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Introduction

Crescentic glomerulonephritis (cGN) represents a severe form of glomerular injury with rapidly progressive glomerulonephritis and pathological diffuse glomerular crescents constitute its hallmark features. cGN often leads to end-stage kidney disease within a few months and thus requires lifelong dialysis. It is categorized into three main types based on pathogenesis and immunofluorescence patterns: anti-glomerular basement membrane (GBM) disease, antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis, and immune complex-mediated cGN. Although the etiology of the different types of cGN varies, they all ultimately lead to the formation of crescents composed predominantly of proliferative parietal epithelial cells (PECs). Anatomically, crescents exist between the podocytes-associated glomerular filtration barrier and quiescent PECs-formed Bowman’s capsule. Such a spatial correlation and same developmental origins of podocyte and PECs (1), rendering the hypothesis that cross-talk between podocytes and PECs may be a shared downstream mechanism involved in the pathogenesis of cGN. To this end, Turinsky et al. recently investigated a pivotal role of the podocyte-specific Hippo-YAP activation through cross-talk with PECs in the pathogenesis of cGN (2).





Key signals in the Hippo pathway

The Hippo pathway was first uncovered and defined in Drosophila, where its tumor-suppressive roles were identified due to mutations in genes encoding key effectors that lead to tissue overgrowth. It was further confirmed as a highly conserved signaling cascade that widely participates in various human cancers and other diseases, with essential functions in organ development, fibrosis, and regeneration. Transcriptional coactivators, yes-associated protein (YAP) and its paralog, PDZ binding motif (TAZ), as core effectors of the Hippo pathway, mediate the biological functions when localized in the nucleus, directing the activity of a range of transcription factors. The well-documented transcription factors regulated by YAP/TAZ are the TEAD family (TEAD1-TEAD4). In the Hippo pathway, YAP/TAZ are predominantly directly regulated by LATS1/2 through phosphorylation, which promotes cytoplasmic localization and thus inhibits YAP/TAZ transcriptional activity. Figure 1A depicts the key signals regulating YAP/TAZ activity in the Hippo pathway. Numerous upstream signals indirectly regulate YAP/TAZ activity, such as extracellular matrix (ECM), mechanical force, cell adhesion and polarity, and GPCRs (3).

[image: Diagram A illustrates the regulation of YAP/TAZ activity via integrins, GPCRs,cell adhesion/polarity, and mechanical force, showing pathways and inhibitors like Latrunculin B and XMU-MP-1. Diagram B depicts the interaction between podocytes and PECs, highlighting Hippo-YAP overactivation leading to podocyte hypertrophy and PEC proliferation. The role of CCN2, HB-EGF, and activated PI3K/Akt/mTOR signaling is also shown.]
Figure 1 | Core signals in the Hippo pathway and the role of Hippo-YAP overactivation in the pathogenesis of crescentic glomerulonephritis. (A) The Hippo pathway integrates multiple upstream signals to regulate YAP/TAZ activity, such as extracellular matrix (ECM) components integrins, G protein–coupled receptors (GPCRs), cell adhesion and polarity, and mechanical force. The dynamic localization of YAP/TAZ between the nucleus and the cytoplasm controls the transcriptional expression of downstream target genes. Red words depict the strategies for targeting YAP/TAZ activity. (B) Schematic representation of key findings regarding how YAP overactivation links podocyte injury and its cross-talk with partial epithelial cells (PECs), resulting in crescentic glomerulonephritis, found by Turinsky et al. Rho, Rho guanosine triphosphatases (GTPases); Last1/2, large tumor suppressor kinase 1/2; YAP, yes-associated protein; TAZ, WW-domain-containing transcription regulator 1; TEAD, transcriptional enhanced associated domain; TFs, transcriptional factors; VGLL4, vestigial-like family protein; siRNA, small interfering RNA; TRULI, CA3, and XMU-MP-1, small molecule inhibitors; PI3K/Akt/mTOR, phosphoinositide 3-kinase–protein kinase B–mechanistic target of rapamycin; CCN2, cellular communication network factor 2; HB-EGF, heparin-binding epidermal growth factor–like growth factor.





The Hippo pathway and kidney

In mammals, the Hippo pathway has been identified in participating in embryonic kidney development, kidney fibrosis, and the maintenance of podocyte homeostasis (4). Unlike quiescent PECs, which reside along the Bowman’s capsule of the outer glomerulus, podocytes maintain the capillary loop architecture within the glomerulus to establish the glomerular filtration barrier, making they continuously face physiological mechanical filtration force. This truth reasonably renders a hypothesis that podocytes are inclined to be regulated by the Hippo pathway when they encounter injury. More recently, the ECM component integrins α3β1 and αvβ5 on podocytes, which regulate YAP/TAZ activity, were confirmed crucial for the maintenance of normal podocyte function (5), indicating that cell adhesion-driven Hippo-YAP signaling activation is involved in podocyte injury. Furthermore, it was revealed that YAP phosphorylation in podocytes was involved in the pathogenesis of diabetic nephropathy by decreasing the expression of transcriptional factor Wilms’ tumor 1 (WT-1) and WT-1-regulated proteins, including nephrin and podocalyxin, all of which are indispensable for podocyte function (6). Also in diabetic nephropathy, the YAP activation of kidney proximal tubule epithelial cells was involved in diabetic tubulointerstitial fibrosis (7). However, it remains a significant knowledge gap regarding how the Hippo pathway engages in the pathogenesis of cGN, despite severe podocyte injury.





Hippo-YAP overactivation in cGN

The authors commenced by confirming podocyte-specific YAP activation through establishing nephrotoxic serum (NTS)-induced nephritis in mice, a classical model of experimental cGN that is widely used to explore the potential immunological mechanisms of cGN. Increased nuclear YAP expression within podocytes and its downstream targeted genes expression, such as CCN1 and CCN2, were observed in NTS-administered mice, compared with control mice. These gene expression changes preceded crescentic lesions by observation from different time points, indicating that the podocyte Hippo-YAP signaling overactivation is involved in the crescent formation. YAP activity is regulated by its phosphorylation as aforementioned. To further demonstrate that YAP activation within podocytes mediates the pathogenesis of cGN, the authors constructed a mouse model with podocyte-specific YAP activation by mutating all phosphorylation sites of YAP within podocytes (termed P-YAP5SA mice). This mutation led to YAP being constitutively active in the nucleus of podocytes. Unexpectedly, the P-YAP5SA mice without NTS challenge exhibited rapidly deteriorating kidney phenotype over time, mimicking features in human cGN: (i) progressively worsening proteinuria; (ii) cumulative death events due to rapid kidney function loss; (iii) high percentage of cellular crescents and inflammation infiltration. To delineate the underlying mechanisms how YAP activation within podocytes mediates cGN pathogenesis, the authors constructed another mice model of inducible podocyte-YAP activation features relatively mild phenotype which dependent on the extent of YAP activation within podocytes (termed Pi-YAP5SA mice), in contrast to the rapid course of P-YAP5SA mice which hard to capture precise pathophysiological changes. The authors used the Pi-YAP5SA mice revealed two time-sequential events characterized by early extracapillary cell hypertrophy and later cell hyperplasia. Detailed investigation uncovered that the core cells participating in the two events: (i) podocyte hypertrophy and cell-autonomous loss were initial processes to respond to YAP overactivation, (ii) proliferation of activated PECs was a non-cell-autonomous manner to further respond to the podocyte-specific YAP overactivation.

To depict the possible molecular programs involved in the above events, the authors conducted in vitro studies by constructing inducible YAP activation in conditionally immortalized and differentiated human podocytes (termed YAP5SA podocytes) and further RNA sequencing analysis. Integrating bioinformatic methods, the authors found several behaviors at the biological and molecular levels in YAP5SA podocytes may be able to explain the phenotype observed in Pi-YAP5SA mice: (i) cytoskeleton and polarity reorganization through reactivation of developmental programs in YAP5SA podocytes corresponds to podocyte injury (foot process effacement) and loss in Pi-YAP5SA mice. (ii) increased expression of GBM-related ECM genes (Col4a3, Col4a4, Lama4, Lama4, and Nid2) in YAP5SA podocytes corresponds to GBM thickening in Pi-YAP5SA mice. In addition, the authors identified PI3K/Akt/mTOR pathway activation as a downstream mechanism following Hippo-YAP overactivation, leading to podocyte injury. Notably, the proliferation of PECs in a non-cell-autonomous manner, followed by podocyte loss observed in model, indicates a cross-talk between them. The authors further revealed that secretory molecules CCN2 and HB-EGF may be candidates mediating this cross-talk. These “Dry Lab” findings were confirmed by “Wet Lab” experiments in YAP5SA podocytes and their Pi-YAP5SA mice model. To emphasize the translational value of their basic findings, the authors sought to determine the Hippo-YAP signaling activation in cGN patients, including anti-GBM disease, lupus nephritis, and ANCA-associated vasculitis. Expectedly, increased YAP and its downstream target CCN2 expression were observed in podocytes of these patients, but not in patients with non-crescent GN. These clinical findings are aligned with their experimental findings, supporting the role of Hippo pathway-mediated podocyte injury in the pathogenesis of cGN. Interestingly, in the same issue of Science Translational Medicine, another group from He et al. published a back-to-back original article demonstrating that podocyte-specific YAP/TAZ overactivation, and its upstream signal Last1/2 deficiency, contribute to the pathogenesis of collapsing glomerulopathy (podocyte injury and PECs proliferation are its hallmark features) and ANCA-associated vasculitis (8).





Conclusion and future direction

cGN is the most severe form of glomerular disease and has the worst prognosis. Despite aggressive nonspecific immunosuppression applied to these patients, most of them eventually struggle to escape lifelong dialysis. The lack of specific therapies is attributed to the poor understanding of its pathogenesis. The study by Turinsky et al., together with He et al., now extend the pathogenesis of cGN towards a novel mechanism by introducing how the Hippo pathway-mediated podocyte injury leads to PECs proliferation and final crescentic lesions in cGN (Figure 1B). It also expands our understanding of the role of the Hippo-YAP signaling in podocyte function. More importantly, the Hippo pathway overactivation occurs in all types of cGN, implying that, as an end effector mechanism for cGN occurrence, future therapies targeting this pathway may treat all types of cGN patients regardless of their different upstream etiologies, just like complement inhibition treatment in cGN. Preclinical in vivo studies of pharmacological inhibition targeting the Hippo pathway, such as small molecule verteporfin inhibits the YAP-TEAD interaction (9), should be conducted in the future to validate the translational value of the above studies. Finally, as with any revolutionary study, many open questions remain, such as: (i) although quiescent PECs do not appear to show YAP/TAZ overactivation, possibly due to their distance from the center of “immunological hits” in cGN, is it possible that a mechanism existed when proliferation of activated PECs occurs, these PECs also undergo Hippo pathway overactivation thereby further exacerbating crescentic lesions. (ii) In addition to PI3K/Akt/mTOR signaling and candidates CCN2 and HB-EGF, which may mediate podocyte injury and its cross-talk with PECs, respectively, whether other unknown pathways play a role in these critical processes after YAP overactivation in cGN, merits future work. (iii) Synchronization with question (ii), the authors observed complement cascade activation in podocytes of YAP5SA, whether this another end effector mechanism in cGN that will interact with YAP/TAZ overactivation and thus participate in its pathogenesis? Because previous studies suggest that the Hippo pathway is regulated by GPCRs, such as the complement receptor C3ar1 (10), which is indeed involved in podocyte injury (11). We anticipate the many innovative advances that this study will spark in the future.





Author contributions

HK: Conceptualization, Writing – original draft, Writing – review & editing. ZC: Conceptualization, Project administration, Writing – review & editing. M-HZ: Conceptualization, Project administration, Writing – review & editing. X-YJ: Conceptualization, Project administration, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by the National Natural Science Foundation of China (82270763 to X-YJ, 82325009 to ZC, and 82090020 to M-HZ).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Bronstein R, Pace J, Gowthaman Y, Salant DJ, Mallipattu SK. Podocyte-parietal epithelial cell interdependence in glomerular development and disease. J Am Soc Nephrol. (2023) 34:737–50. doi: 10.1681/asn.0000000000000104


	 Turinsky L, Rehrl S, Nguyen C, Benyahia S, Kuperwasser N, Vasseur F, et al. Podocyte-specific YAP activation triggers crescentic glomerulonephritis through cross-talk with parietal epithelial cells. Sci Transl Med. (2025) 17:eadq7825. doi: 10.1126/scitranslmed.adq7825, PMID: 40560996


	 Yu FX, Zhao B, Guan KL. Hippo pathway in organ size control, tissue homeostasis, and cancer. Cell. (2015) 163:811–28. doi: 10.1016/j.cell.2015.10.044, PMID: 26544935


	 Wong JS, Meliambro K, Ray J, Campbell KN. Hippo signaling in the kidney: the good and the bad. Am J Physiol Renal Physiol. (2016) 311:F241–248. doi: 10.1152/ajprenal.00500.2015, PMID: 27194720


	 Huynh-Cong E, Driscoll V, Ettou S, Keller K, Atakilit A, Taglienti ME, et al. The integrin repertoire drives YAP-dependent epithelial:stromal interactions during injury of the kidney glomerulus. Nat Commun. (2025) 16:3322. doi: 10.1038/s41467-025-58567-y, PMID: 40199893


	 Chen J, Wang X, He Q, Yang HC, Fogo AB, Harris RC. Inhibition of transcriptional coactivator YAP Impairs the expression and function of transcription factor WT1 in diabetic podocyte injury. Kidney Int. (2024) 105:1200–11. doi: 10.1016/j.kint.2024.01.038, PMID: 38423183


	 Chen J, Wang X, Hen Q, Bulus N, Fogo AB, Zhang MZ, et al. YAP activation in renal proximal tubule cells drives diabetic renal interstitial fibrogenesis. Diabetes. (2020) 69:2446–57. doi: 10.2337/db20-0579, PMID: 32843569


	 He X, Ballestas ER, Zeng L, Zhang T, McEvoy CM, Misra PS, et al. Podocyte YAP and TAZ hyperactivation drives glomerular epithelial proliferative diseases in mice and humans. Sci Transl Med. (2025) 17:eadq3852. doi: 10.1126/scitranslmed.adq3852, PMID: 40560997


	 Jin J, Wang T, Park W, Li W, Kim W, Park SK, et al. Inhibition of yes-associated protein by verteporfin ameliorates unilateral ureteral obstruction-induced renal tubulointerstitial inflammation and fibrosis. Int J Mol Sci. (2020) 21(21):8184. doi: 10.3390/ijms21218184, PMID: 33142952


	 Yu FX, Zhao B, Panupinthu N, Jewell JL, Lian I, Wang LH, et al. Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell. (2012) 150:780–91. doi: 10.1016/j.cell.2012.06.037, PMID: 22863277


	 Gao S, Cui Z, Zhao MH. Complement C3a and C3a receptor activation mediates podocyte injuries in the mechanism of primary membranous nephropathy. J Am Soc Nephrol. (2022) 33:1742–56. doi: 10.1681/asn.2021101384, PMID: 35777783







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Kuang, Cui, Zhao and Jia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2025.1672128_cover.jpg
& frontiers | Frontiers in Immunology

The Hippo pathway: potential target for
immunotherapy of crescentic
glomerulonephritis





OEBPS/Images/fimmu-16-1672128-g001.jpg
A Cell adhesion
Cell polarity
ECM Integrins GPCRs d

AL EED ] ERR S e
ol Tilulad A R A Ty e §
ik L] : 1 i I TN
S jini e i ii |“-l-_'l::l|;~'|'“!! o
LA RS RRE it e O e 17
- A AT e

\ l
\ AN / Expression inhibition

(TRULI)

Mechanical force

/ S
F-actin inhibor _, #' .

L lin B F-actin h——
(Latrunculin B) | —~—— ____ MST inhibitor

Phosphorylation (XMU-MP-1)

Expression inhibition Pe
(siRNAs, CA3) . @ YAPITAZ

Cytoplasmic retention

Translocolization

| — S — —
#- %-
f' \
a-"""'

— @ Transcriptional -~
— | expression

Interaction inhibitors Al
N . Nucleus

(Verteporfin, VGLL4 peptide) // \ // //

Podocyte PEC
CCN2 and HB-EGF o
_— OO0 iy LY
B — a» L8
? :
ib
Hippo-YAP overactivation Activation
l Proliferation

Activated PI3K/Akt/mTOR signaling

|

Hypertrophy, detachment, death






OEBPS/Images/crossmark.jpg
©

2

i

|





