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in the pericystic endothelium in PKD ( 35 ). We observed SPP1 pro­
tein localized in cystic epithelia with PT lineage marker expression 
( Fig. 3H  ) in PKD. In contrast, SPP1 protein was stained in the distal 
nephron tubules in the cortex as well as more notably in the uroepi­
thelial cells on the papilla (SI Appendix, Fig. S18 ) in control, largely 
consistent with our snRNA-seq analysis (SI Appendix, Fig. S17B﻿ ). 
SPP1 expression in cyst epithelia ( Fig. 3 B  and H  ) may alter surround­
ing microenvironment, potentially promoting PKD progression.

 Next, we asked whether the heterogeneity of FR-PTC in mouse 
PKD is conserved in human ADPKD. We have previously gen­
erated single-nucleus transcriptomic atlas for human advanced 
ADPKD kidneys ( 13 ). We performed subclustering analysis on 
all ADPKD PT cells with FR-PTC alone from healthy kidneys to 
characterize PT cells in human ADPKD kidneys, identifying 4 
FR-PTC subtypes (PT1-PT4) in our previous study ( 13 ). Both 
FR-PTC in healthy kidneys as well as ADPKD kidneys include 
PT1/2, while PT3/4 were mostly ADPKD-specific (SI Appendix, 
Fig. S19A﻿ ). PT3 was characterized by the enrichment of TGFβ 
signaling pathway gene expressions ( 13 ) as well as lower VCAM1  
expression (SI Appendix, Fig. S19B﻿ ).

 Label transfer of these FR-PTC subtype annotations from 
mouse PKD ( Fig. 4A  ) to human ADPKD FR-PTC predicted that 
the gene expression signature of mouse FR-PTC2 was closest to 
that of human ADPKD PT3 subtype ( Fig. 4A  ), which was char­
acterized by a low expression level of VCAM1  ( 13 ). This finding 

indicates conservation of cellular heterogeneity in FR-PTC 
between human and mouse PKD. Together, these observations 
implicate heterogeneous FR-PTC subtypes in PKD progression 
as components of cystic epithelia. Furthermore, the gene expres­
sion signature of each FR-PTC subtype is dynamically altered 
during PKD progression ( Fig. 3G  ).          

Atypical Failed-Repair Proximal Tubular Cells Emerging after 
PKD1 Inactivation. The frequency of FR-PTC1 subtype increased 
during PKD progression in the dataset (Fig. 4B and SI Appendix, 
Fig. S21A), indicating the accumulation of VCAM1+ cells in PKD 
kidneys. The important caveat is that there is often a discrepancy 
between cell type frequencies measured by a single-cell and 
histological approach, probably due to the artifact induced by 
tissue dissociation and nuclei isolation (5, 13, 18). Indeed, we 
did not observe any VCAM1+ cells at P66 PKD as well as control 
kidney sections (Fig. 3E), although a small percentage of FR-PTC1 
has been already detected in the P66 kidneys in the dataset (Fig. 4B 
and SI Appendix, Fig. S21A). Furthermore, there is heterogeneity 
of cyst burden ranging from noncystic or mildly cystic to severely 
cystic regions even in the same PKD kidney, preventing accurate 
histological quantification in the cystic kidneys. Nevertheless, we 
have confirmed the gradual increase in the abundance of VCAM1+ 
cells during PKD progression by immunostaining (Fig.  3F), 
although the abundance of VCAM1+ cells in cystic region was 
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Fig. 4.   Differentially activated molecular signaling pathways among PT subtypes in PKD. (A) The proximal tubular cell subtypes of human advanced ADPKD 
data are label-transferred from FR-PTC subtypes in mouse PKD data, and the frequencies of predicted mouse subtypes in each human subtype are shown on 
the heatmap. (B) Frequency of each PT subtype among whole PTC for each time point in PKD or control data. (C) Heatmap showing relative transcription factor 
binding motif enrichment among PT subtypes in snATAC-seq. Most enriched transcription binding motifs in each subtype are shown. (D) Violin plots displaying 
relative motif enrichment (chromVAR score) among PTC for TEAD3 (MA0808.1) (E) Violin plots displaying relative gene set enrichment among PTC for Hippo 
pathway genes (REACTOME-SIGNALING-BY-HIPPO).D
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