediately tested for NFAT5 
GFP reporter fluorescence following exposure to hypertonic stress (200 mOsm/L NaCl added to isotonic media 
for 7-9 hours) by flow cytometry with a BD Accuri C6 Flow Cytometer using a 473 nm laser for excitation and a 
520/30 nm bandpass filter to collect emitted light. Two biological replicates were evaluated for each of the two 
guides specific for each gene (four total independent replicates). All pooled knockout cell populations were 
compared with cells transfected with a non-targeting control sgRNA.  
 
Imaging IMCD3 and 293T cells using Immunofluorescence 
Cells adherent to coverslips were washed with 1x PBS and then fixed with 4% (w/v) paraformaldehyde (PFA) 
in PBS. Following 3 washes with PBS for 5 min each, coverslips were either directly mounted on glass slides 
or processed for further staining. For immunofluorescence staining, cells were permeabilized with blocking 
buffer (1x PBS, 1% Normal Donkey Serum, 10 mg/ml BSA, 0.1% TritonX-100) for 30 min. Cells were incubated 
with primary antibodies in blocking buffer for 1-4 hours at room temperature, washed (3x, 5 min each with 
Wash Buffer containing 1x PBS, 0.1% TritonX-100), and then incubated (1 hour, room temperature) with 
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secondary antibodies in blocking buffer.  After 3 additional incubations (5 min each) in Wash Buffer, coverslips 
were mounted and sealed on glass slides. Images were collected using a Leica TCS SP8 confocal imaging 
system equipped with a 63x oil immersion objective. All images were taken of cells fixed with PFA unless noted 
otherwise. 
 
Image analysis 

Image processing for nuclear NFAT5 levels (Figures 3I, S3E, S3G, S3K, S3M, 6E, 6K and S7H) was 
carried out using maximum intensity projection (MIP) images of the acquired z-stacks using CellProfiler. For 
quantification of nuclear NFAT5, first a mask was constructed using the DAPI image (nuclear marker), and then 
the mask was applied to the corresponding NFAT5 image where the total fluorescence intensity per cell was 
measured. 
  NFAT5 puncta number analysis (Figures 4C, 4I, 5B, 5D, 6E, 6K, S7H) was carried out using MIP images 
of the acquired z-stacks using the Analyze Particles function of ImageJ. An automated thresholding function was 
employed for each image before puncta number analysis. For 293T cells, a region of interest was drawn around 
each cell and the total number of puncta were counted. In case of IMCD3 cells, NFAT5 nuclear puncta numbers 
were counted for each cell using the DAPI channel as a reference to identify the nuclear boundary. 
 
Imaging yeast cells (Figure S2H) 
Saturated overnight cultures of yeast cells in CSM + 2% raffinose, 0.1% glucose, and 0.004% adenine were 
diluted to an OD600 of 0.3 (3.0x106 cells per ml of media) the next morning in CSM + 2% raffinose and 0.004% 
adenine lacking glucose. Early log-phase cells were then cultured in CSM supplemented with 2% galactose 
and 0.004% adenine for 4 hours before microscopy measurements. Cells were stained with Hoechst 33342 (1 
µg/ml for 5 min at room temperature) to visualize the nucleus. Cells were mounted in growth medium, and 
images were collected using an Olympus IX83 epifluorescence microscope equipped with an Orca Fusion 
scMOS camera using a x100 oil objective (NA 1.45). Hoechst 33342 and mRuby3 were imaged using the DAPI 
and TRITC channels, respectively. Image analysis and quantification was done using ImageJ. 
 
Introduction of NFAT5 variants and the NFAT5 transcriptional reporter into yeast (Figure 2D) 
W303a cells were transformed with pAG306-8TonE-pCYC1-GFP, constructed by replacing the GPD1 promoter 
in Addgene plasmid #14140 (pAG306-GPD) with a 8TonE-pCYC1-GFP cassette, which was adapted from a 
yeast transcriptional reporter for calcineurin activity (pAMS366-4xCDRE-GFP-PEST, Addgene plasmid 
#138658) by replacing the four calcineurin dependent response elements (CDRE’s) with 8 copies of the TonE 
binding sequence (5-TGGAAAATTAC-3’).101 Genomic integration of pAG306-8TonE-pCYC1-GFP was done by 
linearization of the plasmid with the restriction enzyme StuI within the URA3 marker resulting in homology to 
ura3-1 and transformed into wild-type W303a cells. Transformed colonies were selected on CSM -Ura plates 
supplemented with 0.004% adenine and 2% glucose. One colony with the lowest basal GFP expression was 
used for further experiments. Reporter cells were transformed with pAG305-pGAL1 plasmids (Addgene 
plasmid #14137) containing mini-NFAT5 and its variants or other control genes. Genomic integration of the 
pAG305-pGAL1 plasmids was done by linearization of the plasmid with the restriction enzyme BstEII within the 
LEU2 marker resulting in homology to leu2-3 and transformed into W303a 8TonE-pCYC1-GFP reporter cells. 
Transformed colonies were selected on CSM -Ura -Leu plates supplemented with 0.004% adenine and 2% 
glucose. Gene integration and protein expression were assessed by PCR and western blotting, respectively.  

Mini-NFAT5 (NLS-mRuby3-DBD-MD1-AD2, Figure 2A) was constructed by fusing a strong NLS (the 
Importin-β binding domain from importin-α or IBB102 to the Rel-homology DNA binding domain (a.a. 264-543) 
and two previously described regions (MD1, a.a. 618-821 and AD2, a.a, 1039-1245, from the C-terminal 
domain of human NFAT5 shown to be important for responsiveness to hypertonic stress.32 
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Disruption of HOG pathway genes in yeast 
Mutant strains were generated in wild-type W303a cells for the sodium measurements using a fluorescent 
sensor (Figure S2J) and in W303a cells expressing the 8TonE-GFP reporter and mini-NFAT5 variants (for 
Figure 2K, Figures S2I and S2K) by homologous recombination of gene-targeted, PCR products using an 
established method.103 Mutant strains were produced by replacing the complete reading frame of target genes 
with the KANMX, HPHMX, or TRP1 cassette. Gene deletions were confirmed by PCR amplification of the 
deleted locus by assessing HOG pathway target gene (Stl1, Sugar Transporter-like Protein) induction by RT-
qPCR following a 2 hour treatment with 600 mM (1200 mOsm/L) NaCl in CSM containing 0.004% adenine and 
2% glucose (Figure S2I). 
 
Intracellular sodium measurements in yeast using a fluorescent sensor (Figure S2J) 
W303a cells (wild-type and mutant) cultured overnight in CSM supplemented with 2% glucose and 0.004% 
adenine were diluted to 2.0x106 cells per ml. After 4 hours, cells were pelleted and resuspended in fresh 
isotonic media containing the ING-1 AM sodium sensor (ION Biosciences) in 96 well black-bottom plates. The 
stock solution of the sodium sensor was prepared according to the Manufacturer's protocol. Briefly, ING-1 AM 
was dissolved in DMSO and used at a final concentration of 5 ug/ml in isotonic media with 0.02% Pluronic F-
127 (Invitrogen). Cells were then incubated at 30°C for 1 hour with gentle shaking and further grown in isotonic 
media or media containing 100-600 mM additional NaCl (to apply hypertonic stress) for 30 min. Fluorescence 
was measured on a Synergy H1 plate reader (BioTek) using an excitation wavelength of 520 nm and emission 
wavelength of 550 nm. All readings were corrected for background fluorescence, measured from cells 
incubated without the sodium sensor. 
 
Measurements of intracellular sodium content in yeast using inductively coupled optical emission 
spectroscopy (Figure S2K) 
Following a previously published protocol,104 5.0x108 of log-phase yeast growing in normal media (CSM with 
0.004% adenine and 2% galactose) or media containing additional 400 or 1600 mOsm/L NaCl for 2 hours were 
collected by centrifugation (8,000×g spin for 3 min at 4°C) and washed twice in ice-cold wash buffer containing 
1.5 M sorbitol and 20 mM MgCl2. Cell pellets were then resuspended in 1 mL 0.2 μm-filtered water, mixed with 
acid-washed glass beads, vortexed for 3 min and then boiled for 30 min at 95°C with shaking. Following a 
1,000×g spin to separate the supernatant from the beads and cell debris, samples were cleared using 
ultracentrifugation with a 100,000×g spin for 30 min at 4°C. Cleared samples were then diluted to 5 ml with 
water, passed through a 0.45 μm filter, and analyzed using an inductively coupled plasma optical emission 
(ICP) spectrometer (iCAP 6000 Series, Thermo Scientific) through the Environmental Measurements Facility at 
Stanford University with the following settings: flush pump rate at 50 rpm, analysis pump rate at 50 rpm, pump 
stabilization time at 5 seconds, RF power at 1150 W, auxiliary gas flow at 0.5 L/minute, and nebulizer gas flow 
at 0.5 L/minute. Measurements of sodium in samples were calculated based on a standard curve, with NaCl 
diluted at various known concentrations in filtered water.  
 

Isotonic shrinkage (Iso-Shrink) of IMCD3 cells (Figure S3C) 
The osmolarity of the various solutions used in this protocol was measured using the Fiske Micro-Osmometer 
(Model 210). The protocol to induce shrinkage of cells without changing intracellular ionic strength was 
adapted from previous studies.41,45 Nfat5-/- IMCD3 cells expressing mVenus-NFAT5 or Wnk1-/- IMCD3 cells 
expressing GFP-WNK1 were incubated for 10 min with in a hypotonic medium (osmolarity of 200 mOsm/L 
containing 1x MEM essential a.a. (Gibco), 1x MEM non-essential a.a. (Gibco), 1x L-glutamine (Gemini 
Biosciences), 1x MEM vitamin solution (Gibco), 10 mM glucose (Gibco), 50 mM HEPES pH 7.4 (Gibco), 1 mM 
sodium pyruvate (Gibco), 10% fetal bovine serum (FBS), 2 mM CaCl2, 1 mM MgSO4, 5 mM KCl, and 30 mM 
NaCl).  During the last 5 min of hypotonic exposure, an RVI inhibitor cocktail (20 μM benzamil, 100 μM 
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bumetanide, 200 μM gadolinium) was added. Hypotonic media was then exchanged for isotonic media (~300 
mOsm/L) containing the same RVI inhibitor cocktail and cells were analyzed after 30 min at 37°. Cells 
subjected to the isotonic shrinkage protocol were compared to cells treated with hypotonic, isotonic, or 
hypertonic media all with or without RVI inhibitors.  
 
Ionic stress imposition on IMCD3 cells using Nystatin (Figure S3I) 

We adapted a previous protocol that used nystatin to increase intracellular ionic strength.55 Custom 
isotonic and hypertonic buffers with either high KCl (Iso-KCl, Hyper-KCl) or high NaCl (Iso-NaCl, Hyper-NaCl) 
were prepared from the same stock solutions. Osmolarities of all buffers were measured using a Fiske Micro-
Osmometer (Model 210). All buffers contained 1x MEM essential a.a., 1x MEM non-essential a.a. solution, 1x 
L-glutamine, 1x vitamin solution, 10 mM glucose, and 10 mM HEPES pH 7.4. Iso-NaCl (286 mOsm/L) 
contained 5 mM KCl, 122 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2. Iso-KCl (289 mOsm/L) contained 89 mM 
KCl, 5 mM NaCl, and 50 mM sucrose. Hyper-NaCl (505 mOsm/L) contained 5 mM KCl, 240 mM NaCl, 1 mM 
CaCl2, and 1 mM MgCl2. Hyper-KCl (503 mOsm/L) contained 205 mM KCl, 5 mM NaCl, and 50 mM sucrose.  

Nfat5-/- IMCD3 cells stably expressing FLAG-mVenus-NFAT5 or Wnk1-/- IMCD3 cells stably expressing 
GFP-WNK1 cells were plated on coverslips 1 day before the experiment. Four total treatments (4 different 
wells of cells) per cell line were compared in this experiment: (1) Isotonic, (2) hypertonic, (3) isotonic+nystatin, 
and (4) hypertonic+nystatin. The day after plating cells, the Iso-NaCl buffer was added to all wells and after 10 
min at 37°C. Next, samples (3) and (4) were treated with ice cold Iso-KCl buffer containing 50 µg/ml nystatin. 
Following a 10 minute incubation on ice, the media in sample (4) was exchanged to ice cold Hyper-KCl buffer 
containing 50 µg/ml nystatin. All cells were left to incubate on ice for 20 min. After 20 min, samples (1) and (3) 
were washed with warm Iso-NaCl and samples (2) and (4) were washed three times with warm Hyper-NaCl to 
remove the nystatin. After a 30 minute incubation in Hyper-NaCl (samples 2 and 4) or Iso-NaCl (samples 1 and 
3) at 37°C, coverslips were washed twice with PBS, and cells were fixed with 4% (w/v) paraformaldehyde 
(PFA) at room temperature. Instead of treatment with nystatin, the isotonic (sample 1) and hypertonic (sample 
2) control cells were kept in either Iso-NaCl or Hyper-NaCl, but were otherwise exposed to the same 
temperature changes and final buffers as the nystatin-treated cells. 
 
Measurement of cell height 
The cell height was used as a rapid, convenient proxy for cell volume based on previous studies showing that 
cell height (or thickness) can be used to estimate relative changes in the volume of adherent cells grown in a 
monolayer.40,91,105 CellMask Deep Red Plasma membrane Stain (Thermo Fisher) was used to visualize the 
plasma membrane to measure cell heights in the xz plane of confocal image stacks. The CellMask stain was 
added to cells 15 min before beginning all protocols (isotonic shrinkage, nystatin treatments, or salt treatments) 
and excess stain removed by 3 washes in isotonic media. Cell height was measured from the flat, basal edge 
of the cell touching the coverslip to the peak height of the cell along the z-axis using ImageJ. Measurements 
were normalized to the median cell height of the control sample (untreated; samples in isotonic media).  
 
Measurement of cell volume 
IMCD3 cells were plated at a low density in two-well Lab-Tek chambers (500 cells/well) to obtain single 
separated cells for volume analysis. Cells were labeled with 50 μg/mL Fluorescein diacetate (FDA) in 
DMEM/F12 medium for 1 hour in a humidified atmosphere with 5% CO2 at 37°C. After washing away excess 
FDA, cells were switched to hypertonic medium (200 mOsm/L NaCl, NH4OAc, sorbitol, or urea added to 
isotonic media) for imaging. All images were acquired on a Leica TCS SP8 confocal imaging system equipped 
with a 63x oil immersion objective. Fluorescein was imaged using an excitation wavelength of 488 nm and 
collecting light emitted between 500 and 600 nm. Images of z sections of the entire cell were acquired with a 
fixed step size of 0.5 μm. Individual cell volume was measured using the 3D object counter plugin in Fiji (NIH, 
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Bethesda) after fluorescence intensity thresholding (above background, determined empirically for each image) 
of z-sections. 
 
Genetically-encoded sensor for intracellular ionic strength 
293T cells were plated in 2-well Labtek glass chamber slides (Thermo Scientific) at 105 cells per well. One day 
after plating, cells were transfected with pcDNA3.1_ionRD (Addgene Plasmid #172931) mixed with PEI in Opti-
MEM. The next day, the medium was replaced by FluoroBrite DMEM without phenol red, and cells were 
imaged directly in the Labtek glass chamber slides. The sensor was excited using a 405 nm laser, and the 
emission was split into 450-505 nm channel (to image mCerulean3) and 505-797 nm channel (to image 
mCitrine). The fluorescence intensity of the cells was determined in ImageJ for each channel. The 
backgrounds for each channel were subtracted and the mCitrine intensity divided by the mCerulean intensity 
for each cell. 
 
Endogenous tagging of NFAT5  
To generate an IMCD3 clonal cell line with an endogenously tagged Nfat5 alleles, SpCas9 protein was 
complexed with sgRNA (5’-GGGTCGAGCTGCGATGCCCT-3’) and electroporated with the homology-directed 
repair template plasmid (pUC19-NFAT5/mNeonGreen with ~700 bp Left & Right Homology Arms flanking 
mNeonGreen for N-terminal tagging of NFAT5). Production of sgRNA and SpCas9 were done as described 
previously.106 For electroporation, Cas9-ribonucleoprotein (RNP) complex was prepared by mixing 100 pmol 
SpCas9 protein with 120 pmol sgRNA in Cas9 buffer (20 mM HEPES pH 7.4, 150 mM KCl, 1 mM MgCl2, 10% 
glycerol, and 1 mM TCEP) for 10 min. The RNP complex was added to 500,000 low passage IMCD3 cells and 
electroporated using a NEPA21 Electro-Kinetic transfection system (Bulldog-Bio). 96 hr post-electroporation, 
mNeonGreen positive single cells (top 0.1% fluorescence intensity) were sorted into a 96-well plate using a 
FACS (SH800S, Sony). Positive clonal lines were identified by a dual genomic PCR strategy. “In-In” PCR 
(forward primer complementary within the NFAT5 left homology arm (LHA) (5’- GGAGTCAGTTCTCCACTCCG 
-3’) and reverse primer complementary within the NFAT5 right homology arm (RHA) (5’-
GCGATTCCAGGTCTAGGTCC -3’)) was used to confirm genomic integration of the homology repair template. 
“In-Out” PCR (forward primer complementary to the genomic region outside the LHA (5’-
GGTGTGGTGGGTAACGTGG-3’) and reverse primer complementary within mNeonGreen (5’-
GGCCGACCATATCGAAGTCT-3’)) was used to confirm the correct site of integration in the Nfat5 gene 
(Figure S5C). Expression of the mNeonGreen-NFAT5 fusion protein was confirmed by immunoblotting using 
an antibody against NFAT5 and the mNeonGreen tag (Figure S5E).  
 
Gal4 DBD luciferase reporter assays (Figure 5E) 
293T cells grown in each well of a 96-well plate were transfected with 40 ng of GAL4 upstream activation 
sequence-driven firefly luciferase expression construct (Addgene plasmid #64125), 40 ng of pGAL4-DBD-
MCS-long plasmids (Addgene #145246) directing expression of NFAT5 fragments fused to the GAL4 DNA-
binding domain driven by the cytomegalovirus promoter, and 5 ng of herpes simplex virus thymidine kinase 
(HSV TK) promoter::renilla luciferase plasmids directing constitutive renilla luciferase expression. Cells were 
cultured for 24 hours, exposed to isotonic or hypertonic media (200 mOsm/L of  NaCl or 200 mOsm/L of 
NH4OAc added to isotonic media) and then lysed in Passive Lysis Buffer (25 μl/well, Promega Dual-Luciferase 
Reporter Assay System) according to the manufacturer’s instructions. Luciferase activities were measured 
using the Dual-Luciferase Assay System (Promega) in a Synergy H1 microplate reader (BioTek) equipped with 
an automatic injector. For each sample, NFAT5-GAL4DBD driven firefly luciferase activity was normalized to 
HSV TK::renilla luciferase activity (to correct for differences in transfection) and the resulting ratio reported in 
normalized luciferase intensity units. 
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Protein Expression and purification 
DNA fragments encoding NFAT5 CTD and PLD (and their variants) were cloned into pET-28a plasmid with C-
terminal 6xHis-tag either with or without an N-terminal fusion to superfolder GFP (sfGFP) for fluorescence-
based phase separation assays.  These bacterial expression plasmids were transformed into E. coli competent 
cells (BL21 [DE3] pLysS, MilliporeSigma, Cat #71403) and plated on Luria Broth (LB) agarose plates 
containing Kanamycin (50 µg/ml) and chloramphenicol (34 µg/ml). A single colony was picked and grown 
overnight in 10 ml Terrific Broth (TB) containing Kanamycin (50 µg/ml) and chloramphenicol (34 µg/ml) and 
used to inoculate a 1 L culture of TB. When the culture reached an OD600 of 0.4–0.6, protein expression was 
induced with 0.25 mM IPTG at 37°C for 4 hours. After the addition of 1 mM PMSF and 1 mM EDTA to the 
cultures, cells were harvested at 4000×g for 15 min at 4°C, and flash-frozen in liquid nitrogen. 

For protein purification, bacterial pellets were lysed in B-PER Complete Bacterial Protein Extraction 
Reagent (Thermo Scientific) (5 mL reagent/g of cell pellet) supplemented with 1 mM phenylmethylsulfonyl 
fluoride (PMSF), 1× protease inhibitor (SigmaFast Protease inhibitor cocktail, EDTA-free; Sigma-Aldrich) and 1 
mM EDTA. To facilitate lysis, cells were incubated at room temperature for 15 min with gentle rocking. The 
CTD and PLD proteins were in insoluble inclusion bodies, which were collected by centrifugation at 20,000×g 
for 30 min at 4°C. The pellets containing inclusion bodies were washed by resuspension using a Dounce 
homogenizer in 10 pellet volumes in wash buffer (50 mM Tris pH 7.5, 1 mM EDTA, 5 mM DTT, 1 M urea, 1% 
Triton X-100, 1 mM PMSF and SigmaFast protease inhibitor cocktail) until a clear supernatant was left after 
pelleting the inclusion bodies. The washed  inclusion body pellet was finally suspended in the wash buffer 
minus the Triton X-100 and urea and collected by centrifugation at 20,000×g for 30 min at 4°C. The washed 
inclusion body pellet was solubilized using a Dounce homogenizer with 1 ml extraction buffer (50 mM Tris 
pH7.5, 8 M urea, 1 mM PMSF, 1 mM DTT) per gram wet weight of original cells and incubated at room 
temperature for 1 hour with gentle rocking. The suspension was centrifuged for 1 hour at 100,000×g at 4 °C 
and the supernatant was filtered through a 0.22-μm syringe filter attached to a disposable syringe and loaded 
on a Superdex 200 16/60 column (GE Healthcare) equilibrated with a low ionic strength gel filtration buffer (20 
mM HEPES pH7.4, 1 mM TCEP).  Fractions containing NFAT5 CTD and PLD proteins were identified by SDS-
PAGE followed by Coomassie Blue staining, pooled and concentrated using Amicon Ultracel 30K filters 
(Millipore). Proteins were stored at concentrations ≥20 mg/ml on ice and diluted immediately before use. The 

MED1-IDR tagged with mCherry-tagged (Addgene# 194545) was purified as described previously.68  
 
In vitro phase separation assays 
Recombinant NFAT5 CTD and PLD fused to sfGFP fusion proteins at varying concentrations were mixed with 
5% Dextran (a molecular crowding agent) in droplet buffer (20 mM Na-HEPES pH7.4, 1 mM TCEP) and NaCl 
(or other salts) were added from a concentrated stock to achieve the indicated osmolarity. The protein solution 
was incubated for 10 min at room temperature and loaded onto a glass slide with a coverslip. Slides were then 
imaged with a ×10 dry objective (NA 0.3) on an Olympus IX83 epifluorescence microscope equipped with an 
Orca Fusion scMOS camera. Droplets containing sfGFP and mCherry were imaged using the FITC and TRITC 
channels, respectively. Droplets without GFP were visualized using the brightfield channel. Unless indicated, 
images presented are of droplets settled on the glass coverslip. All assays were performed at room 
temperature. 
 To pellet condensates formed by NFAT5 GFP-CTD (Figure 5G) droplet reactions (containing 5% 
Dextran, 70 μM GFP-CTD, 1000 mOsm/L NaCl in droplet buffet)  were centrifuged at 20,000xg for 10 min. 
Supernatant was removed and condensate pellets were resuspended droplet buffer (20 mM Na-HEPES pH7.4, 
1 mM TCEP) with 5% dextran (but no added NaCl) to determine if the condensates were reversible. 
 
Analysis of MED1-NFAT5 co-condensation (Figure 7A) 
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Equal concentrations (10 μM each) of purified mCherry-MED1IDR was mixed with purified GFP, GFP-CTD, 
GFP-CTD H>K or GFP-CTD H> F in droplet buffers with NaCl and 5% dextran. After a 10 minute incubation at 
room temperature Droplet reactions were imaged as described above in both the mCherry and GFP channels. 
To calculate enrichment (Figure 7A) of the CTD variants in MED1, droplets were defined as a region of 
interest in FIJI by the mCherry-MED1-IDR channel, and the mean fluorescence signal of the GFP-NFAT5 
variants within that droplet was determined. The fluorescence intensity was divided by the background (diffuse) 
GFP-NFAT5 signal in the image to generate a Cin/out. Enrichment scores were calculated by dividing the 
Cin/out of the experimental condition by the Cin/out of a control fluorescent protein (GFP). 

Fluorescence recovery after photobleaching (FRAP) 
FRAP studies were performed by live confocal fluorescence microscopy using Leica TCS SP8 confocal 
imaging system. Images were acquired with a 63x oil immersion objective every 600 ms for 1 min. FRAP was 
performed using the FRAP module of the Leica Application Suite X software with the 488 nm laser at 100% 
power, 200 μs dwell time. For full-bleach experiments, three repeats for each spot was used for bleaching at 
maximum laser intensity. This was sufficient to fully bleach most particles. Half-bleach experiments were 
performed such that droplets were bleached in one hemisphere for 10 frames with a 488 nm laser. 
Fluorescence recovery was subsequently recorded every 600 ms for a total of 1 min. Image series were 
imported into FIJI ImageJ for analysis. To calculate the recovery after photobleaching, additional bleaching 
during image acquisition was corrected using a control non-bleached region over time. To compare multiple 
experiments, the normalized fluorescence intensity was integrated over all experiments and plotted against 
time. The pre-bleach signal intensity was set to 100% and the post bleach intensity to 0% for normalization. 
Data was plotted as percent recovery vs. time in using Prism 10 (GraphPad). 
 
Super-resolution imaging 
Super-resolution three-dimensional-Structured Illumination Microscopy (3D-SIM) images (Figure 4H) were 
collected as Z-stacks (0.125 µm) using a 100× NA 1.40 objective on a DeltaVison OMX Blaze microscopy 
system, deconvolved and corrected for registration using SoftWoRx. Final assembly of two-dimensional (2D) 
maximum intensity projections was performed using Fiji. 
 
Statistical Analysis 

Data analysis and visualization were performed in GraphPad Prism 10. Model figures (Figures 1, A, C, 
and F; 2, D and J; 3, A, B, and F; 5E; 7B; and S1H) were made in Adobe Illustrator 2023 with icons taken from 
Biorender.com. The predicted human NFAT5 structure was generated using AlphaFold.  
 The one-way ANOVA test with Sidak’s multiple comparison or the Kruskal-Wallis test with Dunn’s 
multiple comparison were used to compare three or more groups with one independent variable. A two-way 
ANOVA test with Sidak’s multiple comparison was used to compare three or more groups with two 
independent variables. All comparisons shown were prespecified. All experiments were performed at least 
three different times with similar results. We note that a small sample size (n=3) makes it difficult to assess 
whether the variance between different samples is comparable. Throughout the paper, the p-values for the 
comparisons from GraphPad Prism 10 are denoted on on the graphs according to the following key: **** p-
value<0.0001, *** p-value<0.001, ** p-value<0.01,  * p-value<0.05, and n.s. Non-significant. Replicates: In 
Figures 1A, 1B, 1C, 1E, 2C, 5E, 6A, 6B, 6F, 6L, S1A, S1E, S2D, S2F, S2H, S2I, S2K, S7A, and S7I, bars and 
solid horizontal lines denote the mean value from three independent experiments unless otherwise indicated. 
In Figures 3D, 3E, 3I, 3L, 4I, 5B, 5D, 6E, 6K, 7A, S3B, S3E, S3G, S3K, S3M, S5D, and S7H, solid horizontal 
lines denote the median value from >3 independent measurements shown as points.  
 Genome-wide loss-of-function CRISPR screens were performed twice under independent conditions 
and the duplicates from each screen were analyzed together using the MAGeCK tool (Figure 1G). The haploid 
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retroviral mutagenesis screen was performed once. For CRISPR screen validation (Figure S1F), two cell lines 
expressing different sgRNAS against each candidate gene were generated. Cell lines expressing Cas9 and the 
sgRNA were analyzed two independent times.  
 
 
 
 
SUPPLEMENTARY TABLES 
Table S1. Results from CRISPR/Cas9-based and insertional mutagenesis-based loss of function screens. 
Table S2. Single guide RNA sequences for CRISPR screen validation and clonal knockout cell line generation 
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