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Regulation of the p38‑MAPK 
pathway by hyperosmolarity 
and by WNK kinases
Zetao Liu1,2, Wael Demian1,2, Avinash Persaud1, Chong Jiang1, Arohan R. Subramanaya3 & 
Daniela Rotin1,2*

p38‑MAPK is a stress‑response kinase activated by hyperosmolarity. Here we interrogated the 
pathways involved. We show that p38‑MAPK signaling is activated by hyperosmotic stimulation in 
various solutions, cell types and colonic organoids. Hyperosmolarity sensing is detected at the level 
of the upstream activators of p38‑MAPK: TRAF2/ASK1 (but not Rac1) and MKK3/6/4. While WNK 
kinases are known osmo‑sensors, we found, unexpectedly, that short (2 h) inhibition of WNKs (with 
WNK463) led to elevated p38‑MAPK activity under hyperosmolarity, which was mediated by WNK463‑
dependent stimulation of TAK1 or TRAF2/ASK1, the upstream activators of MKK3/6/4. However, this 
effect was temporary and was reversed by long‑term (2 days) incubation with WNK463. Accordingly, 
2 days (but not 2 h) inhibition of p38‑MAPK or its upstream activators ASK1 or TAK1, or WNKs, 
diminished regulatory volume increase (RVI) following cell shrinkage under hyperosmolarity. We also 
show that RVI mediated by the ion transporter NKCC1 is dependent on p38‑MAPK. Since WNKs are 
known activators of NKCC1, we propose a WNK‑ > NKCC1‑ > p38‑MAPK pathway that controls RVI. This 
pathway is augmented by NHE1. Additionally, hyperosmolarity inhibited mTORC1 activation and cell 
proliferation. Thus, activation of p38‑MAPK and WNKs is important for RVI and for cell proliferation.

In mammalian cells, the Mitogen Activated Protein Kinase (MAPK) proteins belong to three major classes of 
Ser/Thr kinases: ERK, JNK, and p38 MAPK (hereafter called p38). They orchestrate different cellular functions 
including proliferation/growth, differentiation, survival and stress  response1. p38 is a stress response kinase that 
negatively regulates cell cycle progression at both the G1/S and G2/M transition phases by downregulation of 
cyclins and upregulation of CDK  inhibitors2,3. Moreover, recent studies have shown that p38 plays an important 
role in coordinating cell size (mass) and cell cycle progression in animal cells: small cells display elevated p38 
activity and spend more time in G1 phase than larger cells, an effect lost upon inhibition of  p384.

Incubating cells in hyperosmotic solution leads to cell shrinkage followed by volume recovery by a process 
called regulatory volume increase (RVI)5,6. In the absence of bicarbonate, RVI is propelled by influx of  Na+ 
and  Cl−, mediated by ion transporters such as the  Na+/H+ antiporter (NHE1 or 2) or the cotransporter  Na+/
K+/2Cl− (NKCC1 or 2), followed by  water5–8. Interestingly, hyperosmotic stress also activates  p389–11, and p38 
was shown to be essential for  RVI12,13

Our recent work demonstrated that NKCC1 provides a link between cells mass and cell volume regulation by 
regulating both cell volume and mTORC1  activation14. Moreover, we showed that stable knockdown of NKCC1 
led to reduced cell size/volume, inhibition of  p3814 and impaired RVI. We thus hypothesized that p38 may medi-
ate the positive effect of NKCC1 on RVI.

In addition to p38, WNK kinases (the upstream activators of SPAK/OSR1) are also known to be stimulated 
by hyperosmolarity-induced cell shrinkage and to regulate  RVI15–17. However, the relationship between p38 and 
WNK -mediated osmo-sensing and contribution to RVI is/are unknown.

Thus, given the importance of p38 in regulating cell volume, cell mass and cell cycle, we investigated the 
mechanism and pathways responsible for the regulation of p38 by hyperosmolarity, and the possible link between 
p38 and the WNK kinases, especially in regulating RVI. Our work identified the upstream hyperosmotic sen-
sors of p38 activation, and provides a surprising finding that a short-term exposure to hyperosmolarity leads to 
WNK kinases-mediated suppression of p38, via regulation of TAK1 or TRAF2/ASK1. This suppression is tran-
sient, however, as long-term inhibition of WNK inhibits p38, supporting the finding that both p38 and WNK 
work in concert (or sequentially, possibly via a WNK- > NKCC1- > p38 pathway) to promote RVI. Moreover, 
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hyperosmolarity severely reduces cell proliferation likely by suppressing mTORC1. WNK inhibition also attenu-
ates cell proliferation, while p38 inhibition has only a small effect, likely due to its maintenance of high mTORC1 
activity.

Results
Ion requirement for the activation of p38‑MAPK by hyperosmolarity. It was previously shown 
that hyperosmolarity activates  p389–11, as we confirm here as well (Fig. 1A). To interrogate the ionic requirement 
for the activation of p38 by hyperosmotic stress, we incubated HeLa cells with hyperosmotic (or iso-osmotic con-
trol) solutions composed of NaCl, NMDG-Cl−,  Na+-Gluconate, or Choline-Cl−, each at 270 mM (580 mOsm), 
compared to 135 mM (315 mOsm) in the iso-osmotic controls. Our results show that all these hyperosmotic 
solutions were able to activate p38 (p-p38) and its downstream target MK2 (p-MK2) (Fig. 1A and Figure S1A) 
with escalating osmotic stress increasing p38 activation to the same extent in both NaCl and NMDG-Cl solu-
tions (Fig. 1B). This activation is similar between the NaCl and NMDG-Cl solutions, despite the fact that intra-
cellular  Na+ concentrations  ([Na+]i) is ~ 30 mM in the 580 mOsm NaCl solution, versus. ~ 5 mM  [Na+]i in the 
580  mOsm NMDG-Cl solution (Fig. 1B,C). A similar activation of p38 by hyperosmotic NaCl solution was 
observed in HEK293 and MDCK cells, as well as in primary bronchial epithelial cells and in colonic organoids 
(Fig. 1D). These results suggest that  Na+ itself is not necessary for the activation of p38 by hyperosmolarity.

Signaling pathway responsible for hyperosmotic activation of p38. The canonical pathway for 
activation of p38 includes dual phosphorylation on tyrosine and threonine residues on a conserved TGY motif 
of p38, via phosphorylation by MKK3, MKK6, or MKK4  kinases3,18–21. Hence, we tested the effect of hyperosmo-
larity on the p38 upstream activators MKK3/MKK6 and MKK4 in HeLa cells. Our data show that active, phos-
phorylated p-MKK3/p-MKK6 and p-MKK4 levels were all elevated in hyperosmotic solutions (NaCl, NMDG-
Cl-, or  Na+-Gluconate) in HeLa cells, as also observed (for p-MKK3/p-MKK6) in HEK293 cells, Human Primary 
Bronchial Epithelial Cells and in colonic organoids (Fig. 1A,D, and Figure S1B).

To investigate hyperosmotic sensitivity of upstream activators of MKK3, MKK6 and MKK4 kinases, we 
analyzed activation of TRAF2 and its binding partner ASK1 (MAP3K5) in response to hyperosmotic stress. Our 
results show that TRAF2 is phosphorylated and activated in hyperosmotic solutions (Fig. 2A). Moreover, the 
association of (transfected) ASK1 with TRAF2 was enhanced under such elevated osmolarity (Fig. 2B). (We were 
not able to detect association of endogenous ASK1 and TRAF2, likely due to the inability of available antibodies 
to detect their low endogenous expression in our cells). Inhibition of ASK1 (with GS-444217), which is essential 
for TRAF2/MAPK  activation22,23 suppressed the p38 activation observed under hyperosmotic condition (Fig. 2C), 
as was also observed in ASK1 (stably) knocked-down cells (Fig. 2D), despite exhibiting only a partial level of 
knockdown (Figure S1C). In contrast to a previous  study24, inhibition of Rac1, an upstream activator of MKK3, 
did not block activation of p38 by elevated osmolarity in our experiments (Figure S1D).

TRAF2 and ASK1 are known activators of p38 downstream of active TNFα  receptor3,21,25. Interestingly, 
knockdown of TNFRα (TNFR1) not only did not suppress p38 activation under hyperosmotic conditions, but 
actually enhanced it (Fig. 2A), suggesting that the TNFRα is not responsible for activation of p38 in hyperos-
motic environment.

Collectively, our experiments revealed that the TRAF2/ASK1-MKK3/6/4-p38-MK2 pathway is a hyperos-
motic—sensitive signaling pathway in several types of mammalian cells (Fig. 3D).

Short term WNK inhibition stimulates p38 activity. It is well-established that the WNK kinases and 
their downstream kinase substrates, SPAK and its relative OSR1, are activated by hyperosmotic  stress26, as also 
shown in Fig. 1.

To test whether WNK kinases affect p38 activation by hyperosmolarity, we treated cells with WNK463, a 
pan-WNK-kinase inhibitor that inhibits WNK1-427 for 2 h. Our results show that such WNK463 treatment 
significantly enhanced p38 activation under hyperosmotic conditions in several cell types, including HeLa cells 
(Fig. 3A), primary bronchial epithelial cells, and colonic organoids (Figure S1E,F). WNK463 treatment (2 h) 
also enhanced TRAF2/ASK1 interaction (Fig. 3B), a step important for p38 activation. Together, these results 
suggest that WNK normally inhibits p38 activation.

In accord, strong enhancement of p38 activation was found in HeLa cells in which WNK1 was stably knocked-
down (KD) with shRNA (Fig. 3C), suggesting that WNK1 is a major contributor to p38 regulation. In agreement 
with the ability of WNK463 to enhance p38 activation, it also enhanced the activity of the upstream (MKK3/
MKK6) and downstream (MK2) effectors of p38 (Figs. 3C,4A). Collectively, these results suggest that WNK 
kinases normally suppress the p38 signaling pathway under hyperosmotic conditions (Fig. 3D).

To elucidate the possible mechanism(s) by which WNKs inhibit p38 activation, we focused on TAK1, a kinase 
that under immune stimulation activates the p38  pathway28, and is inhibited by  WNK129. As seen in Fig. 4A, the 
strong stimulation of the p38 pathway (MKK3/6-p38-MK2) by WNK463 under hyperosmotic conditions was 
almost completely abolished upon inhibition of TAK1 with 5Z-7-Oxozeaenol, a known inhibitor of  TAK130. As 
indicated above, WNK463 also increased the association of TRAF2 with ASK1 (Fig. 3B).

These results suggest that WNKs inhibit the p38 pathway by suppressing TAK1, an activator of MKK3/6 and 
hence of the p38 pathway, as well as by reducing TRAF2/ASK1 interactions (Fig. 3D).

While a short term (2 h) WNK463 treatment stimulated p38 activity, we found that a long term WNK463 
treatment actually attenuated activity of p38 (Fig. 4B) a relevant step in the regulation of RVI, described below.

Regulation of RVI by p38 vs WNK kinases. Both p38 and WNK kinases are known osmo-sensors acti-
vated by hyperosmolarity, which promote RVI. This raises the question as to how they can both promote RVI 
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Figure 1.  p38 is activated following hyperosmotic treatment. (A) HeLa cells were treated with 315 mOSM 
Iso-osmotic (Iso) or 580 mOSM Hyper-osmotic (Hyper) solutions of NaCl, NMDG-Cl− or  Na+-gluconate 
for 15 min. (B) HeLa cells were treated with either NaCl or NMDG-Cl− solutions with increasing osmotic 
concentrations, as indicated. (C) Quantitation of intracellular  Na+ or  K+ concentration  ([Na+]i and  [K+]i) 
in HeLa cells following treatment with either NaCl or NMDG-Cl− solutions with escalating osmotic 
concentrations. (D) HEK293, MDCK, Human Primary Bronchial Epithelial cells or mouse Colonic Organoids 
were treated with iso-osmotic or hyper-osmotic NaCl for 15 min. Quantification of active (phosphorylated) p38 
(p-p38), MK2 (p-MK2) or MKK3,6 (p-MKK3/6) relative to their respective total proteins is depicted below their 
respective blots. All data are mean ± s.e.m, N = 3 independent experiments, p-values: Not significant (n.s.) > 0.05; 
* < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001. p-value were calculated using Student’s t-test.



4

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14480  | https://doi.org/10.1038/s41598-022-18630-w

www.nature.com/scientificreports/

Figure 2.  MAP3Ks, ASK1 and TAK1 induce p38 activation in HeLa cells upon hyperosmotic treatment. (A) 
Scramble Control (SC) or two different TNFR1 stable knockdown HeLa cell lines (H1A3, H1B1) were treated 
with iso-osmotic (Iso) or hyper-osmotic (Hyper) NaCl solutions for 15 min. (B) HeLa cells were transfected (or 
not) with ASK1-FLAG and HA-TRAF2 for 48 h and treated with iso- or hyper- osmotic NaCl solutions. ASK1-
FLAG was immunoprecipitated with FLAG affinity beads and TRAF2 co-immunoprecipitation was determined 
by immunoblotting for TRAF2. (C) HeLa cells were treated (or not) with 10 µM GS-444217 (ASK1 inhibitor) 
for 2 h, 1 µM 5Z-7-Oxozeanol (TAK1 inhibitor) for 1 h, or both inhibitors, followed by incubation with iso- or 
hyper- osmotic NaCl solutions for 15 min in the absence/presence of GS-444217 or 5Z-7-Oxozeanol, where 
indicated. Quantification of active p38 (p-p38) as well as co-immunoprecipitated (Co-IP) TRAF2 is depicted 
below their respective blots. (D) Inhibition of p38 signaling in ASK1 knockdown (KD) HeLa cells relative to 
scramble control (SC) cells under hyper-osmotic stress. Experiment was done similar to panel A. Quantification 
of active p38 (p-p38), MK2 (p-MK2) or co-immunoprecipitated (Co-IP) TRAF2 is depicted below their 
respective blots. All data are mean ± s.e.m, N = 3 independent experiments. Statistics as described in Fig. 1.
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if WNKs inhibits p38. To address this potential contradiction, we analyzed the contribution of p38, WNKs, or 
both, to RVI in our HeLa cells, the time course of their effect on RVI, and the correlation of the RVI time course 
to the time course of WNK-mediated p38 inhibition.

For the RVI experiments, HeLa cells were incubated in hyperosmotic solution, which led to an immediate cell 
shrinkage, as expected (see Figure S2 for cell shrinkage during the first 5 min. of hyperosmotic stress in all RVI 
experiments). The ensuing volume recovery took ~ 2 h to complete (Fig. 5A). Similar RVI dynamics were also 
seen in HeLa cells pre-incubated in hypo-osmotic solution, which normally triggers Regulatory Volume Decrease 

Figure 3.  Short-term inhibition of WNK kinases, or WNK1 depletion, induces ASK1/TRAF2 interactions 
and p38 activation. (A) HeLa cells were pretreated without or with 10 μM pan-WNK inhibitor (WNK463) 
for 2 h followed by incubation with iso- or hyper- osmotic NaCl solutions for 15 min in the absence/presence 
of WNK463. (B) HeLa cells were transfected with ASK1-Flag and HA-TRAF2 for 48 h and then treated with 
10 μM WNK463 for 2 h, followed by incubation in either iso- or hyper- osmotic NaCl solutions for 15 min in 
the absence/presence of WNK463. ASK1-FLAG was immunoprecipitated with FLAG affinity beads and TRAF2 
co-immunoprecipitation was determined by immunoblotting for TRAF2. (C) WNK1 stable knockdown (or 
scramble control, SC) in HeLa cells were treated (or not) with 10 μM WNK463 for 2 h followed by incubation 
with the indicated NaCl solutions for 15 min in the absence/presence of WNK463. Quantification of active p38 
(p-p38) or co-immunoprecipitated TRAF2 is depicted below their respective blots. All data are mean ± s.e.m, 
N = 3 independent experiments. Statistics as described in Fig. 1. (D) A model depicting a short-term WNKs-
mediated suppression of the p38 pathway under hyperosmotic conditions.
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(RVD), prior to switching to hyperosmotic solution (Figure S3A). The RVI recovery was not blocked by short 
term (2 h) preincubation with the p38 inhibitor SB203580 (Figure S3B). However, long term (2 day) preincuba-
tion of the cells (prior to the hyperosmotic treatment) with the p38 inhibitor led to inhibition of RVI (Fig. 5A). 
In accord, 2-day (but not 2 h) incubation with an inhibitor of ASK1 (GS-444217), or TAK1 (5Z-7-Oxozeaenol), 
upstream activators of p38 (Fig. 3D), also suppressed RVI (Fig. 5B–E and Figures S2C-F and S3C,D). A 2-day, 
but not 2 h, incubation with the WNK inhibitor WNK463, attenuated RVI (Fig. 5F and Figure S3E). Unlike the 
effect of the pan WNK inhibitor (WNK463), stable knock-down (KD) of WNK1 alone did not affect RVI (Fig-
ure S3G). Long-term (2 day) inhibition of both p38 and WNKs together also attenuated RVI (Fig. 5G). These 
results suggest that WNKs and p38 may act (at least partially) in the same pathway to regulate RVI.

Since it is well-known that many cells utilize NHE1 transporters to regulate  RVI31, we tested the effect of 
the NHE1 inhibitor, cariporide, on RVI in these HeLa cells. Our results show that while 30 min treatment with 
cariporide alone did not affect RVI (Figure S3F), its addition to the WNK inhibitor WNK463 completely abol-
ished RVI (Fig. 5F), suggesting that NHE1 and WNKs operate in separate pathways to regulate RVI, and that 
blocking both pathways abolish RVI.

NKCC1 promotes RVI via regulating p38. We recently showed that the ion transporter NKCC1, a 
known target of  WNKs32, and well-known to promote  RVI5,14,33, positively regulates p38  activity14; Indeed, sta-
ble knockdown of NKCC1 in HeLa cells led to a strong inhibition of p38 activity (Fig. 6A). Interestingly, while 
NKCC1-KD cells exhibited impaired RVI, as demonstrated by slower RVI kinetics (Figure S2L), inhibition of 

Figure 4.  WNK kinases inhibit the p38 pathway by suppressing TAK1. (A) HeLa cells were treated (or not) 
with 1 μM 5Z-7-Oxozeanol (TAK1 inhibitor) for 1 h or 10 μM WNK463 (pan-WNK inhibitor) for 2 h, or both 
inhibitors, followed by incubation with iso- or hyper- osmotic NaCl solutions for 15 min. (B) HeLa cells were 
treated (or not) with 10 μM WNK463 for 2 h or 2 days followed by incubation with either iso- or hyper-osmotic 
NaCl solutions for 15 min. Quantification of active p38 (p-p38), TAK1 (p-TAK1) or MK2 (p-MK2) is depicted 
below their respective blots. All data are mean ± s.e.m, N ≥ 3 independent experiments. Statistics as described in 
Fig. 1.
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p38 in these cells exhibited identical attenuated RVI with no additive effect (Fig. 6B); this suggests that NKCC1 
normally regulates RVI via activating p38.

Figure 5.  Long term p38 or WNKs inhibition (+ /− NHE1 inhibition) attenuates RVI. HeLa cells expressing 
scramble control plasmid were treated with (A) 5 μM SB203580 (p38 inhibitor), (B) 10 μM GS-444217 (ASK1 
inhibitor), or (D) 1 μM 5Z-7-Oxozeaenol (TAK1 inhibitor) for 2 days, washed with PBS and exposed to iso- or 
hyper- osmotic NaCl solution in the presence of the inhibitors for the indicated times. Cell volume recovery 
(RVI) was measured by using a Coulter Counter. HeLa scramble control cells were treated with (C) 10 µM 
GS-444217 or (E) 1 μM 5Z-7-Oxozeaenol for 2 h or 2 days followed by incubation of iso- or hyper- osmotic 
NaCl solutions in the presence/absence of GS-444217 or 5Z-7-Oxozeaenol. Quantification of active p38 (p-p38) 
is depicted below their respective blots. (F) HeLa scramble control cells were treated with 10 μM WNK463 for 
2 days with or without 30 min treatment of 10 μM Cariporide (NHE1 inhibitor). (G) HeLa scramble control 
cells were treated with 5 μM SB203580 and 10 μM WNK463 for 2 days. (F, G) After treatment with the indicated 
inhibitors, cells were washed with PBS and exposed to iso- or hyper- osmotic NaCl solution in the presence of 
the indicated inhibitors for the indicated times. RVI was measured as above. All data are mean ± s.e.m, N ≥ 3 
independent experiments. Statistics as described in Fig. 1.
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Collectively, these results, and the known stimulatory effect of WNK on  NKCC132, suggest a 
WNK—> NKCC1—> p38 pathway that promotes RVI, along with a second stimulatory pathway mediated by 
NHE1 (Fig. 6C).

Regulation of cell proliferation by p38 and WNK. Earlier work showed that p38 negatively regulates 
cell cycle progression, and coordinates cell cycle/cell proliferation with cell size, to ensure that only cells that 
reach a minimum size can enter the cell  cycle4. Our recent work also showed that NKCC1 connects between cell 
volume/size and cell proliferation by regulating  mTORC114. We thus investigated the role of WNK and/or p38 in 
cell proliferation under iso-osmotic condition or hyperosmotic stress. As seen in Fig. 7A,B, hyperosmotic stress 
alone severely reduced cell proliferation. Under iso-osmotic conditions, p38 inhibition had only a small negative 
effect on cell proliferation (Fig.  7A), while WNK inhibition significantly reduced it (Fig.  7B). The combina-
tion of hyperosmolarity and either p38 or WNK inhibition abolished cell proliferation altogether (Fig. 7A,B). 
Interestingly, mTORC1 activation (p-p70) was blocked by hyperosmotic stress, as expected. Since p38 (which 
is stimulated by hyperosmolarity) inhibited mTORC1 activation (Fig.  7C) we tested whether p38 inhibition 
could prevent suppression of mTORC1. Our results show that while p38 inhibition indeed stimulated mTORC1 

Figure 6.  NKCC1 depletion inhibits p38 activation, and summary of pathways that regulate RVI. (A) NKCC1 
stable knockdown (or scramble control, SC) HeLa cells were treated with iso- or hyper- osmotic NaCl solutions 
for 15 min. Quantification of active p38 (p-p38) is depicted below their respective blots. Black lines separate the 
left and right lanes of the same blot. (B) Scramble control (SC) or NKCC1 stable knockdown (KD) HeLa cells 
were treated (or not) with 5 μM SB203580 (p38 inhibitor) for 2 days, washed, exposed to iso- or hyper- osmotic 
NaCl solution for the indicated times, and RVI measured as described in Fig. 5. All data are mean ± s.e.m, N = 3 
independent experiments. Statistics as described in Fig. 1. (C) A model depicting the regulation of RVI by the 
WNK- > NKCC1- > p38-MAPK pathway and by NHE1.
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activity under iso-osmotic conditions, hyperosmotic stress blocked mTORC1 activation even in the presence of 
p38 inhibitors (Fig. 7C). This suggests that the hyperosmotic stress—dependent inhibition of mTORC1 is not 
mediated by p38. Thus, the inability of the p38 inhibitor to block cells proliferation under iso-osmotic conditions 
could be associated with the observed strong mTORC1 activity. Taken together, our results suggest that WNKs 
normally promotes cell proliferation, while p38 may attenuate it by inhibiting mTORC1; Hyperosmolarity sup-
presses cell proliferation under all conditions.

Discussion
We show here that hyperosmolarity activates the p38 signaling cascade via stimulation of the TRAF2/ASK1-
MKK3/MKK6/MKK4-p38-MK2 stress response pathways (Fig. 3D). We also show that a short term (2 h) inhi-
bition of the osmo-sensors WNK kinases stimulate p38 activity, likely by stimulating TAK1 and ASK1/TRAF2; 
In contrast, a long-term (2 days) inhibition of WNKs with a pan-WNKs inhibitor, WNK463, suppresses p38. 
Long-term blockade of either p38 or WNK suppresses RVI and cell proliferation in cells (see model—Fig. 6C).

The activation of p38 by hyperosmolarity has been well studied in the past  decades6,9. However, the most 
upstream osmo-sensor in the p38 pathway in our cells still remains unclear. Previous work by G. Johnson’s group 
showed that Rac1 is important in activating the p38 pathway in COS7 cells under hyperosmotic stress. They 
also discovered a scaffold protein, osmosensing scaffold for MEKK3 (OSM), and proposed that hypertonicity 
induces p38 via Rac1–OSM–MEKK3–MKK3–p38  pathway24. However, work from another group demonstrates 
an opposite result: Knockdown of Rac1 or OSM by siRNA increases p38 phosphorylation rather than decreases 
 it34. Our own work also showed that inhibiting Rac1 with the inhibitor NSC23766 did not abolish p38 activation 
in hyperosmotic solutions (a higher dose of NSC23766 actually increased p38 activation). Thus, it is not clear 
under what conditions, or cell types, is Rac1 an upstream osmo-sensor of p38.

Instead, we focused on other upstream activators of p38. Our result demonstrated that the interaction between 
TRAF2 and ASK1 (MAP3K5) is important for activating the p38 pathway in cells exposed to hyperosmolarity. 
We also investigated if TNFR1, a known upstream activator of the TRAF2/ASK1  complex35,36, is the osmo-sensor 

Figure 7.  The effect of p38, WNKs and hyper-osmolarity on cell proliferation and mTORC1 activation. HeLa 
cells were treated with either iso- or hyper- osmotic cellular medium with or without (A) 5 μM SB203580 
(p38 inhibitor), or (B) 10 μM WNK463 (pan-WNK inhibitor). Cell proliferation (cell count) was measured 
over the course of 5 days using a Coulter Counter, and normalized to Day 1. (C) HeLa cells were treated with 
5 μM SB203580 for 2 h or 2 days and followed by incubation with iso- or hyper- osmotic DMEM (+ serum) for 
15 min. in the presence/absence of SB203580. Quantification of active p70 S6K (p-p70) is depicted below the 
respective blots. All data are mean ± s.e.m, (N = 3 independent experiments). Statistics as described in Fig. 1.
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for p38 activation. Surprisingly, in our studies TNFR1 depletion induced rather than inhibited p38 activation 
under hyperosmotic stress. Thus, the exact mechanism that promotes TRAF2/ASK1 complex formation induced 
by hyperosmolarity in our cells is so far unknown.

We also demonstrate that TAK1 (MAP3K7) is another important MAP3K that induces p38 activation in cells 
under hyperosmotic stress, although it is not yet known how TAK1 is activated by hyperosmolarity. In addition, 
we show, unexpectedly, that a short-term (2 h) treatment with WNK463 leads to p38 hyperactivation by induc-
ing TAK1 phosphorylation, as well as by promoting ASK1/TRAF2 association, under hyperosmotic stress. This 
suggests that normally WNKs can inhibit p38 via suppressing TAK1 or ASK1/TRAF2 binding. However, in cells 
treated for 2 days with WNK463, TAK1 and p38 activation were reduced to levels similar to the untreated cells. 
MK2, the downstream target kinase of p38, was actually suppressed upon such long-term WNK463 treatment. 
The reason behind this observation is still unclear, but may represent a compensatory effect involving genomic 
or protein synthesis effects (see below). However, we cannot preclude the possibility that a long term WNK463 
treatment affects other proteins aside from WNKs, which can, in turn, affect TAK1, p38 and/or MK2 activity. Of 
interest, in colonic organoids, WNK inhibition alone (even in the absence of hyperosmolarity) was sufficient to 
enhance MKK3/6 and p38 activation, revealing an exquisite sensitivity of p38 signaling to WNK in these cells. 
Currently, we do not know the biochemical pathway(s) involved, although it/they are clearly independent of 
SPAK/OSR1.

In a recent study (https:// www. biorx iv. org/ conte nt/ 10. 1101/ 2022. 01. 10. 47570 7v1) it was demonstrated that 
hyperosmotic stress leads to sequestration of WNK1&3 in membrane-less droplets due to molecular crowding 
by the reduced cell volume; this promotes signaling that activates NKCC1, to induce RVI. An obvious question 
is how under these conditions is WNK1 (or WNK3?) able to inhibit p38? Is it via activation of signaling involv-
ing pSPAK/pOSR1 that then activate NKCC1? Or is p38 also clustered in liquid droplets along with the WNK. 
Future experiments will address these questions.

In our RVI studies, we show that a short-term treatment of cells with WNK463 or a p38 inhibitor (2 h) has 
no effect on RVI regulation. However, a long-term inhibition (2 days) of p38 (and its upstream kinases, ASK1 or 
TAK1) or WNKs, attenuate RVI. This result suggests that WNKs and p38-mediated regulation of RVI requires 
other downstream components, and possibly also genomic effects that lead to enhanced transcription of key 
genes and/or increased translation of critical proteins, yet to be identified.

We also show that NKCC1, known to be activated by  WNKs37, is an activator of p38, suggesting a 
WNK- > NKCC1- > p38 pathway that promotes RVI in cells. However, we noted that WNKs inhibition did not 
lead to complete blockade of RVI. A possible explanation for this observation could be that p38 activation was 
not completely blocked by the long-term WNKs inhibition. In addition, earlier studies indicated that NHE1 
activity can be induced by  p3838–40. Thus, it is possible that a long-term WNK463 treatment, in which p38 is still 
active in our cells (albeit to a lesser extent), promotes NHE1 activity, allowing partial RVI to proceed. Moreover, 
the short-term WNK463 treatment, which failed to inhibit RVI, may also be explained by an increase of NHE1 
activity induced by the hyperactivated p38. Thus, in order to completely block RVI in our cells, both the WNKs 
and NHE1 have to be inhibited together (Fig. 6C).

The observation of the involvement of p38 in RVI downstream of NKCC1 is curious, as active NKCC1 itself 
causes influx of the ions (followed by water) needed to restore cell volume. We recently showed that NKCC1 
inhibits mTORC1 by blocking LAT1 and the Akt/Erk pathways (which activate mTORC1), and by promoting 
p38 (which inhibits mTORC1)14. Thus, it is possible that mTORC1 inhibition and the ensuing blockade of protein 
synthesis leads to the generation of steady-state smaller cell size, as indeed we observed here (Fig. 5A), and as we 
previously reported for NKCCI-KD  cells14; This thus enables recovery to a new steady-state smaller cell volume.

A recent study showed that NKCC1-dependent RVI was impaired in WNK1 knockout HEK293 cells, espe-
cially when treated also with a NHE1 inhibitor (16, and Subramanya, unpublished). Since we showed that in our 
own generated stable HeLa WNK1-KD cells p38 activity is elevated, the obvious question is why a long-term 
(2 day) treatment of cells with WNK463 leads to a reduction in p38 activation in our current study, while WNK1 
knockout or knockdown results in elevated p38 activity. It is possible that long-term treatment with WNK463 
has a strong effect on the other WNKs (e.g. WNK 3—known to be sensitive to hypertonic stress and involved 
in  RVI41), which in-turn exert their effects on p38. Lastly, we cannot preclude the possibility that a long-term 
WNK463 treatment may also affect other proteins in addition to WNKs.

Our work also shows that hyperosmotic stress strongly decreases cell proliferation rate, consistent with other 
 studies42,43 and in line with our observed strong inhibition of mTORC1 under hyperosmolarity. We also demon-
strate that WNK kinases are important for promoting cell proliferation, as treatment with WNK463 significantly 
attenuated it in iso-osmotic conditions, and completely blocked it under hyper-osmotic stress. In contrast, p38 
inhibition in iso-osmotic medium had only a small (and delayed) effect on inhibiting cell proliferation, only 
observed after 5 days. It is thus possible that the sustained mTORC1 activation following p38 inhibition is respon-
sible for the almost normal, un-attenuated cell proliferation in our experiments. In agreement, in our previous 
study we demonstrated an increase of cell division rate/cell proliferation when NKCC1 was  depleted14. Since 
NKCC1 depletion suppresses p38 activation, similar to p38 inhibition with a drug, this suppression promotes 
mTORC1 activation, as we show here and in our recent  paper14; this, in turn, induces cell proliferation.

Taken together, our current study demonstrates that there is a tight connection between the WNK and the p38 
pathways, with WNKs regulating the p38 pathway. Both pathways are important in regulating volume recovery 
(RVI) and cell proliferation.

Materials and methods
Reagents and solution: see Tables S1 and Table S2 in the Supplementary Material.

https://www.biorxiv.org/content/10.1101/2022.01.10.475707v1
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Methods. Generation of TNFRα (TNFR1), ASK1 and WNK1 knock‑down (KD) cells. HeLa cells were 
transfected with human TNFR1 shRNA construct (V2LHS 94,071, Dharmacon), ASK1 shRNA construct (V2L-
HS_198510, Dharmacon) and WNK1 shRNA construct (V3LHS_638999, Dharmacon). The cells were then 
selected with Puromycin (2  µg/ml) 24  h after transfection. Medium was changed every 2–3  days. Once the 
transfected cells were established and expanded, TNFRα, ASK1, or WNK1 knockdown was verified by immu-
noblotting.

Immunoblotting. HeLa, HEK293, MDCK, human primary bronchial epithelial cells, or mouse colonic orga-
noids (generated as described  in14), were washed in PBS, and treated with either iso-osmotic or hyperosmotic 
solutions (Table S2) for 15 min at 37 °C, and processed as indicated. For a short-term inhibitor treatment, cells 
were treated with either 10 μM WNK463 (a pan-WNK-kinase inhibitor), 5 µM SB203580 (p38 inhibitor), or 
10 µM GS-444217 (ASK1 inhibitor) for 2 h, or 1 µM 5Z-7-Oxozeaenol (TAK1 inhibitor) for 1 h prior to (and 
during) incubation with the iso- or hyper- osmotic solutions. For a long-term inhibitor treatment, cells were 
treated with the indicated inhibitor for 2 days prior to (and during) incubation with the iso- or hyper- osmotic 
solutions. Cells were then lysed in lysis buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10% 
glycerol, 1.5 mM  MgCl2, 1.0 mM EGTA, and 10 μg/ml of each leupeptin, aprotinin and pepstatin, and 1 mM 
phenylmethanesulfonylfluoride (PMSF)). Proteins were then separated on SDS-PAGE and immunoblotted with 
the indicated antibodies. All immunoblots were imaged using the Odyssey Imaging system (Odssey Fc, LI-COR) 
and quantified using Image Studio version 5.2 (LI-COR).

Co‑Immunoprecipitation (Co‑IP) assays. HeLa cells were transfected with the specified cDNA constructs for 
two days prior to any treatment. Then, cells were treated with either iso-osmotic or hyperosmotic NaCl solutions 
for 15 min and lysed in lysis buffer. Co-IP of ASK1-FLAG and HA-TRAF2 were analyzed by IP of ASK1-FLAG 
from 1 mg of cleared cell lysate with anti-FLAG M2 affinity beads and immunoblotting with either anti-HA, 
anti-FLAG, or other specified antibodies. Blots were imaged as above.

Regulatory volume increase (RVI) experiments. HeLa (scramble control (SC), WNK1 knockdown (KD) or 
NKCC1 KD) cells were grown in 6 well tissue culture plates. Cells were dissociated using trypsin and treated 
with either iso-osmotic or hyperosmotic NaCl solutions (Table  S2) for the indicated times. The starting cell 
volume for each experiment was the cell volume at time 0 of the control, untreated cells. For drug inhibition 
experiments, cells were treated with either 5 µM SB203580 (p38 inhibitor), 10 µM WNK463 (pan-WNKs inhibi-
tor), 10  µM GS-444217 (ASK1 inhibitor), or 1  µM 5Z-7-Oxozeaenol (TAK1 inhibitor), for 2  h (short-term) 
or 2 days (long term) prior to RVI analysis. Cell diameter was measured using a Multisizer 4 Coulter Counter 
(Beckman-Coulter).

Measurements of intracellular  Na+ and  K+ concentrations. For intracellular  Na+  ([Na+]i) and  K+  ([K+]i) meas-
urements, cells were grown in 10  cm tissue culture plates and treated with the various osmotic solutions 
(Table S2) for 15 min. They were then quickly washed 3 times with osmotically balanced solution of 150 mM 
LiCl (300 mOsm) on ice. The cells were then lysed overnight at 4 °C in 1%  HNO3. The  [Na+]i and  [K+]i were 
measured using a PinAAcle 900F Atomic Absorption Spectrometer (PerkinElmer) and then normalized to cell 
number and cell volume.

Cell proliferation assay. HeLa cells were seeded at  104 cells per well in a 24-well plate. After the measurement 
of cell number on day 1, hyperosmotic cellular medium (Table S2) and 5 µM of SB203850 or 10 µM of WNK463 
were added where indicated. Cell proliferation was determined by counting cells at the indicated times using the 
Multisizer 4 Coulter Counter (Beckman-Coulter) and normalizing to day 1.

Quantification and statistical analysis. All immunoblots were imaged using the Odyssey Imaging system and 
quantified using Image Studio version 5.2 (LI-COR). Each experiment was performed for at least three independ-
ent times. Statistic analysis was performed by using GraphPad Prism 8. Histogram bars represent mean ± s.e.m. 
p-values < 0.05 were considered statistically significant and indicated in the Figures (p values: Not significant 
(n.s) > 0.05, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001, using unpaired student t-tests).

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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