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ABSTRACT

Background Autosomal recessive polycystic kidney disease (ARPKD) and autosomal dominant polycystic

kidney disease (ADPKD) are genetically distinct, with ADPKD usually caused by the genes PKD1 or PKD2

(encoding polycystin-1 and polycystin-2, respectively) and ARPKD caused by PKHD1 (encoding fibrocys-

tin/polyductin [FPC]). Primary cilia have been considered central to PKD pathogenesis due to protein

localization and common cystic phenotypes in syndromic ciliopathies, but their relevance is questioned

in the simple PKDs. ARPKD’s mild phenotype in murine models versus in humans has hampered investi-

gating its pathogenesis.

Methods To study the interaction between Pkhd1 and Pkd1, including dosage effects on the phenotype,

we generated digenic mouse and rat models and characterized and compared digenic, monogenic, and

wild-type phenotypes.

Results The genetic interaction was synergistic in both species, with digenic animals exhibiting pheno-

types of rapidly progressive PKD and early lethality resembling classic ARPKD. Genetic interaction be-

tween Pkhd1 and Pkd1 depended on dosage in the digenic murine models, with no significant

enhancement of the monogenic phenotype until a threshold of reduced expression at the second locus

was breached. Pkhd1 loss did not alter expression, maturation, or localization of the ADPKD polycystin

proteins, with no interaction detected between theARPKDFPC protein and polycystins. RNA-seq analysis

in the digenic and monogenic mouse models highlighted the ciliary compartment as a common dysregu-

lated target, with enhanced ciliary expression and length changes in the digenic models.

Conclusions These data indicate that FPC and the polycystins work independently, with separate disease-

causing thresholds; however, a combined protein threshold triggers the synergistic, cystogenic response

because of enhanced dysregulation of primary cilia. These insights into pathogenesis highlight possible

common therapeutic targets.

JASN 30: 2113–2127, 2019. doi: https://doi.org/10.1681/ASN.2019020150

Autosomal dominant polycystic kidney disease

(ADPKD) and autosomal recessive polycystic kid-

ney disease (ARPKD) are commonmonogenic cau-

ses of ESKD.1These diseases are genetically distinct,

with PKD1 or PKD2 being the major ADPKD loci

(approximately 78% and 15% of families, respec-

tively), whereas PKHD1 is causative for ARPKD.2–8

ADPKD is characterized by progressive renal cysto-

genesis often resulting in ESKD in the fifth to
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seventh decade of life, whereas the classic ARPKD presenta-

tion is in utero or perinatal with enlarged, echogenic kidneys

that can be lethal or result in childhood ESKD.1,9–12 The liver

disease also differs, with polycystic liver disease common in

ADPKD, whereas congenital hepatic fibrosis is the typical le-

sion in ARPKD.9,13 Both diseases have awide range of severity,

partly due to genic and allelic effects. Biallelic PKD1 can be

mistaken for ARPKD and weak PKHD1 allelic combinations,

or even single alleles, can have adult-onset disease with kid-

neys similar to ADPKD or mild polycystic liver disease.14–18

Although the timing, severity, and apparent pathogenesis of

the diseases are usually dissimilar, there is evidence of ADPKD

and ARPKD commonalities. Heterozygous loss of Pkd1 in a

Pkhd12/2 background results in aggravated cystic kidney dis-

ease,19,20 and inhibition of the V2 vasopressin receptor to

block downstream cAMP signaling has proven beneficial in

Pkd1, Pkd2, and Pkhd1 murine models, and in human

ADPKD.21–26 Yet, the intersection of cellular pathways af-

fected by the loss/reduction of Pkd1/Pkd2 or Pkhd1 has yet

to be elucidated.

PKD1 and PKD2 encode polycystin-1 (PC1) and polycys-

tin-2 (PC2), respectively, which form a heteromeric complex

thought to function as a receptor channel. PKHD1 encodes

a large, single-pass, transmembrane protein, fibrocystin/

polyductin (FPC).5,27–31 There is evidence that all three pro-

teins localize to the primary cilia—signaling antenna found on

most cell types that, in kidney tubules, protrude into the lu-

minal space to sense flow and respond to extracellular sig-

nals.32–40 Defects in the function of primary cilia have been

implicated in PKD animal models, and a PKD phenotype is

found in many syndromic ciliopathies—genetic diseases dis-

rupting ciliary function.36–39,41–49 However, signaling path-

ways most clearly linked to simple forms of PKD, such as

cAMP, are only tenuously linked to cilia.21,50 Further com-

plexity is shown by ciliary deletion, in the context of induced

Pkd1 loss, reducing cystic disease severity.51

Complete loss of PC1 or PC2 in mice or humans is associ-

ated with embryonic lethality.52–55 However, serviceable pre-

clinical models have been developed which use conditional loss

with various Cre drivers or viable biallelic hypomorphic/

hypermutable models that generate some functional prod-

uct.41,52,56–60 In particular, the hypomorphic Pkd1RC/RCmodel,

with an approximately 60% reduction inmature PC1, develops

as a slowly progressive disease similar to human ADPKD.41 For

Pkhd1, available models are less satisfactory. The homozygous

rat, PCK, generates slowly progressive cystic kidney and liver

disease akin to ADPKD, and null mice develop only mild kid-

ney tubule dilations in aged mice, although the liver disease is

similar to human ARPKD.5,19,42,61–64

Here, we developed two digenic, Pkhd1-Pkd1, murine

models with the hypothesis of a commonality in the causes

of cystic disease in ADPKD and ARPKD. The results we ob-

tained support our hypothesis because the digenic models

show a synergistic interaction, accurately recapitulating the

early-onset disease characteristic of human ARPKD.63 Careful

analysis of the mouse model reveals processes important to

cystogenesis and highlights a pivotal role of primary cilia in

both diseases.

METHODS

Animal Breeding and Phenotypic Analysis

The following mouse lines were used: Pkhd1LSL/LSL (termed

Pkhd12/2, which has a STOP cassette in exon 3 to ablate the

full-length transcript that develops liver but only mild kidney

disease),63 Pkd1RC/RC (a homozygous Pkd1 model with the

hypomorphic, human missense mutation p.Arg3277Cys that

develops slowly progressive disease),41 and Pkhd1SV5-Pk

(termed Pkhd1V5, with an N-terminal endogenous tag after the

signal peptide, allowing study of the FPC protein),63 each fully

inbred into the C57BL/6 strain. Pkhd1-Pkd1 compound mu-

tant mice were first generated by interbreeding Pkhd12/2 and

Pkd1RC/RC animals to produce Pkhd12/2;Pkd1+/RC and Pkhd1+/2;

Pkd1RC/RCmice. Compoundmutant animals were then used to

generate homozygous digenic (Pkhd12/2;Pkd1RC/RC) and

compound mutant animals (Pkhd1+/2;Pkd1RC/RC, Pkhd12/2;

Pkd1+/RC). An equal number of male and female mice were

used for analysis at each time point (perinatal day [P] 0, P12,

P90, P180, and P270: n=5 per sex; for P3, five animals in total

were analyzed). The sex of the animals at perinatal time points

(P0, P3, and P12) was determined by PCR amplification of

intron 9 from the Smcx/Smcy locus and size resolution of a

331- and 302-bp product by gel electrophoresis as previously

described.65 Anatomic features were used to identify the sex of

adult animals.

For the rat, digenic (Pkhd12/2 [PCK];Pkd1+/2), compound

(Pkhd1+/2;Pkd1+/2), and single homozygous (Pkhd12/2) an-

imals were generated for phenotypic studies. See figure leg-

ends for the number of animals used at each time point. The

Pkhd12/2 (PCK) rats are on the Sprague-Dawley background

and the Pkd1+/2 rats on the Lewis background, and so the

digenic animals are on a mixed Sprague-Dawley/Lewis back-

ground (Supplemental Methods, Supplemental References).

Significance Statement

The lack of rapidly progressive murine models reflecting the more
severe endof the spectrumof autosomal recessivepolycystic kidney
disease (ARPKD) inhibits progress to understanding ARPKD path-
ogenesis. Defects in primary cilia have been implicated in polycystic
kidney disease, but their potential role is poorly understood. The
authors generated and characterized newmouse and rat models of
ARPKDandautosomaldominantpolycystic kidneydisease (ADPKD)
and investigated the interaction between causative genes for these
two conditions. Their digenic models demonstrated a synergistic
interaction that better reflects the early-onset disease characteristic
of ARPKD. Analysis of mRNA expression in the models highlighted
different disrupted pathways, but with a commonality of dysregu-
lated mechanisms associated with primary cilia. These models may
improve understanding of ARPKD and preclinical testing for this
disease.
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All animalswere euthanized at the indicated time point, and

tissue collections and measurements were completed as pre-

viously described.41 Cyst areas were determined from a single

cross section in perinatal mice using the NIS software,

whereas for adult mice and rats, the average of three cross

sections per kidney was used (see figure legend for number of

animals used for each analysis). A threshold was set at 500mm2

for cyst identification in young mice (#P12), 2000 mm2 for

adult mice, and 10,000 mm2 for rats.

Magnetic Resonance Imaging and Analysis

Magnetic resonance imaging scans in rats #1 month were

performed in a Bruker Advance 700 Mhz (16.4T) vertical

bore nuclear magnetic resonance spectrometer, whereas adult

rats were scanned using the GE clinical 3T scanner, following

procedures approved by the Institutional Animal Care andUse

Committee (IACUC). Total kidney volume was calculated

from axial slices of the kidney using Analyze 12.0 software.

PC2 Cilia Localization

Kidneys were collected from Pkhd1V5/V5 and Pkhd12/2 ani-

mals euthanized at P12 and immediately dissociated using the

Multi Tissue Dissociation Kit 2 from Miltenyi Biotec. The cell

suspension was quenched with ice-cold 5% BSA solution con-

taining 2 mM EDTA and passed through a 40-mm filter before

centrifugation. The cell pellet was resuspended in Advanced

DMEM with 5% FBS, GlutaMax, and penicillin/streptomycin

and seeded onto collagen-coated plates/slides and cultured to

confluence, followed by 24 hours of serum starvation before

experimentation. Cells were fixed with 4% paraformaldehyde,

permeabilized with 0.1% Triton X-100, and blocked with 3%

BSA overnight at 4°C, followed by overnight incubation with

primary antibodies at 4°C (acetylated tubulin [32-2700; Invi-

trogen], PC2 [PA5-77328; Invitrogen]).

Western Analysis

Kidneys were collected from P0 and P12 animals of both the

Pkhd1V5/V5 and Pkhd12/2 genotype and crude membrane ly-

sates prepared as previously described.40 For immunoprecip-

itation (IP), antibodies to the V5 epitope were incubated with

200 mg lysate overnight and incubated with 20 ml of packed,

washed A/G agarose for 2 hours at 4°C. The agarose was

washed three times in IP buffer and the protein eluted in 13

LDS plus 50 mM tris(2-carboxyethyl) phosphine hydrochlo-

ride. A total of 25mg of input and 100% of the IP were analyzed

by Western blotting. Samples were resolved on SDS-PAGE

(3%–8% Tris-acetate), transferred to polyvinylidene difluor-

ide membrane using wet transfer conditions, and blocked

with 1% nonfat milk. The following antibodies were used

for immunoblotting: V5, mouse IgG2a (catalog number

MCA-1360; BioRad) or rabbit polyclonal (catalog number

AB3792; Millipore); FPC (human), mouse IgG1 (clone

ab11)66; PC1, mouse IgG1 (clone 7e12); PC2, mouse IgG2b

(catalog number sc-28331; Santa Cruz); E-cadherin, mouse

IgG1 (catalog number 14472; Cell Signaling Technology);

Vinculin, rabbit polyclonal (catalog number 4650; Cell Sig-

naling Technology).

RNA Sequencing

Rightkidneyswere extracted fromsinglehomozygous, digenic,

andwild-type (WT) control animals at P0, P3, or P12 (n=3 per

genotype per time point, nonlittermates). All animals were

born between the hours of 10 PM and 6 AM and euthanized at

noon62 hours. RNAwas extracted from homogenized whole

kidney tissue using RNAeasyMini Kit (catalog number 74104;

Qiagen) according to the manufacturer’s protocol and met

RNA quality thresholds before submission. Briefly, RNA sam-

ples were processed through Mayo Clinic’s MAP-RSeq (ver-

sion 2.1.0)67 pipeline after sequencing on the Illumina HiSeq

4000 platform (150 bp paired-end reads). Within MAP-RSeq,

TopHat268 with the Bowtie169 option was used to align the

reads to the GRCm38 reference genome. The gene counts were

generated by FeatureCounts70 using the Ensemble GRCm38

gene definition file. RSeqQC71 was used to create quality con-

trol metrics before differential expression analysis by edgeR.72

Genes with an average of,25 read counts inWT controls were

removed, resulting in the inclusion of 18,049 genes for sub-

sequent analysis. Expression data have been deposited in Gene

Expression Omnibus under accession number GSE131277.

Gene Set Enrichment Analysis

Gene ontology (GO) term enrichments were determined by the

GOrilla platform (http://cbl-gorilla.cs.technion.ac.il/) using the

minimum hypergeometric (mHG) analysis statistical tool.73,74

Genes were first ranked by the product of their log2 fold change

(log2FC) and2log10(P value) determined by differential expres-

sion analysis before mHG statistical analysis of ranked gene lists.

All enrichedGO termsmet a P value threshold of#1025. A cilia-

associated gene list was generated by use of the GO Consortium

website (www.amino.geneontology.org/amigo), using the indi-

cated GO identifiers and filtering the list by the organism Mus

musculus (Supplemental Table 1).75,76

Scanning Electron Microscopy
Imagingwas performed on left kidney excised fromP0mice, as

previously described.42 Scanning electron microscopy (SEM)

was performed with a Hitachi S-4700 microscope and cilium

imaging was performed in morphologically similar tubules

(brush-border positive).

Statistical Analysis

Prism 7was used for all statisticalmeasures, with the exception

of differentially expressed gene (DEG) andgene set enrichment

analysis (GSEA). See figure legends for specific statistical tests

applied to experimental data sets.

Study Approval

These animal experimentswere conductedunder the following

IACUC protocols: A00003539, A00001915, and A00003800.

They were reviewed and approved by the IACUC of the Mayo
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Figure 1. Digenic mice develop early-onset and rapidly progressive renal cystic disease. (A) Kaplan–Meier survival curve of the dif-
ferent genotypic groups, as shown. For each genotype, the number of mice surviving to 270 days and total mice are indicated in
parentheses. Digenic mice show significantly decreased survival (median age, P=17 days [arrow; P,0.001]), unlike the other genotypic
combinations (one of 21 Pkd1RC/RC mice died at P10 likely due to an unrelated cause). *Euthanasia of the three digenic animals
surviving to 3 months. (B) Representative Masson trichrome sections of Pkhd12/2 (orange diamond), Pkd1RC/RC (blue triangle), digenic
(red square), and WT (black circle) kidneys from P0, P3, and P12 mice. Cystic disease was exacerbated in digenic kidneys as early as P0
compared with single homozygous kidneys and progressively worsened during postnatal development. Scale bar, 500 mm (kidney
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Clinic, in accordancewithNational Institutes ofHealth,United

States Department of Agriculture, and Association for Assess-

ment and Accreditation of Laboratory Animal Care guidelines.

RESULTS

Characterization of the Early-Onset Cystic Disease in

Digenic Mice

We interbred hypomorphic Pkd1RC/RC and null Pkhd12/2

mice to better understand the interaction between ADPKD

and ARPKD. Pkd1RC/RCmice develop amild, progressive renal

cystic disease and Pkhd12/2 mice develop only mild renal

tubular dilations by 6 months. However, when both the

Pkhd1 and Pkd1 alleles were homozygous (Pkhd12/2;Pkd1RC/RC,

digenic), a synergistic renal phenotype resulted in early lethality

(Figure 1A, Supplemental Figure 1, A and B). Because there was

no indication of in utero lethality (Supplemental Figure 1C), we

characterized the progression of cystic disease perinatally of

monogenic (Pkhd12/2 and Pkd1RC/RC) and digenic animals,

plus WTs. Consistent with previous findings,41 Pkd1RC/RC mice

had multiple cysts by P0 that tended to regress by P12 (Figure 1,

B and C).We found that Pkhd12/2mice developed a few tubular

dilations/cysts (P0 and P3), although neither the kidney weight/

body weight (KW/BW) or cystic area (CA) significantly differed

from WT (Figure 1, B–D), and these cysts regressed by P12. In

contrast, the digenic kidneys had significant cystic disease, evident

by KW/BW, CA, and number and size of cysts compared with

the monogenics by P0 (Figure 1, B–D, Supplemental Figure 1, D

and E). The origin of cysts was tested by immunofluorescence,

using lotus tetragonolobus agglutinin (stains proximal tubules

[PTs] red) and an aquaporin-2 antibody (stains collecting ducts

[CDs] green; Figure 1E, Supplemental Figure 1F). At P0 and P3 in

the monogenic and digenic models, cysts were largely derived

from PTs, but by P12 the renal CA in Pkd1RC/RC and digenic

kidneys was predominantly CD derived.41 As well as the rapidly

progressive renal cystic disease, other ARPKD-like characteristics

of the digenicmice include growth retardation, early lethality, and

indications of biliary dysgenesis by P12 (Figure 1, A and F, Sup-

plemental Figure 1G).

The genetic interaction between Pkhd1 and Pkd1 was dos-

age dependent; addition of a single allele to homozygosity at

the second locus (Pkhd12/2;Pkd1+/RC or Pkhd1+/2;Pkd1RC/RC)

or, as expected, monogenic mice showed no decrease in sur-

vival to 9 months (Figure 1A). Consistent with this, KW nor-

malized to ex-hepatic BW (KW/ex-hepatic BW) did not differ

in Pkhd12/2;Pkd1+/RC and Pkhd1+/2;Pkd1RC/RC animals com-

pared with their monogenic counterparts at 3, 6, or 9 months,

in contrast to the three surviving 3-mo digenic animals that

had extreme cystic disease (Supplemental Figure 2, A–D). Fur-

thermore, we found no significant difference in disease severity

between males and females, with the exception of a small but

statistically significant difference in the Pkhd12/2model at P12

(mean percentage KW/BW: 1.31 females versus 1.18 males,

P=0.02), and only when KWs were normalized to BWs (Sup-

plemental Table 2). This discordancewith previously published

data,63where only female Pkhd12/2mice developed significant

renal disease in animals of at least 6 months, is likely due to the

much earlier time points analyzed in this study. Analysis of the

liver pathology at 3 months in these different genotypes

showed only a mild increase in severity in the digenic mice

(Supplemental Figure 2, E and F).

This analysis shows a synergistic interaction between the

level of Pkd1 and presence of Pkhd1 in mice, but we wanted to

see if this interaction is more generally true.

Heterozygous Loss of Pkd1 Exacerbates the Renal

Phenotype in Pkhd1
2/2 (PCK) Rats

Pkd1 mutant rats were generated by use of transcription

activator–like effector nucleases, resulting in an 8-bp frame-

shifting deletion in exon 29 (c.9793_9800del; p.Arg3274fs).

Although Pkd12/2 rats were embryonically lethal (Supple-

mental Figure 3A), heterozygotes developed just a few cysts

with a slight increase in KW/ex-hepatic BW by 12 months,

and had no postnatal lethality (Figure 2A, Supplemental Fig-

ure 3B). Again, a strong genetic interaction was observed in

cross section) and 100mm (magnified region). Arrowheads inmagnified regions denote representative cysts or dilated tubules ($500mm2)
in Pkhd12/2 kidneys. (C and D) Graphical representation of percentage cyst area and percentage KW/BW from P0, P3, and P12 animals.
(C) Cyst area was significantly increased in digenic kidneys compared Pkd1RC/RC kidneys at P0, P3, and P12 (n=5 animals per genotype per
time point). (D) %KW/BW was significantly increased in Pkd1RC/RC (57%) compared with WT only at P0, whereas the KW/BW in digenic
kidneys was significantly increased at P0 (204%), P3 (181%), and P12 (319%) compared with Pkd1RC/RC (P0 and P12, n=10 animals per
genotype per time point; P3, n=5 animals per genotype per time point). (E) Quantification of cyst origin as a percentage of total cyst area.
Cysts were identified ($500mm) and binned as lotus tetragonolobus agglutinin (LTA)+ (PT), aquaporin-2 (AQP2)+ (CD), or LTA2, AQP22
(unstained). Cystogenesis primarily occurred in PTs at P0: Pkhd12/2, 77%; Pkd1RC/RC, 91.9%; digenic, 79.2%, with minimal CD-derived
(AQP2) cystic burden in both digenic and Pkd1RC/RC kidneys (2.1% and 2.6%, respectively). By P12, there was regression of the P0/P3-PT–
derived cysts and initiation and expansion of CD-derived cysts that occurred in both Pkd1RC/RC and digenic kidneys (See Supplemental
Figure 1G for representative immunofluorescence image). #Total cysts counted in analysis (n=3mice per genotype per timepoint with one
axial slice used for counting). (F) Graphical analysis of BW measurements from P0, P3, and P12 animals (P0 and P12, n=10 animals per
genotype per time point; P3, n=5 animals per genotype per time point). Digenic mice showed significant growth retardation by P12.
Statistical values were obtained by one-way ANOVA, followed by Tukey post-hoc analysis. *P,0.05, **P,0.01, ***P,0.001,
****P,0.0001; error bars indicate 6SD.
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Pkhd12/2;Pkd1+/2 (digenic) rats, with animals experiencing

early postnatal lethality and rapidly progressive renal cystic

disease (Figure 2). Similar to mice, there was a substantial

PT-derived CA at P0 (approximately 50%), but by P14 almost

all cysts were CD derived in the digenic and Pkd12/2 rats

(Supplemental Figure 3D). Although digenic rats did not ex-

hibit significant growth retardation compared with Pkhd12/2

or digenic heterozygotes, there was a significant increase in

BUN levels at 1 month indicating uremia (Supplemental Fig-

ure 3, E and F). The digenic liver phenotype showed slightly

increased (but NS) severity (Supplemental Figure 3, G andH).

As the synergistic relationship between Pkhd1-Pkd1 was

similar in both rats and mice, we next explored the possible

mechanism of this genetic interaction.

Biochemical Analyses Suggest Different Functions for

FPC and the PC1/PC2 Protein Complex

To determine if loss of FPC exacerbates the Pkd1 phenotype by

affecting PC1/PC2 expression or localization, we used the

Pkhd1V5 mouse model.63 As suggested,77,78 loss of FPC did

not affect PC1 biogenesis or decrease PC2 expression (Figure

3, A and B), indicating that Pkhd1 loss does not modulate the

PKD phenotype through a reduction in PC1/PC2 protein lev-

els. Additionally, coimmunoprecipitation assays employing

the V5 tag of FPC did not reveal an intracellular interaction

between FPC and either PC1 or PC2 (Figure 3C).

To test whether loss of FPC affects PC2 cilia localization, we

optimized the culture of primary cells from enzymatically di-

gested Pkhd1V5/V5 and Pkhd12/2 kidneys, because we found

established human renal cell lines (using a previously vali-

dated antibody to FPC66), and even immortalized cell lines

generated from the Pkhd1V5 mouse, did not maintain FPC

expression, and exogenously expressed FPC did not mature

(Supplemental Figure 4, A–C). In contrast, cultured primary

Pkhd1V5 cells maintained expression of appropriately matured

FPC, based on deglycosylation analysis (Figure 3D, Supple-

mental Figure 4D). Using these primary cell cultures, we

did not find a significant change in PC2 cilia localization in

Pkhd12/2 cells compared withWT (Pkhd1V5) (Figure 3, E and

F). Although we were unable to test for FPC localization to

cilia due to V5 antibody nonspecificity (data not shown), there

was no indication of an effect on ciliation between WT and

Pkhd12/2 cells (Supplemental Figure 4E).

Taken together, these data indicate that the synergistic in-

teractionobserved in thedigenicmodels didnot occur through

disruption of an FPC plus PC1/PC2 protein complex nor a

reduction in PC1/PC2 expression, maturation, or localization.

Next,weanalyzed relationshipsbetweenexpressiondifferences

in the three models.

Kidney Transcriptome Analysis of WT, Monogenic, and

Digenic Mice

To determine if there exists a commonality in ARPKD and

ADPKD signaling pathways and if further dysregulation of a

specific signaling motif explains the exacerbated cystic disease

in digenic animals, we used RNA sequencing (RNA-seq) on

digenic, monogenic, and WT kidneys from P0, P3, and P12

mice (Supplemental Table 3). Transcriptome profiles from

monogenic and digenic mice (versus WT) were plotted as

volcano plots, with the number of DEGs correlating with cys-

tic disease severity, digenic.Pkd1RC/RC.Pkhd12/2, and time

of analysis, P12.P3.P0 (Figures 1B and 4A, Supplemental

Figure 5, A and B, Supplemental Table 4). As expected, we only

observed loss of Pkhd1 expression in Pkhd12/2 and digenic

mutant data sets (Supplemental Figure 5C), and Pkd1 mRNA

expression was not decreased in Pkd1RC/RC kidneys.41 We also

did not observe a significant change in Pkhd1 expression in

Pkd1RC/RCmutant kidneys, nor an expression change of either

Pkd1 or Pkd2 in any of the mutant data sets.

Testing the hypothesis that ARPKD and ADPKD share sim-

ilar transcriptional networks, we first performed a Spearman

rank correlation analysis of all genes (Figure 4B, Supplemental

Figure 5D). Here, we found a consistent positive correlation

between the mutant DEG profiles, indicating that loss of

Pkhd1 or Pkd1 reduction induced dysregulation of common

gene networks. The correlation coefficients were strongest at

the P0 time point, likely due to later secondary cystogenic

signatures in both Pkd1RC/RC and digenic kidneys (i.e., inflam-

matory and oxidative stress). However, when we applied a P

value threshold to compare all significant individual DEGs

relative to WT, we found no common ones between Pkhd1

and Pkd1 at P0, and only two at P3 and five at P12 (Figure 4C).

Because just a small number of common genes with dissimilar

functions and likely unrelated to cystic disease were identified,

it is unlikely that FPC and PC1 directly coregulate these genes.

Because Pkhd12/2 mice have a very mild kidney phenotype, a

reasonable conclusion is that the underlying transcriptional

dysregulation due to Pkhd1 loss does not meet a P value–based

threshold cutoff.

Although a correlation between dysregulated gene networks

was seen in the three models, we did not find commonly dys-

regulated genes.We, therefore, concluded other statistical mea-

sures are needed touncover relateddysregulated genenetworks.

Transcriptome Analysis Reveals a Dysregulated Ciliary

Compartment at the Intersection of the Pkhd1-Pkd1

Genetic Interaction

Aswe foundnoclear evidenceof direct coregulationof genes by

FPC and PC1, although there was a positive correlation be-

tween the transcriptome profiles, we hypothesized that loss of

FPC or reduction of functional PC1 alone was insufficient to

cause a robust DEG response. Thus, we performedmHG anal-

ysis73,74 from each of the monogenic and digenic P0 data sets,

compared with WT, to determine if there were GO terms as-

sociatedwith biologic processes significantly over-represented at

the top of the ranked gene list across the entire transcrip-

tome (ranking based on the product of their log2FC and

2log10[P value]). Here, we found a number of GO terms sig-

nificantly enriched in one or more genotypic group (Figure 5,

A and B, Supplemental Table 5). Of the ten GO terms enriched
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Figure 2. Heterozygous loss of Pkd1 in the Pkhd12/2 (PCK) rat model causes a synergistic renal phenotype. (A) Kaplan–Meier survival
curve of the different genotypic groups, as shown. For each genotype, the number of rats surviving to 90 days and total rats are in-
dicated in parentheses. Pkhd12/2;Pkd1+/2 rats show significantly decreased survival (median age=40 days). (B) Representative Masson
trichrome sections and magnetic resonance imaging (left, axial; right, coronal) of Pkhd1+/2;Pkd1+/2 (blue triangle), Pkhd12/2;Pkd1+/+

(orange diamond), and Pkhd12/2;Pkd1+/2 (red square) kidneys from rats aged 2 weeks (w) and 1 month (m). The cystic phenotype was
more severe in Pkhd12/2;Pkd1+/2 by 2 weeks compared with other genotypic combinations. Scale bar, 1000 mm. (C–E) Graphical
analysis of percentage cyst area, percentage KW/ex-hepatic BW (%KW/EHBW), and total kidney volume (TKV) measurements, with
each measurement showing significantly increased disease in Pkhd12/2; Pkd1+/2 animals at both the 2 weeks and 1 month time point
compared with other genetic cohorts. Values in (C–E) were obtained from n=6–10 animals per genotype per time point. Statistical
values were obtained by one-way ANOVA, followed by Tukey post-hoc analysis. *P,0.05, **P,0.01, ***P,0.001, ****P,0.0001; error
bars indicate 6SD.
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in the Pkhd12/2 group, four were unique to Pkhd12/2 with

two also enriched in the digenic group (Figure 5, A and B). As

expected, we had more GO terms enriched in the Pkd1RC/RC46

or digenic30 groups, including several semantically similar

terms. Most prominently we found GO terms associated with

cell proliferation: DNA metabolism/replication, organelle or-

ganization, and cell cycle. The increase in expression of genes

annotated to these processes is likely due to hyperproliferation

of cystic cells in both Pkd1RC/RC and digenic kidneys. Although

DNA repair pathways were uniquely enriched in the Pkd1RC/RC

group, pathways associated with increased GTPase activity and

cell morphogenesis were more closely aligned with the digenic

transcriptome. The dysregulation of these cellular pathways

may be an indicator of cystic disease severity.

Most strikingly, we found four biologic processes com-

monly enriched in each of the mutant models that were all

associated with primary cilia (cilium organization

[GO:0044782], cilium assembly [GO:0060271], protein local-

ization to cilium [GO:0061512], and nonmotile cilium assem-

bly [GO:1905515]). Given that loss of Pkhd1 does not induce a

robust DEG response (see Figure 4A, volcano plot), we were

concerned that mHG analysis may generate erroneous results.

Therefore, we also performed GSEA on DEGs (log2FC$1.5; P

value#0.05) in this gene set compared with the background

gene set and confirmed the cilia-associated enrichment (non-

motile cilium assembly; false discovery rate [FDR] #0.0088,

enrichment score 8.79). Furthermore, a heatmap of the ex-

pression of genes annotated to the commonly enriched cilia-

associated GO terms revealed a similar change in expression

for all three genotypes (Figure 5C, Supplemental Table 1). In

addition, the Spearman rank correlation analysis of this gene

subset showed a strongly positive relationship between the
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Figure 3. Genetic deletion of Pkhd1 does not perturb the maturation and localization of the PC1/PC2 protein complex. (A) Immu-
noblotting (IB) of PC1 (NTR/NTS [NT, N-terminal; R, EndoH resistant; S, EndoH sensitive]) glycoforms and PC2 in Pkhd12/2 (null) kidney
tissue crude membrane preparations compared with Pkhd1V5/V5 (V5), each representing a pool of multiple kidneys extracted from P12
mice, demonstrates no change in PC1/PC2 expression. (B) IB of PC1 and PC2 in Pkhd1 null kidney tissue crude membrane preparations
compared with Pkhd1V5/V5 (V5), each sample prepared from individual animals at P0. Relative quantification of PC1 NTR (left axis) and
PC2 densitometry (right axis), both normalized to vinculin (VCL) densitometry, reveal no significant change in expression. (C) IB of PC1
and PC2 from V5 immunoprecipitation (IP) eluates from Pkhd1 null and Pkhd1V5/V5 (V5) kidney tissue. No interaction was observed
between FPC and the PC1/PC2 proteins. Input samples (25 mg) represent a quarter of total protein used in IP reaction. Each Western
blot for input and V5 IP samples are from the same exposure. (D) Deglycosylation analysis of kidney tissue or cultured primary cells from
the Pkhd1V5/V5 mouse model. Lysates were treated with EndoH (+E) or PNGaseF (+P), or untreated (Un), to reveal glycoforms of
endogenous FPC. FPC exists as a mature, post-Golgi glycoform (EndoH resistant, red arrow), and an immature, ER glycoform (EndoH
sensitive, black arrow). E-cadherin, positive control. (E) Immunofluorescence detection of cilia (acetylated a-tubulin, Ac. tubulin) and
PC2 in Pkhd1 null and Pkhd1V5/V5 (V5) primary cells, counterstained with 49,6-diamidino-2-phenylindole (DAPI). Scale bar, 100 mm. (F)
Quantification of PC2-positive cilia. PC2 localization to cilia was observed in 314 of 411 (76.4%) and 386 of 486 (79.4%) in null and
Pkhd1V5/V5 (V5) cells, respectively. No significant difference was observed, two-tailed Fisher exact test.
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digenic and Pkd1RC/RC expression profiles and a moderately

positive correlation between the digenic and Pkhd12/2 pro-

files (Figure 5D). The median log2FC of this gene set exhibited

an overall increase in expression for all genotypes comparedwith

WT controls, and a significant increase for both the Pkd1RC/RC

and digenic compared with Pkhd12/2 (Figure 5E), emphasiz-

ing the relationship of the dysregulated ciliary compartment

and cystic disease severity. To gain a better interpretation of the

ciliary-associated genes dysregulated in these analyses, we plot-

ted the FC of those genes reaching significance (FDR#0.05)

(Figure 5F). We found 17 genes reaching significance in the

digenic model, with a similar expression trend in the other

genotypes. Many of these upregulated genes localize to the

basal body/transition zone and are implicated in regulating

ciliogenesis or protein transport into/out of cilia. For example,

Cep164, Fbf1, Sclt1, and C2cd3 each localize to the distal ap-

pendages of centrioles to promote membrane docking and

subsequent initiation of ciliogenesis.79 We also observed dys-

regulation of several known ciliopathy genes, Jbts17,80

Cep164,81 Cep250,82 Sclt1,83 Ift140,84 and C2cd3.85,86
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Figure 4. Transcriptome profiles in single homozygous and digenic kidneys indicate common gene networks. (A) Volcano plots of
analyzed genes to identify significantly DEGs in Pkhd12/2, Pkd1RC/RC, and digenic kidneys at P0 compared with the WT control. Red
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Figure 5. Transcriptome analyses reveal a dysregulated ciliary compartment at the intersection of the Pkhd1-Pkd1 genetic interac-
tion. (A) GO terms significantly enriched (P#1025) at P0 in each ranked gene list (18,049 genes, ranked by the product of their log2FC
and 2log10[P value]) by mHG test analysis using the GOrilla software tool (http://cbl-gorilla.cs.technion.ac.il/). Note, gene ranking by
FC only did not appreciably change the GSEA results, data not shown. Common GO terms shared between mutant mouse models are
noted as follows: ‡, Pkhd12/2 and digenic; †, Pkd1RC/RC and digenic; *, all three genotypes. All four GO terms at the intersection of the
Pkhd1-Pkd1-digenic GSEA are involved in cilia morphogenesis/function. (B) Venn diagram showing the number of enriched GO terms.
(C–E) Graphical analyses of expression profiles of genes annotated to common cilia-associated GO terms (n=259 genes [see Sup-
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kidneys at P0. (D) Spearman rank order coefficient (rs) for the comparison of digenic expression profile to the Pkhd12/2 and Pkd1RC/RC
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Additionally, Dzip1l, which is associated with an ARPKD-like

phenotype in humans and mice by altering PC1/PC2 ciliary

localization,87 showed a significant increase in gene

expression.

Here, by ranking dysregulated biologic processes, primary

cilia were highlighted as common in each model, suggesting a

shared axis, and so cilia structure was analyzed.

Ciliary Length Is Longer in Digenic Kidneys

Based on our findings of a dysregulated ciliary-associated tran-

scriptomenetwork, plus the previously observed ciliary defects

associated with the Pkd1RC model,41 we analyzed cilia struc-

ture in the different genotypes. SEM of kidneys at P0 con-

firmed the average length of primary cilia was longer in the

Pkd1RC/RCmodel compared withWT but not in the Pkhd12/2

(Figure 6, A and B).41,42 In addition, we found more extended

cilia in the digenic compared with Pkd1RC/RCmice (4.99 versus

3.63 mm, respectively). We observed a wide spread of primary

cilia lengths across all genotypes, however, there were notice-

ably fewer shorter cilia (1–2 mm) in digenic kidneys and more

longer cilia (.6 mm) in both the digenic and Pkd1RC/RC

models.

Therefore, structural changes in cilia also highlighted a role

for this organelle in cystogenesis in these models.

DISCUSSION

The pathogenic relationship of the two common, simple forms

of PKD (ADPKD and ARPKD) has been much debated but

not fully resolved.19,20,30,78,88,89 Similarities beyond the renal

phenotype include possible protein localization to cilia, but

differences include the mode of inheritance and liver dis-

ease.40,66,90,91 Study of ARPKD has been hampered by the

much weaker murine renal phenotype, especially in mice,

compared with complete loss of Pkhd1 in humans.11,19,42,61–63

Here, we more clearly illustrate than previously described19,20 a

synergistic interaction between Pkd1 and Pkhd1, in two species.

The resulting digenic phenotypes of rapidly progressive, severe

renal cystic disease, including a phenotypic switch from

expression profiles. (E) Violin plots showing distribution of gene expression: solid line, median; dashed line, interquartile. There is a
significant increase in the median expression in Pkd1RC/RC and digenic kidneys compared with Pkhd12/2. (F) Expression of genes an-
notated to cilia-associated GO terms that reach statistical significance (FDR#0.05). Spearman rank coefficients were calculated using
Prism 7. Statistical values were obtained by one-way ANOVA, followed by Tukey post-hoc analysis (**P,0.01, ***P,0.001).
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Figure 6. Ciliary length defect is exacerbated in digenic kidneys. The length of tubular primary cilia in the kidney was measured in WT,
single homozygous, and digenic animals at P0. (A) Representative SEM images of primary cilia from each genotype (WT; Pkhd12/2

Pkd1RC/RC; digenic). (B) Graphical representation of the length of each primary cilium measured (WT (black), n=104 [three animals];
Pkhd12/2 (orange), n=185 [three animals]; Pkd1RC/RC (blue), n=162 [three animals]; digenic (red), n=98 [two animals]). Average cilia
length was significantly elongated in digenic kidneys compared with Pkd1RC/RC cilia. Scale bar, 1 mm. Statistical values were obtained
by one-way ANOVA, followed by Tukey post-hoc analysis. *P,0.05, **P,0.01, ****P,0.0001; error bars indicate 6SD.
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predominant PT to CD cysts, plus early lethality, match the

canonical human disorder.11,92,93 However, the genetic interac-

tion in both murine models reveal distinct thresholds for both

Pkhd1 and Pkd1: haploinsufficiency for Pkhd1 or a singlePkd1RC

allele do not exacerbate the phenotype, but homozygosity of

either allele in the digenic context results in severe disease. These

results further highlight that ADPKD is a dosage-dependent

disorder, which is also the case for both diseases in hu-

mans.11,41 The rapidly progressive PKD phenotype induced

by a low level of functional PC1 (,20%)41,56 can be mimicked

by a less marked reduction of PC1 (approximately 40% inmice,

50% in rats) in the context of FPC loss, indicating a related

downstream effect of the PC complex and FPC. These results

have possible implications for modification of the human

ADPKD phenotype by coinheritance of a PKHD1 mutation,

which is expected by the carrier rate in approximately one in

70 individuals.94 Whether this will be a phenotypic modifier

depends of the effect of a 50% reduction of FPC in the setting

of ADPKD gene haploinsufficiency, bearing in mind that in the

human setting FPC loss is associated with much more severe

kidney disease than in murine models.

ThePC1/PC2dosagedependence of cysticdisease severity is

related to thePC1andPC2 interactionand their corequirement

for appropriate maturation and localization.40,41,95 Our stud-

ies and related data indicate that FPC loss does not directly

alter the level or localization of mature PC1/PC2, or that FPC

and the PCs are in the same complex,77 but rather that the role

of these proteins/complexes overlap. Although the liver phe-

notype in our digenic mice is also enhanced, the dosage de-

pendence is not as dramatic as for the kidney and likely reflects

the different Pkd1 and Pkhd1 liver phenotypes, with an addi-

tive rather than synergistic relationship.

The unbiased genome-wide gene expression analysis in

whole kidneys from monogenic and digenic animals allowed

us to ascertain early markers of cystogenesis in perinatal kid-

neys before the involvement of strong secondary effects as

cystic remodeling takes hold, including from infiltrating im-

mune cells.96GSEA analysis of the RNA-seq data highlighted a

dysregulated transcriptional network implicated in ciliogene-

sis/cilia function in bothmonogenic and digenic kidneys, with

the degree of dysregulation correlating with cystic disease se-

verity. Interestingly, this transcriptome response occurred in

the absence of significant cystic disease in the Pkhd12/2 kid-

neys, suggesting the transcriptional changes precede cystogen-

esis. This transcriptome data, plus observations of enhanced

ciliary lengths in the digenic compared with the Pkd1RC/RC

model, further implicate the dysregulation of the primary cil-

iary compartment in both ARPKD andADPKD.41,97However,

the exact role of this organelle in both disorders is not yet fully

resolved. The cilia-related expression and length differences

may be associated with the basic defect or are a response to

reduced PC-complex/FPC signaling.

Our novel, digenicmurinemodelswill aid understanding of

early-onset PKD and act as ARPKD surrogate animal models,

where loss of Pkhd1 alone does not fully recapitulate the

human disease. In this age of PKD therapeutics,24,26 there

is an urgent need of a severe ARPKD-related model for pre-

clinical testing and our unique cellular system will also aid in

resolving pathogenesis. Our data, supportive of a common cilia-

dependent function dysregulated in both ARPKD and ADPKD,

suggest ADPKD therapeutics, particularly those targeting cili-

ary dysregulation, may also be beneficial in ARPKD.
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