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Abstract

Primary cilia are sensory organelles built and maintained by intraflagellar transport (IFT)
multiprotein complexes. Deletion of several IFT-B genes attenuates polycystic kidney disease
(PKD) severity in juvenile and adult autosomal dominant polycystic kidney disease (ADPKD)
mouse models. However, deletion of an IFT-A adaptor, 7u/p3, attenuates PKD severity in adult
mice only. These studies indicate that dysfunction of specific cilia components has potential
therapeutic value. To broaden our understanding of cilia dysfunction and its therapeutic potential,
we investigate the role of global deletion of an IFT-A gene, 7tc21b, in juvenile and adult mouse
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models of ADPKD. Both juvenile (postnatal day 21) and adult (six months of age) ADPKD
mice exhibited kidney cysts, increased kidney weight/body weight ratios, lengthened kidney
cilia, inflammation, and increased levels of the nutrient sensor, O-linked p-N-acetylglucosamine
(O-GIcNAC). Deletion of T#c21b6in juvenile ADPKD mice reduced cortical collecting duct
cystogenesis and kidney weight/body weight ratios, increased proximal tubular and glomerular
dilations, but did not reduce cilia length, inflammation, nor O-GIcNAc levels. In contrast,
Ttc21b deletion in adult ADPKD mice markedly attenuated kidney cystogenesis and reduced
cilia length, inflammation, and O-GIcNAc levels. Thus, unlike IFT-B, the effect of 77c216
deletion in mouse models of ADPKD is development-specific. Unlike an IFT-A adaptor, deleting
Ttc21bin juvenile ADPKD mice is partially ameliorative. Thus, our studies suggest that different
microenvironmental factors, found in distinct nephron segments and in developing versus mature
stages, modify ciliary homeostasis and ADPKD pathobiology. Further, elevated levels of O-
GIcNAc, which regulates cellular metabolism and ciliogenesis, may be a pathological feature

of ADPKD.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is among the most common, fatal
monogenetic diseases, affecting approximately 1:1000 individuals worldwidel. ADPKD is
characterized by the growth of large fluid-filled kidney cysts, which cause injury and fibrosis
and can lead to end-stage kidney disease by the 6! decade of life. Tolvaptan is the only
available FDA-approved therapy but has variable effectiveness and aquaresis side effects? 3.
Thus, the need to discover additional underlying mechanisms and new therapeutic strategies
continues.

Primary cilia are small antenna-like sensory organelles that play an important role in
ADPKD via mechanisms that remain unclear. ADPKD is caused by mutations in PKD1

or PKD2, which encode polycystin 1 (PC1) and polycystin 2 (PC2), respectively®. PC1 and
PC2 form an ion-channel receptor complex that functions at the primary cilium. Although
PC1 and PC2 localize to other subcellular compartments, analyses of human ADPKD
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primary renal epithelial cells, of mouse models harboring human ADPKD mutations, and
of an ethylnitrosourea (ENU)-induced Pkd2 mouse mutation that causes ciliary exclusion of
PC2, indicate that polycystin deficiency at the cilium is sufficient to cause ADPKD>~’.

Primary cilia are synthesized and maintained via intraflagellar transport (IFT), which is the
bidirectional transport of protein cargo along a microtubular axoneme. Two multiprotein
complexes mediate IFT. The IFT-B complex interacts with the kinesin motor and mediates
anterograde IFT, while the IFT-A complex together with cytoplasmic dynein mediates
retrograde IFT. IFT-A proteins are also required for ciliary import of membrane and
signaling molecules®-19. Additionally, an IFT-A adaptor, TULP3, binds to the IFT-A
complex and brings in certain G-protein signaling molecules®. In mice, deletion of /f-A

or -B genes or of Tulp3perinatally or in the embryonic kidney results in renal cystic
diseasel1-13, However, these mutants differ from ADPKD mouse models by manifesting
smaller renal cysts and greater fibrosis relative to cyst sizel4 15, Additionally, /7t-A and

-B mutants differ in cilia phenotype often having shortened and absent cilia, respectively,
and can have opposing signaling phenotypes, reflecting the differing functions of IFT-A and
-B12.16-18 Intriguingly, deletion of /ft-B genes, Kif3a, Ift20and /188, in juvenile or adult
Pkd1 or Pkd2 conditional knock-out (cko) mice reduces PKD severity®-21, while deletion
of IFT-A adaptor, 7u/p3, attenuates PKD in adult mice only22 23, These studies indicate that
a component of cilia dysfunction has potential therapeutic value.

The role of deletion of an IFT-A gene in ADPKD is unknown. 77C21B (THMI)

is an orthologue of Chlamydomonas IFT-A gene, IFT139'8. Causative or modifying
mutations in 77C21B have been identified in patients with various renal diseases, including
nephronophthisis, Bardet Biedl syndrome, Meckel syndrome, Jeune syndrome, familial
focal segmental glomerulosclerosis, and renal agenesis'# 2426 Characteristic of an IFT-

A defect, deletion of 7#c21bimpairs retrograde IFT, causing protein accumulation in
bulb-like distal tips of shortened primary cilial8. 77c21bloss also impairs cilia entry

of membrane-associated proteins, delays and reduces ciliogenesis, and promotes serum-
induced cilia loss?’. In mice, Ttc21b deletion results in many of the clinical manifestations
of ciliopathies6: 28. 29 Global deletion of 77c21bin the perinatal period causes renal cystic
disease affecting multiple nephron segments by 6 weeks of age28. In contrast, deletion of
Ttc21bin adult mice does not cause a renal phenotype by 3 months of age?8, consistent
with the developmental timeframe that determines whether loss of a cystogene causes rapid
or slow-progressing renal cystic disease3. To expand on the potential therapeutic value

of deleting specific cilia components in ADPKD, here we investigate the role of 7tc216
deficiency in juvenile and adult ADPKD mouse models.

Generation of mice

Pkd1Tlox/flox  plegoflox/flox and ROSAZ26-Cre mice were obtained from the Jackson
Laboratories (Stock numbers 010671, 017292 and 004847, respectively). Ttc21b0x/flox
and Trc21P!*; ROSA26CreER™ colonies were generated as described?8. Pkd1 floxed
alleles were introduced into these colonies to generate Pka17oX/flox. e pflox/flox o
Pkd170%#: Ttc21p10X/fl0X. females and Pkd1oX/flox; Tic216A/* | ROSA26-CreFRT males.
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These parental lines were mated to produce single and double knock-out (dko) mice
(Supplementary Figure S1). PkdZ, Ttc21b colonies were generated in the same manner.

To generate early-onset Pkd’2 models, nursing mothers were injected intraperitoneally with
tamoxifen (8mg/40g; Sigma-Aldrich, T5648) at postnatal day 0 (P0O) to induce gene deletion.
Offspring were analyzed at P21. To generate late-onset Pkd or Pka2 models, mice were
injected intraperitoneally with tamoxifen (8mg/40g) at P35 or P28, respectively. Mice were
analyzed at 6 months of age. All mouse lines were maintained on a pure C57BL6/J
background (backcrossed =10 generations). All animal procedures were conducted in
accordance with KUMC-IACUC and AAALAC rules and regulations.

Immunofluorescence

Paraffin-embedded tissue sections (10um) were deparaffinized, rehydrated through an
ethanol series, and subjected to antigen retrieval. Tissue sections were steamed for 15
minutes in Sodium Citrate Buffer (10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0),
returned to room temperature, rinsed 10 times in distilled water, washed 5 minutes in
PBS, incubated for 5 minutes in 1% SDS in PBS based on a method by Brown et al.,
199631, then washed 3 times in PBS. Immunofluorescence was performed as described3?,
using primary antibodies alone or together with lectins (Supplementary Table S1) followed
by secondary antibodies (Supplementary Table S2). Sections were mounted with DAPI
Fluoromount-G (Electron Microscopy Sciences, 17984—24). Staining was imaged using a
Nikon 80i microscope with a photometrics camera or a Nikon Eclipse TiE attached to an
A1R-SHR confocal with an A1-DU4 detector and LU4 laser launch.

Immunohistochemistry

Immunohistochemistry was performed as described33 using primary and secondary
antibodies (Supplementary Tables S1, S2), and counterstained with haemotoxylin. Staining
was imaged using a Zeiss A1 microscope with a Axiocam 105 color camera.

X-gal staining

Kidneys of PO, P2 and P7 mice harboring the 7tc21b-lacZallele (Knockout Mouse Project
Repository) were dissected, fixed for 5 min in 10% formalin, washed in lacZ wash buffer,
then stained in X-gal solution (Teknova, X1220) at 37°C overnight as described34. Kidneys
were fixed in 10% formalin at 4°C overnight, processed, then embedded. Sections were
mounted in Permount or labelled with Dolichus Biflorus Agglutinin (DBA) or Lotus
Tetragonolobus Lectin (LTL) then mounted in DAPI Fluoromount-G. Staining was imaged
using brightfield or confocal microscopy as described35.

Western blot

Western blots were performed as described33. Briefly, kidney pieces were homogenized

in Passive Lysis Buffer (Promega, E1941) containing protease inhibitors (Thermofisher,
A32965) using a BulletBlender Storm 24 (NextAdvance). To determine protein
concentrations, BCA assays (ThermoFisher, 23227) were performed according to
manufacturer’s instructions. Protein lysates (50ug) were run on a gel, then transferred onto a
Polyvinylidene Fluoride (PVDF) membrane (Sigma, P2938). Membranes were stained with
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Ponceau S (Sigma, P3504), then incubated with primary and secondary antibodies (Tables
S1 and S2). Western blots were quantified using ImageJ.

ADPKD and normal human kidney (NHK) sections

ADPKD (K386, K408, K423) and NHK (K357, K402, K419) sections were obtained from
the PKD Biomarkers, Biomaterials, and Cellular Models Core in the Kansas PKD Center.

The protocol for the use of discarded human tissues complied with federal regulations and
was approved by the Institutional Review Board at KUMC33,

Results

Perinatal deletion of Ttc21b in Pkd2 cko mice reduces cortical collecting duct
cystogenesis, but does not improve kidney function

To determine the effect of 7#c21b deficiency in a rapidly-progressing ADPKD mouse model,
we deleted 77c21balone and together with Pkad2at PO and examined the renal phenotypes at
P21. At this early stage, Ttc21b cko mice on a C57BL6/J background showed renal cortical
tubular dilations, reduced KW/BW ratios, and elevated blood urea nitrogen (BUN) levels
(Figures 1A-1C). In contrast, Pkd2 cko mice showed cysts in the cortex and medulla with
increased KW/BW ratios and BUN levels. Additional deletion of Ttc21bin Pkd2 cko mice
decreased cystogenesis in the cortex (Figures 1D-1F), reduced KW/BW ratios, but did not
affect BUN levels. 7fc21b cko renal cortical dilations were mostly proximal tubular (LTL+;
Figure 1G), while Pka2 cko renal cortices further showed cysts originating from the loop of
Henle (THP+) and the collecting duct (DBA+), which were the largest and most abundant.
Deletion of 7fc21bin Pka2 cko mice increased proximal tubular dilations, did not affect
THP+ cystogenesis, and decreased DBA+ cysts (Figures 1G-11, Supplementary Figure S2).
Glomerular dilations were also present in Pkd2 cko kidneys and were increased in Pkd2,
Ttc21b dko kidneys (Figures 1J, 1K). Thus, the effects of 7#c21b deletion on a Pkd2 cko
background appear nephron segment-specific.

Pkd2 deletion increases cilia lengths on renal epithelia

Since the effects of 77c216 deletion in Pkd2 cko mice occurred mostly in the renal cortex
and cilia lengths vary with nephron segment36: 37, we measured cilia lengths specifically
in the inner cortex. In control kidneys, ciliary axonemes of LTL+ and DBA+ inner cortical
tubular epithelial cells were 3.0um- and 2.1um in length, respectively (Figure 2). We also
noted a qualitative difference with primary cilia of LTL+ cells being thin and wispy, while
those of DBA+ cells were thicker and rod-like. In PkdZ cko cortices, cilia lengths of LTL+
and DBA+ cells were increased. In dko cortices, cilia lengths of LTL+ cells were further
increased, but similar or slightly reduced in DBA+ cells, revealing tubular-specific effects.

Since TTC21B mediates both retrograde IFT16 and ciliary import of membrane proteins?’,
we examined contribution of these roles in the cilia phenotypes. In 7#c216 cko and dko
kidneys, we observed accumulation of IFT81 in bulbous ciliary distal tips, reflecting
impaired retrograde IFT (Figure 2C). In contrast, ciliary localization and staining intensity
of ciliary membrane protein, ARL13B, appeared similar in DBA+ cortical renal epithelial
cells across the mutant genotypes (Supplementary Figure S3). These data indicate that the
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role of TTC21B in retrograde IFT has a stronger influence on the renal cilia phenotypes /n
vivo.

To determine whether differential expression of 77c216in proximal tubules versus cortical
collecting ducts may account for the nephron-specific effects, X-gal staining on kidneys of
mice harboring a Ttc21b-lacZ allele was performed. At PO and P2, Ttc21b-lacZ expression
was relatively ubiquitous in all tubules (Supplementary Figure S4). Thus, differences in
cilia phenotypes in the proximal tubules and cortical collecting ducts might be attributed to
differences in the microenvironments of these nephron segments.

Perinatal deletion of Ttc21b increases inflammation

To further evaluate the effect of 77c21b deletion on disease severity, we examined
proliferation as well as inflammation and fibrosis. Proliferation was slightly elevated in dko
LTL+ renal tubules, increased in Pka2 cko and dko DBA+ non-cystic tubules, and further
increased in Pkd2 cko and dko DBA+ cysts (Figures 3A-3C, Supplementary Figure S5).
Increased proliferation in dko LTL+ renal tubules supports a genetic interaction between
Pkd2and Ttc21bthat exacerbates the proximal tubular phenotype. Additionally, increased
proliferation of Pka2-deficient non-cystic tubules substantiates that proliferation is an early
cellular event in ADPKD renal cystogenesis38,

In ADPKD, inflammation and fibrosis result from cysts compressing surrounding
parenchyma causing injury. Histology revealed increased inflammatory cells and interstitial
space in Pkd2 cko and dko kidneys (Figure 3D). Consistent with this, picrosirius red staining
for collagen, and immunostaining for macrophages (F4/80) and myofibroblasts (aSMA),
which contribute to pro-inflammatory and pro-fibrotic processes, were increased around
Ttc21b cko glomeruli and tubular dilations, and further increased in Pkd2 cko and dko
kidneys (Figures 3E-3J). Additionally, inflammatory cytokines, //6, Tnfa, Tg#B, Cc/2and
Gli1, were increased in all mutant renal extracts (Figures 3K-30). Thus, deletion of 7tc21b
alone causes inflammation, and its deletion on a Pkd2 cko background causes similar or
slightly increased ADPKD inflammation at P21.

We next examined ERK and STATS3 signaling pathways, which have proliferative and
inflammatory roles in ADPKD3%-45, P-ERK intensity and P-STAT3 staining were increased
in dilated tubules of 77c21b cko mice, and further increased in cyst-lining cells of Pkad2 cko
and dko mice (Supplementary Figures S6A-S6D). Western blot analyses showed increased
ERK and STAT signaling in Pkd2 cko renal extracts and even greater activation in dko renal
extracts (Supplementary Figures S6E-S6G). Thus, 77c21bloss alone increases ERK and
STAT3 activation, and together with deletion of Pkd2 causes even greater ERK and STAT3
signaling than loss of PkdZalone.

Pkd2 deletion increases O-GIcNAc levels in the kidney

Altere cellular metabolism has emerged as another component of ADPKD
pathobiology#6-4°. O-linked B-N-acetylglucosamine (O-GIcNAC) tunes cellular functions in
response to the nutrient microenvironment and is a product of the hexosamine biosynthetic
pathway, which is initiated by glucose and ATP%0. O-GIcNAc levels regulate mitochondrial
function®% 51 and more recently, have been shown to regulate ciliary homeostasis®2: 23,
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Since both mitochondrial function and ciliary homeostasis are altered in ADPKD#6: 54,

we hypothesized that O-GIcNACc signaling is misregulated in PKD. To assess O-GIcNAc
signaling, we examined levels of O-GIcNAc as well as of O-GIcNAc transferase (OGT)
and O-GlcNAcase (OGA), which are the enzymes that transfer and remove the O-GIcNAc
moiety on protein substrates, respectively. In Pkad2 cko and dko kidneys, O-GIcNAc, OGT
and OGA were increased in cyst-lining cells (Figures 4A-4D, Supplementary Figure S7).
Western blot analyses also showed increased O-GIcNAc levels in PkaZ2 cko and dko renal
extracts (Figures 4E, 4F). These data suggest that increased O-GIcNAc signaling may be a
pathological feature of ADPKD.

Deletion of Ttc21b in adult Pkd1 or Pkd2 cko mice markedly attenuates PKD renal
cystogenesis

We next examined the role of 77c216 deficiency in slowly progressive Pkd1 and Pkd?2

cko adult mouse models. At 6 months of age, 77c216 cko mice showed normal kidney
morphology and BUN levels (Supplementary Figures S8A-S8D). In Pkd1 cko and Pkd2
cko mice, renal cysts were mostly in the cortex, with the largest and most abundant cysts
being DBA+, and fewer and smaller cysts being THP+ or LTL+ (Figures 5A and 5B).
However, deletion of 7tc21bin Pkd1 or PkaZ2 cko adult mice markedly attenuated cysts of
all tubular origins. In PkdZ cko mice, KW/BW ratios and BUN levels were elevated, butt
additional deletion of 7#c21b corrected these parameters (Figures 5C, 5D). In PkdZ2 cko
mice, KW/BW ratios were similar to control and BUN levels showed a trend toward a slight
elevation, reflecting the mild disease induced in adulthood. Deletion of 7tc21bin Pkd2 cko
mice slightly reduced KW/BW ratios, likely due to increased body weight caused by global
deletion of 7zc2147°, while BUN levels were not significantly altered (Figure 5E, 5F).

Deletion of Ttc21b in adult Pkd1 or Pkd2 cko mice reduces cilia lengths of cortical
collecting duct renal epithelia

Cilia lengths of Pkd1 cko and Pkd2 cko DBA+ adult renal inner cortical epithelial cells
were increased, and deletion of T#c21bin either PkdZ or PkdZ2 cko mice reduced DBA+
renal epithelial cilia lengths (Figures 5G, 5H, 5J, 5K). Additionally, human ADPKD cortical
sections showed longer renal epithelial cilia than normal human kidney (NHK) sections
(Figures 51, 5L), supporting that increased cilia lengths is a feature of the human disease?L.

Deletion of Ttc21b in adult Pkd1 cko mice reduces proliferation, inflammation, and O-

GIcNACc

To assess the extent of ADPKD attenuation by 7#c21b deletion, we examined proliferation
and inflammation. PkdZ cko kidneys showed increased proliferation of cyst-lining cells,
and increased macrophages (F4/80) and myofibroblasts (a¢ SMA) surrounding cysts and
glomeruli, which were all markedly reduced in dko kidneys (Figures 6A-D). Inflammatory
cytokines were also elevated in PkdZ cko kidneys but reduced in dko Kidneys (Figure 6E—
61). Similarly, ERK and STAT3 activation were increased in PkdZ cko kidneys but reduced
in dko kidneys (Supplementary Figures S9A, S9B). Thus, deletion of 77c21bin late-onset
Pkd1 cko mice attenuates proliferative and inflammatory pathways.

Kidney Int. Author manuscript; available in PMC 2023 September 01.
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Finally, we examined O-GIcNAc signaling. O-GIcNAc, OGT and OGA were increased in
cyst-lining epithelia of PkdZ cko cortex and medulla (Figure 6J, Supplementary Figure S10),
but reduced and similar to control in dko kidneys. Western blot also showed increased
O-GIcNACc levels in PkdI cko renal extracts, but reduced O-GIcNAc in dko extracts

(Figure 6K, 6L). These data suggest increased O-GIcNAC is a feature of slowly-progressive
ADPKD. Further, Ttc21b deletion in adult ADPKD mice attenuates O-GIcNAc elevation.

Discussion

Our study expands on the therapeutic potential of deleting ciliary genes in ADPKD mouse
modelsl9 22.23 |n contrast to IFT-B genes, but similar to IFT-A adaptor gene, 7u/p3,
deletion of IFT-A gene, Ttc21b, did not attenuate renal function in an early-onset ADPKD
model, but markedly attenuated almost all aspects of ADPKD in late-onset models. Yet
distinct from 7u/p323, global deletion of 7zc21bin an early-onset model reduced cortical
collecting duct cystogenesis and KW/BW ratios. However, the effects of 77c21b deletion
in early-onset ADPKD mice appeared nephron-specific, with no effect on loop of Henle-
derived cysts and worsening of proximal tubular and glomerular dilations. This may reflect
varying microenvironments between nephron segments. The differential effects of 7u/jp3
or Ttc21bdeletion in early- versus late-onset ADPKD mouse models may also suggest
differences in developing versus mature renal microenvironments. These data highlight the
importance of renal context and examining molecules and pathways by cell type in the
kidney.

The attenuation of ADPKD in adult Pkd: cilia dko mice indicates cilia genes are epistatic
to Pkd1 and PkdZ. Cilia genes may act upstream of PkdZ and PkdZ2by providing the
structural environment - both the compartment and neighboring proteins - for PC1 and
PC2. As a compartment, the length of the cilium is interconnected with cilia function, and
this interconnection is lost in ADPKD. In normal cells, increased cilia lengths enhance
cilia sensory function, and in a cilium-dependent manner, fluid flow increases intracellular
Ca?* and reduces cilia lengths®>—80, Studies indicate cilia lengths are aberrantly increased
in ADPKD renal tissue?1: 38: 61 yet cultured Pkd1-or Pkd2-mutant renal epithelial cells
have an abrogated cilia response to fluid flow, such that neither an increase in intracellular
Ca®* nor a decrease in cilia lengths are induced®’: 58, We hypothesize that correcting cilia
lengths in ADPKD, such as by deletion of 77c216, may offset the disconnect between cilia
length and function. Cilium length itself may tune signaling pathways by affecting ability
of signaling molecules to interact optimally. For instance, the position of an ion channel
along the length of the cilium affects its activity52. Another possible mechanism is that in
the absence of a particular IFT gene, certain signaling molecules may not reach the cilium,
keeping proliferative and inflammatory signaling pathways from being aberrantly activated
when PC1 or PC2 is missing. Since deletion of IFT-B, IFT-A or IFT-adaptor genes in adult
ADPKD mouse models all attenuate PKD, these proposed mechanisms may unify and act
downstream of the unique functions of individual IFT proteins.

In contrast, the different effects of deletion of IFT-B, IFT-A or IFT-A adaptor genes in
juvenile ADPKD mouse models highlight the distinct roles of individual IFT proteins,
including between TTC21B and TULP3. The IFT-A complex is comprised of 3 core
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subunits and 3 peripheral subunits. TTC21B is a peripheral subunit thought to be situated
most distally from the core proteins, while TULP3 binds to a core subunit furthest away
from TTC21B83. As an IFT-A protein, TTC21B mediates retrograde IFT16. As an IFT-A
adaptor, TULP3 does not mediate retrograde IFT, but shuttles certain G-protein coupled
receptors into the cilium?®. In cultured retinal pigment epithelial (RPE) cells and mouse
embryonic fibroblasts, TULP3 and TTC21B, respectively, have shown to mediate ciliary
import of membrane protein, ARL13B27: 64, However, while ARL13B was reduced in cilia
of 7ulp3mutant kidneys22 23, ciliary ARL13B was not markedly altered in 7zc21b6 cko
and PkaZ, Tic21b dko juvenile kidneys. Additionally, ciliary PC2 was reduced in 7ulp3
mutant kidneys23. In contrast, our data indicate that in 7zc21b knock-down inner mouse
collecting duct (IMCD) cells, PC2 accumulates in bulbous ciliary distal tips (data not
shown). Thus, differences in IFT function, IFT binding partners and cargoes could account
for why deletion of 7#c21b, but not of 7ulp3, partially attenuates early-onset ADPKD
disease.

We also observed that inflammation was differentially regulated between juvenile and adult
ADPKD mouse models. The inability of 77c21b deficiency to attenuate inflammation in
juvenile Pkd2 cko mice likely prevented the amelioration of kidney function. In contrast,
IFT-B (/f220, Kif3a) gene deletion in juvenile ADPKD models improved kidney function®.
There are inflammatory pathways that are cilium-dependent. Loss of cilia via Kif3a
deletion in a juvenile ADPKD mouse model attenuated Cc/2expression and macrophage
recruitment0. Outside of the kidney, in chondrocytes, IL-1 signaling elongates primary
cilia, and in /F788mutant cells lacking cilia, IL-1 signaling was markedly reduced®®.
Additionally, in cartilage, mechanical loading is anti-inflammatory and suppressed IL-1
signaling by activating histone deacetylase 6 (HDACS6), which reduced tubulin acetylation
and shortened cilia®. Whether mechano-regulation of inflammatory pathways extends

to primary cilia in the kidney and the mechanisms by which IFT-A proteins regulate
inflammation remain to be explored.

Finally, our data suggest elevated O-GIcNAcylation may be a feature of ADPKD. Increased
O-GlcNAcylation is a pathologic feature of diabetic nephropathy8’: 68, and in rodent models,
has shown to promote various aspects of chronic kidney disease5% 70 as well as renal
fibrosis’L. In contrast, in a mouse model of contrast-induced acute kidney disease, an

acute increase in O-GIcNAcylation was protective’2, emphasizing important differences
between chronic and acute increases in O-GIcNAcylation. While acute changes are adaptive
and necessary to maintain cellular health and metabolism, chronic changes are likely to
contribute to pathology’3. Perturbation of O-GIcNAcylation also affects cilia lengths®2 93,
and the ciliary structural defects caused by Ogtdeletion in mice suggest impaired centriole
formation and IFT®3. Elucidating the mechanisms by which O-GIcNAc is upregulated in
ADPKD and alters cellular metabolism and ciliogenesis could reveal novel mechanisms and
therapeutic targets.

The limitations of our study include the lack of an early-onset PkdZ model to compare
with the late-onset Pka’Z model. The increased severity of Pkd-mediated disease’ may
indicate functional differences between PC1 and PC2. However, since IFT-B gene deletion
attenuates early-onset PKD disease in both Pkd and Pkd2 cko juvenile micel®, Trc21b
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deficiency might partially attenuate Pkd early-onset disease as it did for Pka2. Additionally,
our extensive efforts to examine absolute levels of 77c216in proximal tubules versus in
collecting ducts were not successful, thus it is possible that differential 77c216 expression
levels could have also contributed to the dko phenotypes. However, Ttc21b-lacZ expression
in the kidney appeared relatively ubiquitous, the Rosa26-CrefR7 is globally expressed,

and previously we observed cysts originating from proximal tubules, loop of Henle and
collecting ducts in P42 early-onset Tzc21b cko; Rosa26-CreFRT mice on a mixed strain
background28, indicating tamoxifen reached these tubules. Further, while this study focused
on the pathology of Pkd: Tic21b dko kidneys, identifying the proteins resident in cilia of
specific nephron segments is important to elucidating underlying mechanisms.

In summary, our data suggest cilia may have differential roles between nephron segments
and between developing and mature kidneys. Our findings also reveal that O-GIcNAcylation
is increased in ADPKD. We propose that as a regulator of ciliary homeostasis and cellular
metabolism, elevated O-GIcNAc levels may underlie ADPKD pathological processes.
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Translational Statement

In ADPKD mouse models, 7#c21b deficiency has an attenuating role that is dependent
on kidney maturation stage and nephron segment. This suggests cilia function may be
influenced by differential factors in the microenvironments of developing versus mature
kidneys and between nephron segments, affecting renal cystogenesis and inflammation.
Further, O-GIcNAc levels, which may tune metabolism and ciliogenesis in response to
the nutrient environment, are increased in kidneys of ADPKD mice, but reduced by
Ttc21b deficiency in adult ADPKD mice. Thus, elevated O-GIcNAc levels may be a
pathological feature of ADPKD and may present potential biomarker and therapeutic
opportunities.
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Figure 1. Ttc21b deletion in juvenile Pkd2 conditional knock-out mice reduces cortical
cystogenesis.

Representative images of (A) H&E staining of P21 kidney sections. 200X magnification;
Scale bar - 500um. (B) KW/BW ratios (C) BUN levels (D) Percent cystic area of

whole kidney; (E) of cortex; (F) and of medulla. PkdZ2 cko values are set at 1. Bars

represent mean = SD. Statistical significance was determined by Brown-Forsythe and Welch
ANOVA tests followed by Dunnett’s T3 multiple comparisons test in (B), and ordinary
one-way ANOVA test followed by Sidak’s multiple comparisons test in (C). ***p<0.001,
**xxn<(0.0001, compared to Ctrl. #p<0.05, between Pkd2 cko and dko. In (B) and (C),
unpaired t-test was used to determine the difference between Pkd2and dko. In (D), (E)

and (F), statistical significance was determined by unpaired two-tailed t-test. **p<0.01,
****p<0.0001, compared to Ctrl. Each data point represents a mouse. (G) Staining of
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kidney cortices with Lotus Tetragonolobus Lectin (LTL; green), Tamm-Horsfall Protein
(THP; green) and Dolichus Biflorus Agglutinin (DBA; green). 100X magnification; Scale
bar - 100um (H) Quantification of LTL+ dilations and (I) DBA+ cystic index in renal
cortex. Pkd2 cko values are set at 1. Bars represent mean + SD. Statistical significance was
determined by unpaired two-tailed t-test. *p<0.05, ***p<0.001, relative to Ctrl. (J) H&E
staining. 200X magnification; Scale bar - 50um (K) Area of Bowman’s space/total area of
Bowman’s capsule. Total area of Bowman’s capsule consists of glomerulus and Bowman’s
space. Bars represent mean + SD. Statistical significance was determined by Kruskal-Wallis
test followed by Dunn’s multiple comparisons test. ###p<0.0001, between Pkd2 cko and
dko; **p<0.01 compared to Ctrl; ****p<0.0001 compared to Ctrl
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Figure 2. Perinatal Pkd2 deletion increases renal epithelial primary cilia lengths

(A) Representative images of kidney inner cortices immunostained for acetylated a-tubulin
(red) together with LTL (green). Images of the inner cortices were compared across the
genotypes to ensure similar nephron segments were assessed. 630X magnification; Scale
bar - 10um. (B) Quantification of cilia length of LTL+ cells. (C) Immunostaining of

kidney inner cortices for acetylated a-tubulin (red) and IFT81 (green) together with DBA
(green). 630X magnification; Scale bar - 10pm. n=3 mice/genotype. Insets are magnified
3X from original image and show representative cilia. (D) Quantification of cilia length of
cortical DBA+ cells. Bars represent mean + SD. Statistical significance was determined by
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *p<0.05, ****p<0.0001,
compared to Ctrl; ###p<0.0001, between Pkad2 cko and dko.
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Figure 3. Perinatal Ttc21b deletion increases inflammation.
(A) Representative images of kidney cortices immunostained for proliferating cell nuclear

antigen (PCNA,; red) together with LTL or DBA (green). 400X magnification; Scale bar -
10um. (B) Percent PCNA+ cells per LTL+ and (C) DBA+ tubule. Each dot represents a
tubule or a cyst from n=3 mice/genotype. Bars represent mean + SD. Statistical significance
was determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
*p<0.05, ***p<0.001, ****p<0.0001, compared to Ctrl. Unpaired t-test was used to
determine the difference between non-cystic tubules and cysts. #P<0.05, compared to Pka2
cko non-cystic tubule; &P<0.05, compared to dko non-cystic tubule. (D) H&E staining.
Upper panels show interstitial space in Pkd2 cko and dko kidneys. Bottom panels show
infiltrating cells. (E) Picrosirius red staining (PSR). 400X magnification; Scale bar - 25um;
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(F) Quantification of PSR. (G) Immunostaining for F4/80 (red) and (H) alpha smooth
muscle actin (aSMA; red). 200X magnification; Scale bar - 50um. Note a few F4/80+ cells
and normal a SMA staining around blood vessels in control kidney. (1) Quantification of
F4/80 and (J) aSMA staining. Each dot represents percentage of staining of a 200X or 400X
magnified image (4-5 images/mouse) from n=3 mice/genotype. (K, L, M, N, O) gPCR.
Each dot represents a mouse. In (J) and (K), statistical significance was determined by
Brown-Forsythe and Welch ANOVA tests followed by Dunnett’s T3 multiple comparisons
test. In (K), Unpaired t test with Welch’s correction was used to determine the difference
between ctrl and 77c216 cko groups. In (F), (1), (L), (N) and (O), statistical significance
was determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. In
(N) and (O), Mann Whitney test was used to determine the difference between ctrl and
Ttc21b cko groups. In (M), statistical significance was determined by ordinary one-way
ANOVA followed by Sidak’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001, compared to Ctrl. Bars represent mean + SD.
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Figure 4. O-GIcNAc is increased in cells lining dilations and cysts in juvenile mice.
(A) Representative images of kidney cortex following immunohistochemistry for O-

GIcNAc, OGT and OGA. 400x magnification; Scale bar - 25um. Insets are magnified

2.5X from original image. n=3 mice/genotype. (B) Quantification of O-GIcNAc; (C)

OGT; and (D) OGA IHC. Statistical significance was determined by Brown-Forsythe and
Welch ANOVA tests followed by Dunnett’s T3 multiple comparisons test. ****p<0.0001,
compared to Ctrl. (E) Western blot for O-GIcNAc and (F) Western blot quantification.
Images of the Ponceau-stained membranes were converted to 8-bit grayscale images. Whole
lanes of the O-GIcNAc Western blots and the Ponceau-stained membranes were selected
and six peaks corresponding to bands within each lane were used in the quantifications.
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Statistical significance was determined by ordinary one-way ANOVA followed by Tukey’s
test. **p<0.01, ***p<0.001, compared to Ctrl.
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Figure 5. Ttc21b deletion in adult ADPKD mouse models attenuates renal cystogenesis and cilia
lengthening.
(A) Representative histology, lectin staining and immunostaining (green) for PkdZ cko mice

and (B) PkdZ2 cko mice. 40X magnification; Scale bars (black) - 250um. 100X and 200X
magnification; Scale bars (white) - 2100um and 50um in (A) and (B), respectively. (C)
KW/BW ratios and (D) BUN levels for PkdZ cko and (E, F) Pkd2cko mice. Bars represent
mean + SD. Each dot represents an animal. In (C), statistical significance was determined by
Brown-Forsythe and Welch ANOVA tests followed by Dunnett’s T3 multiple comparisons
test. In (D) and (E), statistical significance was determined by one-way ANOVA followed by
Tukey’s test. In (F), statistical significance was determined by Kruskal-Wallis test followed
by Dunn’s multiple comparisons test. *p<0.05, **p<0.01, compared to Ctrl; #p<0.01;
###1<0.001, between Pkd1 or Pkd2 cko and dko. (G) Representative images of Pkd1 cko
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kidney cortex immunostained for acetylated a-tubulin (red) together with DBA (green).
630X magnification; Scale bar - 10um. Insets are magnified 2X from original image

and show representative cilia. Scanning electron micrographs of primary cilia. 10,000X
magnification. Scale bar - 1.5um. n=3 mice/genotype. (H) Images of PkdZ2 cko kidney
cortex immunostained for acetylated a-tubulin (red) together with DBA (green). 630X
magnification; Scale bar - 10um. Insets are magnified 2X from original image and show
representative cilia. n=3/genotype. (1) Immunostaining for ARL13B (red) of normal human
kidney (NHK) and ADPKD renal sections. 630X magnification. Scale bar - 10um. n=3 for
NHK and ADPKD. (J) Quantification of renal cilia lengths of PkdZ cko mice, (K) Pkd2

cko mice, and (L) ADPKD tissue. Cilia lengths were quantified from immunofluorescence
experiments of (G, H, I). Significance was determined using Kruskal-Wallis test followed by
Dunn’s multiple comparisons test (J, K) or by Mann Whitney test (L). Bars represent mean
+ SD. ####p<0.0001, between Pka2 cko and dko; *p<0.05, ****p<0.0001, compared to Ctrl.
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Figure 6. Ttc21b deletion in adult Pkd1 conditional knock-out mice attenuates proliferation,
inflammation, increased O-GIcNAc.

(A) Representative images of kidney cortices immunostained for PCNA (red) together with
DBA (green). 400X magnification; Scale bar - 25um. (B) Immunostaining for F4/80 (red)
and aSMA (red). 200X magnification; Scale bar - 50um. (C) Quantification of F4/80

and (D) aSMA staining. Each dot represents percentage of staining of a 200X or 400X
magnified image (5 images/mouse) from n=3 mice/genotype. (E, F, G, H, I) gPCR. Each

dot represents a mouse. In (C), (D), (E) and (H), statistical significance was determined by
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. In (F) and (1), statistical
significance was determined by ordinary one-way ANOVA test followed by Tukey’s
multiple comparisons test. In (G), statistical significance was determined by Brown-Forsythe
and Welch ANOVA tests followed by Dunnett’s T3 multiple comparisons test. *p<0.05,
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***n<0,001, compared to Ctrl; #p<0.05, #p<0.01, ##p<0.001, between Pkd1 cko and dko.
Bars represent mean + SD. (J) Images of kidney cortices following immunohistochemistry
for O-GIcNAc, OGT and OGA. 400X magnification; Scale bar — 20um. Insets are magnified
4X from the original image and show representative O-GIcNAc, OGT or OGA staining.
n=3 mice/genotype. In addition to staining cyst-lining cells, O-GIcNAc was also present

in proteinaceous substances within some cysts. (K) Quantification of O-GIcNAc; (L)

OGT; and (M) OGA IHC. Statistical significance was determined by Brown-Forsythe and
Welch ANOVA tests followed by Dunnett’s T3 multiple comparisons test. ****p<0.0001,
compared to Ctrl; ##p<0.001, ##p<0.0001, between Pkd1 cko and dko (N) Western blot
for O-GIcNAc (O) Western blot quantification. Statistical significance was determined by
ordinary one-way ANOVA test followed by Tukey’s multiple comparisons test. **p<0.01,
compared to Ctrl. #p<0.01, between Pkd cko and dko.
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