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SUMMARY

Autosomal recessive polycystic kidney disease (ARPKD)
causes severe disease in babies in the womb. Those who

survive the neonatal period face chronic kidney and liver
disease throughout their life. The overall goal of our study
was to uncover therapeutic strategies to treat ARPKD.

BACKGROUND & AIMS: Autosomal recessive polycystic kidney
disease (ARPKD) is caused by mutations in PKHD1, encoding
fibrocystin/polyductin (FPC). Severe disease occurs in peri-
nates. Those who survive the neonatal period face a myriad of
comorbidities, including systemic and portal hypertension, liver
fibrosis, and hepatosplenomegaly. The goal here was to uncover
therapeutic strategies for ARPKD.

METHODS: We used wild-type and an FPC-mutant chol-
angiocyte cell line in 3-dimenional cysts and in confluent
monolayers to evaluate protein expression using western
blotting and protein trafficking using confocal microscopy.

RESULTS: We found that the protein level of the cystic fibrosis
transmembrane conductance regulator (CFTR) was down-
regulated. The levels of heat shock proteins (HSPs) were
altered in the FPC-mutant cholangiocytes, with HSP27 being
downregulated and HSP90 and HSP70 upregulated. FPC-
mutant cholangiocytes formed cysts, but normal cells did not.
Cyst growth could be reduced by increasing HSP27 protein
levels, by HSP90 and HSP70 inhibitor treatments, by silencing

HSP90 through messenger RNA inhibition, or by the novel
approach of treating the cysts with the CFTR corrector VX-809.
In wild-type cholangiocytes, CFTR is present in both apical and
basolateral membranes. FPC malfunction resulted in altered
colocalization of CFTR with both apical and basolateral mem-
branes. Whereas, treatment with VX-809, increasing HSP27 or
inhibiting HSP70 or HSP90 restored CFTR localization toward
normal values.

CONCLUSIONS: FPC malfunction induces the formation of cysts,
which are fueled by alterations in HSPs and in CFTR protein levels
and miss-localization. We suggest that CFTR correctors, already in
clinical use to treat cystic fibrosis, could also be used as a treatment
for ARPKD. (Cell Mol Gastroenterol Hepatol 2021;12:1517-1529;
https://doi.org/10.1016/j.jcmgh.2021.07.012)
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utosomal recessive polycystic kidney disease

(ARPKD) associated with mutations in PKHD1'* is
a debilitating autosomal recessive genetic disorder that is
responsible for chronic end-stage renal disease in
humans.>* ARPKD® occurs in 1 in 20,000 live births in the
United States. More than 350,000 people worldwide are
affected each year, imposing a large health care burden and
resulting in newborn morbidity and mortality. The most
severe disease occurs in perinates, who present with
massively enlarged, echogenic kidneys and oligohy-
dramnios. Neonates with severe disease have pulmonary
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hypoplasia and a mortality rate of ~30%.° Those who sur-
vive the neonatal period face a myriad of comorbidities,
including systemic and portal hypertension, fibrosis of both
the liver and kidney, hepatosplenomegaly,® and enlarged
kidneys, with fusiform dilation of the collecting ducts that
progresses to end-stage renal disease.” ARPKD is caused by
mutations in the PKHD1 gene, which encodes a large 4074-
amino-acid protein, fibrocystin/polyductin (FPC), with a
long extracellular domain and single transmembrane
domain.®’ The existence of several alternate splicing forms
suggest that FPC occurs as both an anchored and a secreted
protein.’’ The gene is expressed predominantly in the fetal
and adult liver, kidneys, and pancreas; the protein it en-
codes is present in the plasma membrane, primary cilium,
and cytoplasm.® Consistent with its multilocational posi-
tioning, a functional deficit of FPC has been linked to a
number of alterations in cellular integrity, such as changes
in their cell adhesion, centrosome positioning, and ability to
achieve correct polarization."”

Role of the Cystic Fibrosis Transmembrane
Conductance Regulator in ARPKD

The cystic fibrosis transmembrane conductance regulator
(CFTR) protein, whose mutation causes CF, has been sug-
gested to also play a role in the growth of the cysts in
autosomal dominant polycystic kidney disease (ADPKD). For
example, O’Sullivan et al'? reported that a patient cohort with
both CF and ADPKD had less severe kidney and liver disease
than did patients with ADPKD alone. On the other hand,
Persu et al'® were unable to find any difference in kidney
volume or renal function between a cohort of ADPKD patients
who also bore the F508-del CFTR mutation and a cohort of
patients having ADPKD alone. Thus, the impact of CFTR on
the progression of ADPKD is equivocal, with some studies
pointing to some degree of amelioration and others showing
no effect at all. However, in ARPKD, the role of CFTR appears
to be quite different from its role in CF. For example, when
Nakanishi et al'* crossed a PBK mouse (an ARPKD model)
with a CFTR-knockout mouse to create a bpk-/-;cftr-/-
double homozygous mouse, they found, surprisingly, that the
double mutants exhibited massively enlarged kidneys and
died from renal failure at ~24 days after birth."® Therefore,
we have now asked why knocking down CFTR apparently
worsens the ARPKD disease phenotype.

Interestingly, liver disease is a frequent complication of
CF that is present in about one-third of all CF patients'® and
has clear similarities to the liver disease observed in ARPKD.
The clinical symptoms include biliary cirrhosis and pro-
gressive periportal fibrosis leading to portal hypertension
and liver failure.'® The classic thinking is that cholangitis in
CF patients is caused by biliary obstruction that results from
a deficit in fluid secretion via CFTR and other Cl” channels."”
However, this notion has been questioned. For example,
careful electron micrographic examination of liver pathol-
ogy in patients with varying degrees of liver disease does
not support the theory of chronic bile duct obstruction;
instead, it shows evidence of increases in collagen deposi-
tion and cell proliferation and an abnormal cholangiocyte
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morphology.'® The authors of the study concluded that their
findings do not support obstruction as a major factor in the
development of fibrosis in CF.'? Thus, one possible reason
that mice with knockout of both CF and FPC exhibit worse
disease is the added tendency to liver pathology in both
diseases.

Role of Proteostasis

It is well known that an ensemble of proteins referred to
as the proteostatic network plays a role in the normal
processing of proteins.””*! According to Balch et al,** this
network participates in disease processes. For example, the
heat shock proteins (HSPs) HSP27, HSP70, and HSP90 and
the activator of 90-kDa HSP ATPase homolog 1 (AHA1) are
all stress-responsive proteins”*** that are known to be
involved in the processing of CFTR.?" HSP90 levels increase
during stress in order to guard against misfolded proteins,”
and AHA1 is an activator of HSP90 ATPase.”® HSP70 is
upregulated in cancer cells and is associated with a negative
outcome.?”?® In addition, HSP70 and HSP90, in combination
with AHA1, inhibit the surface expression of CF mutant
F508-del CFTR, clearly indicating their role in CFTR traf-
ficking from the endoplasmic reticulum (ER) to the plasma
membrane.”’ HSP27 (HSPB1), a member of the small HSP
family, is thought to guard against protein aggregation
during stress.”” We have shown previously that HSP27,
HSP70, and HSP9O0 are all elevated in cystic kidneys derived
from mice lacking PC1 when compared with wild-type (WT)
control animals. One question to be addressed is whether
these same HSPs are involved in ARPKD.

CFTR Correctors and Potentiators

The corrector VX-809 (lumacaftor) was developed to
rescue the F508-del CFTR mutant.’” Because CFTR is pre-
sent in cysts,”’ many researchers have suggested that
CFTR inhibitors might be therapeutic in reducing fluid
secretion.’**° However, we have shown previously that the
CFTR corrector VX-809 can reduce cysts37 in mouse- and
cell-based models of ADPKD. In the cysts, CFTR is present at
the apical membrane, which is why CFTR-based inhibitors
can reduce cyst growth to some extent. Surprisingly, how-
ever, when VX-809 is applied, CFTR moves to the baso-
lateral membrane and promotes an absorptive phenotype,
which then shrinks the cysts. The overall goal of our study
here is to understand the role of CFTR in ARPKD and

Abbreviations used in this paper: 3D, 3-dimensional; AHA1, ATPase
homolog 1; ADPKD, autosomal dominant polycystic kidney disease;
ARPKD, autosomal recessive polycystic kidney disease; cAMP,
adenosine 3',5'-cyclic monophosphate; CF, cystic fibrosis; CFTR,
cystic fibrosis transmembrane conductance regulator; ER, endo-
plasmic reticulum; ERAD, endoplasmic reticulum-associated degra-
dation; FPC, fibrocystin/polyductin; HSP, heat shock protein; PBS,
phosphate-buffered saline; WGA, wheat germ agglutinin; WT, wild-
type.
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uncover therapeutic targets for pharmacological strategies
to treat ARPKD.

Results
Pkhd19¢'%/d¢14 Cholangiocytes

To begin to identify strategies to treat ARPKD, we con-
ducted experiments in WT and Pkhd19°"*/#'* cholangiocytes
(hereafter referred to as del4), obtained from the Yale
O’Brien Center and isolated as described in the Materials
and Methods. The cholangiocytes were isolated from WT
and Pkhd19'%/?€* mice, the latter a model of ARPKD.*®
These mice, with a disruption in exon 4 of the Pkhd1 gene,
display intrahepatic bile duct proliferation, progressive liver
cyst formation, and periportal fibrosis, along with pancreatic
cysts and splenomegaly.

To begin to characterize these mutant cholangiocytes, we
measured their steady-state levels of FPC. Figure 14 and B
shows that the del4 cholangiocytes have levels of FPC sub-
stantially lower than those observed in WT cholangiocytes.
Detectable FPC protein in the del4- cholangiocytes is ex-
pected because the out-of-frame deletion of exon 4 uncovers
a cryptic splice site that creates an in-frame, hypomorphic
transcript38 expressing a protein with a 66-amino-acid
deletion. Application of 10 uM of VX-809 does not change
FPC expression. It is unlikely that this residual protein is
functional, given that the mice bearing this mutant have
liver disease reminiscent of human pathology.

CFTR Protein Expression

As mentioned previously, the roles of CFTR in ARPKD
are unclear. To examine the expression of CFTR in chol-
angiocytes, we performed Western blotting (Figure 1C and
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D). We detected a sharp drop in CFTR in del4 cholangiocytes
when compared with WT cells. CFTR is well known to exist
in an immature, core-glycosylated form that resides pri-
marily in the ER (the B band) and as a mature, fully glyco-
sylated form (the C band), see Cheng et al.’’ Thus, it is
important to note that in del4 cholangiocytes, the mature
fully glycosylated form of CFTR is absent. The processing
induced by correctors usually involves the conversion of B
bands to C bands as the processing is restored by the
corrector’’; however, the application of VX-809 does in-
crease CFTR protein levels, but the mature form of CFTR is
not fully restored.

Sox9 Expression

Sox9 is present in ductal epithelia such as cholangiocytes."’
Thus, to verify that the cells were cholangiocytes, we assayed
the cells for the presence of Sox9. Figure 1E-H shows that
Sox9 is expressed in both WT and del4 cholangiocytes. We
saw no change in Sox9 either in normal, del4 cholangiocytes
or the latter treated with VX-809.

Reducing the Cysts

As mentioned previously, the Pkhd mice develop
multiple liver cysts with age.* To study this phenomenon,
we grew WT and del4 cholangiocytes in 3-dimensional (3D)
culture. Figure 2 shows that cysts developed in 3D culture
from the del4 cholangiocytes but cells from WT animals
remain as small clumps. In ADPKD resulting from a mal-
function of either PC1 or PC2, cyst growth is accelerated by
adenosine 3',5'-cyclic monophosphate (cAMP).*! Similarly,
cyst growth in del4 cholangiocytes was accelerated by for-
skolin, which stimulates cAMP.*? Please note that 2 different
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Figure 1. FPC in Pkhd19¢!4/9¢14 (delq) cholangiocytes. (A) Western blotting for FPC. Please note that del4 cells have sub-
stantially less FPC. Antibody was obtained from the Baltimore PKD Center. a-Tubulin was used as the loading control. (B)
Summary. Reduced CFTR in del4 cholangiocytes. (C) Western blot showing CFTR. (D) Summary. (E, F) Sox9: WT, del4, and
VX-809-treated del4 cholangiocytes stained for Sox9 (red), expressed as mean intensity. (G) Western blotting for Sox9. (H)
Summary data. Number of Western blot experiments represented in the figure (dots) are from independent 10-cm dishes of
cultured cells. Student’s t test. *P < .05; P < .001; **P < .0001.
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Figure 2. VX-809-mediated reduction in cyst formation. WT and del4 cholangiocytes were grown on Matrigel and moni-
tored for 1 week. Cholangiocytes treated with (A, B) VX-809 or (C, D) FDL169. A smaller total cystic area was observed after
treatment with either corrector. Cysts were induced with forskolin (For) (10 uM) for 24 hours on day 6. Arrows indicate WT cells.
(E, F) Cholangiocytes were treated with VX-809 in the absence of forskolin. Cyst growth was monitored every other day. Cysts
were treated with VX-809 (10 uM) for 10 days, with the medium was replaced every 48 hours. Number of cysts measured are
represented in the figure as dots. Student’s t test. *P < .05; **P < .01; ***P < .001; ***P < .0001.

CFTR correctors, VX-809 and FDL169,*® both reduced cyst
growth even in the presence of forskolin stimulation. When
we used the CFTR inhibitor 172,*° cyst growth was also
reduced but to nowhere near the extent seen for VX-809.
These data suggest that CFTR modulators such as VX-809
and FDL169 are likely to have greater potential than CFTR
inhibitors for use as therapeutics for ARPKD. VX-809 does
not have an effect on cyst growth in the absence of forskolin
(Figure 1F and F).

Location of CFTR in Cholangiocytes

Next, we determined the location of CFTR in cysts
(Figure 34-D). Consistent with its role in fluid secretion in
the bile duct,®* CFTR colocalizes with the apical marker
wheat germ agglutinin (WGA) in WT cholangiocytes. In
del4 cholangiocytes there is a reduction in colocalization of
CFTR with the apical and most dramatically with the
basolateral membrane. VX-809 increased the colocalization
of CFTR with both the apical and basolateral membrane
markers. To take this one step forward, we determined the
location of CFTR in cholangiocytes grown on permeable
supports using confocal microscopy (Figure 3E-j). Note

that CFTR colocalized with the apical membrane marker
WGA in WT and del4 cholangiocytes. Importantly, the
colocalization was increased in the presence of VX-809.
Interestingly CFTR also colocalizes with the basolateral
membrane marker, Na*/K" ATPase, but less so. VX-809
caused an increase in colocalization with the basolateral
membrane marker Na*/K* ATPase in both WT and del4
cholangiocytes.

HSPs Play an Important Role in ARPKD

A myriad of proteins forming a proteostatic network are
involved in the processing and trafficking of CFTR. To
delineate the role of HSPs in ARPKD, we measured their
protein expression by Western blotting. The absence of FPC
had a profound effect on the HSPs, causing a large reduction
in the protein levels of HSP27 and dramatic increases in
HSP90 and HSP70 (Figure 4). The next question we asked
was whether these changes affected cyst growth and the
localization of CFTR.

To evaluate this question, we first focused on HSP27. To
determine whether low levels of HSP27 affected cyst growth,
we transfected additional HSP27 into del4 cholangiocytes.
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Figure 3.Colocalization of CFTR with (A, B) WGA and (C, D) Na*/K" ATPase in VX-809-treated WT or mutant
(Pkhd19€!4/9¢!4) cholangiocyte cysts. WT or mutant del4 cholangiocytes were grown on Matrigel. For immunostaining, 3D
cultures were treated with collagenase 1 to improve the permeability through the Matrigel and then fixed with 4% PFA. Double-
labeled immunofluorescence images stained for CFTR (red), (A) WGA or (C) Na*/K" ATPase (green), and the merged image.
Yellow denotes colocalization. (B, D) Pearson’s correlation coefficient (R). Scale bar = 50 um. White arrows indicate the
colocalization of CFTR and WGA or CFTR and Na*/K" ATPase at the apical or basolateral regions of the cells, respectively.
Each set of data is from multiple regions of 7-8 individual cysts. CFTR expression and localization: Localization of CFTR to
(E) apical vs (H) basolateral membranes. (E-G) CFTR (red) and WGA (green) in WT or del4 cholangiocytes treated with VX-809
(10 uM). Pearson’s correlation coefficient R. (H—J) CFTR (red) and Nat/K+ ATPase (green) in WT or del4 cholangiocytes treated
with VX-809 (10 uM). Pearson’s correlation coefficient R. Cells were grown on Transwell membranes. Strips = Z-stacks of
confocal images acquired at 0.4 um using a 63x oil objective. Arrows point to the Z-stack image corresponding to the
accompanying figure immediately below. In this figure and all subsequent confocal images, 1 Z-stack plane is shown. As
noted by the arrows, Z-stack planes for apical localization were selected toward the apical pole of the cells. In contrast, Z-
stack planes for basolateral localization were selected toward the basolateral pole of the cells. Scale bar = 10 um. All data are
expressed as mean + SEM. P values were determined by Student’s t test. For quantification of colocalization, 2-3 random
areas were measured along a single z-plane as depicted by the arrows, from 3 individual slides for each group. *P < .05; P <
.01; P < .001.

Transfecting additional HSP27 into del4 cholangiocytes (see KW-2478 reduced HSP90 protein levels (Figure 74 and B)
Figure 54 and B) to restore the protein levels to near WT and reduced cyst growth (Figure 7C and D). Note that similar
values induced a profound reduction in cyst growth to VX-809, the HSP90 inhibitor KW-2478 caused an increase
(Figure 5C and D). Note that similar to VX-809, transfecting in colocalization of CFTR with the apical marker WGA and the
additional HSP27 caused an increase in colocalization with  basolateral membrane marker Na* /K" ATPase in del4 chol-
the apical marker WGA and the basolateral membrane angiocytes toward WT values (Figure 7E-H).
marker Na* /K" ATPase in del4 cholangiocytes toward WT Finally, we focused on HSP70. Because HSP70 expres-
values (Figure 5E-H). sion is elevated in del4 cholangiocytes, we applied the
Next, we focused on HSP90. Because HSP90 expression HSP70 inhibitor, VER155008,* which did not affect the
is elevated in del4 cholangiocytes, we silenced HSP90 using steady state levels of HSP70 (Figure 84 and B). Similar to
small interfering RNA to reduce its protein levels (Figure 64 HSP90, the HSP70 inhibitor reduced cyst growth (Figure 8C
and B). Reducing HSP90 protein levels using small inter- and D). Note that similar to VX-809, the HSP70 inhibitor
fering RNA had a profound effect on cyst size even in the caused an increase in colocalization of CFTR with the apical
presence of forskolin (Figure 6C and D). marker WGA and the basolateral membrane marker Na*t/
We also applied the HSP90 inhibitor KW-2478* to K" ATPase in del4 cholangiocytes toward WT values
reduce HSP90 protein and activity. Note that application of (Figure 8E-H).
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Figure 4. ERAD protein expression in ARPKD cells. (A) Western blot of HSP27, HSP70, and HSP90 in WT or del4 chol-
angiocytes and del4 cells treated with VX-809 (710 uM). «-tubulin was used as the loading control. (B-D) Summary data. All data
are expressed as mean + SEM. P values were determined by Student’s t test. Please note that the same gel for HSP70 is
presented at 2 different exposure times. Number of Western blot experiments represented in the figure (dots) are from in-
dependent 10-cm dishes of cultured cells. *P < .05; **P < .01; **P < .001; ***P < .0001.

Thus, in their entirety, our data show that the HSPs play
an important role in fueling cyst growth in ARPKD and
altering the localization of CFTR.

Discussion
Defective Processing of CFTR

We show here that FPC malfunction in cholangiocytes
affects several cellular processes that have a profound
impact on the trafficking and processing of proteins such as
CFTR. We observed that CFTR is expressed in the chol-
angiocytes at a much lower level in del4 cholangiocytes than
in WT cells, demonstrating that in the absence of FPC, the
steady-state levels of CFTR fall. This result is interesting,
given that Nakanishi et al** showed that creating a double
knockout of CFTR and FPC makes the phenotype of the
mouse worse than that of a mouse bearing only a mutant
FPC gene. These data regarding the double-knockout mice,
together with our observed reduction in CFTR levels in del4
cholangiocytes, suggests that a deficit in CFTR expression
contributes to the pathologies noted in ARPKD. Interest-
ingly, the reduction in CFTR protein in del4 cholangiocytes
was associated with an increase in the presence of the
immature, lower-molecular-weight B-band of CFTR. CFTR is
well characterized with regard to its processing and exit
from the ER, and the presence of the also B-band is well
known to indicate arrested processing and trafficking from
the ER.*’ Thus, the lower levels of CFTR are suggestive of
defective processing in del4 cholangiocytes.

ER-Associated Protein Degradation

Because we noted changes in CFTR that point to its
misprocessing, we decided to determine whether key
ER-associated degradation (ERAD) proteins, including
HSPs,*® are altered in the del4 cholangiocytes. We were
surprised to detect a drop in HSP27 because we have

previously shown that when PC1 malfunctions, HSP27 is
upregulated.”” A reduction in HSP27 levels clearly plays a
role in this process because transfecting additional HSP27
reduces cyst growth. HSP27 plays many roles in cells,
ranging from protecting the cells from misfolded proteins to
regulating actin stability and inflammation.”” Interestingly,
both upregulation and downregulation of HSP27 levels are
associated with many diseases.”” For example, in certain
cancers such as bladder cancer, HSP27 is upregulated to
prevent aggregation of proteins. In this instance, reducing
HSP27 reduces cancer progression.51 At the opposite
extreme, in retinopathy, high glucose in retinal capillary
cells causes a downregulation of HSP27 induced by proin-
flammatory cytokines that stimulates apoptosis, thereby
potentially contributing to the retinopathy.” In our expe-
rience, the most common mutation in CFTR, F508-del, in-
creases HSP27 in airway cells, most likely protecting them
from the misfolded F508-del protein.53 On the other hand,
in some mutant forms of ABCA4 associated with Stargardt
disease, HSP27 levels are downregulated.”* Recently, we
have shown that a reduction in HSP27 is one of the out-
comes of Clostridium difficile infection.”® These polar dif-
ferences in disease-associated changes in HSP27 reflect the
different pathological outcomes associated with the disease
process. For example, in cancer as well as ADPKD, high
HSP27 levels may protect the dividing cells from unfolded
proteins and apoptosis, allowing them to grow pathologi-
cally, whereas in C. difficile, a reduction in HSP27 is asso-
ciated with a reduction in the epithelial barrier in infected
GI tract cells that leads to inflammatory diarrhea.

HSP27 is known to bind to actin and increase the sta-
bility of F-actin (filamentous actin),”® 1 of the 2 forms of
actin in cells. The dynamic interchange between the 2 actin
forms, F-actin and G-actin (globular actin), is critical for the
proper functioning of the cellular cytoskeleton.”® A reduc-
tion in HSP27 has been shown to have a deleterious effect
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Figure 5. Maneuvers that reduce cysts increasing HSP27. WT, del4 cholangiocytes, and del4 cholangiocytes transfected
with HSP27. (A, B) Western blot confirming HSP27 transfection. a-Tubulin was used as the loading control. WT and del4
cholangiocytes were grown on Matrigel and monitored for 1 week. (C, D) Significant reduction in cyst area as compared with
WT cholangiocytes was observed in HSP27-transfected cholangiocytes. Localization of CFTR to (E, F) apical vs (G, H)
basolateral membranes. (F) CFTR (red) and WGA (green) in WT or del4 cholangiocytes treated with VX-809 (10 uM). Pearson’s
correlation coefficient R. (G, H) CFTR (red) and Na™/K* ATPase (green) in WT or Del4 cholangiocytes. Cells were grown on
Transwell membranes. Z-stacks of confocal images acquired at 0.4 um using a 63 oil objective but representative images of
the apical location for WGA vs the more basolateral image for Na™/K™ ATPase. A portion of the image demarcated by a white
box was enlarged on the right. Scale bar = 10 um. All data are expressed as mean + SEM. P values were determined by
Student’s t test. For quantification of colocalization, 2-3 random areas were measured along a single z-plane as depicted by
the arrows, from 3 individual slides for each group. Number of cysts represented in the figure (dots) are from individual cysts.

*P < .05; P < .01; *™P < .001; *™*P < .0001.

on cells, particularly with regard to disrupting actin dy-
namics.”® The phenotype in ARPKD differs from ADPKD in
the development of ductal plate abnormalities and fusiform
dilation in the collecting ducts.’ It is interesting that the
cortical location of the actin cytoskeleton observed in
normal inner medullary collecting duct cells is disrupted by
silencing Pkhd1, which in turn leads to an epithelial-to-
mesenchymal transition,”” perhaps as a result of enhanced
RhoA levels in kidney cells.

Here, we have also demonstrated that HSP90 and HSP70
are upregulated in cholangiocytes. Furthermore, we have
shown that reducing HSP90, either by silencing its tran-
scription or by the use of an inhibitor, reduces cyst growth.
This result is consistent with our data showing that CFTR
protein levels are reduced in del4 cholangiocytes. Given that
HSP70 and 90 are known to play a role in the processing of
CFTR?!, these data demonstrate clearly the role of these
proteins in CFTR trafficking from the ER to the plasma
membrane.

Along these lines, HSP90 is overactive in ADPKD cells,
and a reduction in its function decreases cyst growth.”®"?
Seeger-Nukpezah et al®® showed that application of the

small molecule inhibitor STA-2842 over a 10-week period
not only inhibits the initial formation of cysts, but also slows
the progression of preexisting cysts, not unlike our obser-
vations here. Thus, elevations in HSP90 and HSP70 appear
to be common to both ARPKD and ADPKD.

Role in CFTR trafficking

CFTR is normally found in the apical membrane of
cholangiocytes, where it participates in fluid secretion.®’
Consistent with this localization, we found that in WT
cholangiocytes, CFTR colocalizes principally with apical
membrane markers. CFTR also colocalizes with the baso-
lateral membrane marker Nef“/K+ ATPase, albeit less
strongly. It is known that in secretory epithelia, newly
processed CFTR first traffics to the basolateral membrane
and then is transcytosed to the apical membrane.®" Thus, it
is not unusual to detect CFTR colocalization within the
basolateral membrane. One can readily see that in del4
cholangiocytes, the colocalization of CFTR with the baso-
lateral marker is reduced, likely contributing to cyst forma-
tion in a manner similar to that in ADPKD.*' VX-809
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treatment increased CFTR expression in del4 cholangiocytes
at the apical and basolateral membranes. We have previously
demonstrated a similar pattern in PC1-null cells derived from
the kidney.’” In that study, we showed that the trafficking
and function of transporters involved in Na™ absorption, such
as NHE3 and ENaC, are also restored by VX-809, reversing
the cyst phenotype from secretion to absorption.

CFTR Modulators

We have shown here that the CFTR corrector VX-809,
which was designed to rescue F508-del CFTR, reduces
cyst growth in del4 cholangiocytes essentially as it does in
PC1-deficient proximal tubule cells and in a PC1-null model
of ADPKD.?”*? The overarching similarity in these scenarios
is that VX-809 increases the localization of CFTR in the
basolateral membrane. We suggested in our previous work
that this movement of CFTR to the basolateral membrane
reduces the phenotype of the cysts from secretory to
absorptive.*” VX-809 does not have any effect on the cysts
in the absence of forskolin. This is not surprising because
CFTR is not the only channel driving fluid secretion in the
cysts.31 For example, the calcium activated chloride channel,
Anoctamin 1 also supports cyst growth, particularly in
response to signal transduction mechanisms which increase
Ca**.° Moreover, VX-809 increases the processing and
trafficking of CFTR but does not active it.*’ CFTR is activated
though protein kinase A via cAMP.°3 Thus, in our scenario,
VX-809 moves CFTR to the basolateral membrane and then
forskolin activates and increase in cAMP and subsequent

increase in active protein kinase A, thereby reducing the
cysts.

It is also informative to determine what VX-809 fails to
rescue. Although our transfection experiments show that
HSP27 plays a role in cyst growth, VX-809 does not restore
HSP27 toward WT values, indicating that VX-809 and HSP27
reduce cyst growth by different mechanisms.

Conclusion

We found that a deficit of FPC in cholangiocytes leads to
a reduction in CFTR and profound changes in an ensemble
of ERAD proteins that are known to play a role in CFTR
processing such as HSP27, HSP90, and HSP70.°* VX-809
also reduces ERAD proteins, which are implicated in
retaining CFTR in the ER and thus promoting the trafficking
of CFTR to the basolateral membrane, where it can partici-
pate in reducing cysts. These data suggest that CFTR cor-
rectors could be useful and therapeutics for ARPKD. Given
that they are already approved for use in humans,® they
can be fast-tracked for clinical use for ADPKD.

Materials and Methods

Reagents

Forskolin (#11018) was purchased from Sigma-Aldrich
(St Louis, MO); VX-809 (#S1565) and FDL169 (#S8795)
were purchased from Selleck Chemicals (Houston, TX);
HSP27 (SC13132), HSP70 (SC66048) antibodies were pur-
chased from Santa Cruz Biotechnology (Dallas, TX); Sox9
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Figure 7. Maneuvers that reduce cysts inhibiting HSP90. (A, B) Western blot of WT and del4 cholangiocytes treated with
KW-2478. WT and del4 cholangiocytes were grown on Matrigel and monitored for 1 week. (C, D) A significant difference from
WT in cyst area was observed in HSP90 inhibitor treated cholangiocytes. Localization of CFTR to (E, F) apical vs (G, H)
basolateral membranes. CFTR (red) and WGA (green) in WT or del4 cholangiocytes treated with VX-809 (10 uM). (F, H)
Pearson’s correlation coefficient R. (G, H) CFTR (red) and Nat/K* ATPase (green) in WT or Del4 cholangiocytes. Cells were
grown on Transwell membranes. Z-stacks of confocal images acquired at 0.4 um using a 63 x oil objective but representative
images of the apical location for WGA vs. the more basolateral image for Na*/K* ATPase. A portion of the image demarcated
by a white box was enlarged on the right. Scale bar = 10 um. All data are expressed as mean + SEM. P values were
determined by Student’s t test. For quantification of colocalization, 2-3 random areas were measured along a single z-plane as
depicted by the arrows, from 3 individual slides for each group. Number of cysts represented in the figure (dots) are from 3
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(ab185230) and Na'/K™ ATPase (#ab76020) antibodies
were purchased from Abcam (Cambridge, United Kingdom);
WGA (#W11261) was purchased from Invitrogen (Waltham,
MA); and HSP90 (ADI-SPA-830F) antibody was purchased
from Enzo Life Sciences (Farmingdale, NY).

Isolation of Cholangiocytes From WT-C57BI/6
and Pkhd19e/9eH pjice

To create the cholangiocyte cultures, WT-C57BI/6 and
Pkhd1%€"/%/!* mice®® were crossed with mice transgenic for
the Sv40 large T antigen (strain name SV40 T-antigen, JAX
strain #002233). Segments of intrahepatic bile ducts were
microdissected from livers that had been perfused via the
portal vein with molten agarose containing toluidine blue to
mark the veins. The liver parenchyma was stripped until the
biliary tree was identified, and the bile duct units were
seeded onto rat type I collagen-coated plates. The cells were
cultured under non-permissive conditions in the following
mixed medium: Dulbecco’s modified Eagle medium/F12

with 5% fetal bovine serum, 10-uL/mL insulin-transferrin-
selenium, 3.4-ug/mL tri-iodothryrodine, and 50,000 units
of penicillin/streptomycin under humidified conditions at
37°C in 5% CO,. After 1 week, the cells were cultured under
permissive conditions in the presence of 10 units of inter-
feron-y at 33°C in 5% CO,. When confluent, the cells were
passaged by digesting the collagen slab below the cells (60
minutes; 37°C; Dulbecco’s modified Eagle medium/F12 with
2-mg/mL dispase and 1-mg/mL collagenase type 11), then
washed twice in phosphate-buffered saline (PBS) and plated
onto collagen-coated support systems. Clonal cell lines were
generated by single-cell isolation. For experimental use,
the cells were differentiated for 10 days at 37°C without
interferon-y.

In Vitro Cystogenesis

To induce differentiation, cells were kept at 37°C for at
least 6 days without interferon-y. After 1 week, the cells
were used for 3D culture or other experiments. Growth
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Figure 8. Maneuvers that reduce cysts inhibiting HSP70. (A, B) Western blot of WT and del4 cholangiocytes treated with
VER155008. WT and del4 cholangiocytes were grown on Matrigel and monitored for 1 week. (C, D) Cystic cells were treated
with HSP70 inhibitor (VER155008). A significant difference from WT in cyst area was observed in HSP70 inhibitor treated
cholangiocytes. Localization of CFTR to (E, F) apical vs (G, H) basolateral membranes. CFTR (red) and WGA (green) in WT or
del4 cholangiocytes treated with VER155008 (10 uM). Pearson’s correlation coefficient R. (F) CFTR (red) and (H) Na'/K*
ATPase (green) in WT or del4 cholangiocytes. Cells were grown on Transwell membranes. Z-stacks of confocal images ac-
quired at 0.4 um using a 63 oil objective but representative images of the apical location for WGA vs. the more basolateral
image for Na*/K™ ATPase. A portion of the image demarcated by a white box was enlarged on the right. Scale bar = 10 um. All
data are expressed as mean + SEM. P values were determined by Student’s t test. For quantification of colocalization, 2-3
random areas were measured along a single z-plane as depicted by the arrows, from 3 individual slides for each group.
Number of Western blot experiments represented in the figure (dots) are from independent 10-cm dishes of cultured cells.
Number of cysts represented in the figure (dots) are from individual cysts. *P < .05; **P < .01; **P < .001; ***P < .0001.

factor-reduced Matrigel #354230 (Corning, Corning, NY)
was used here, and cell dilutions were prepared so that
there were approximately 6000 cells in 25 uL of medium;
25 uL of cell preparation was mixed with 50 uL of Matrigel,
see Yanda et al.°” Pictures were taken with a Zeiss Axio
microscope (Zeiss, Oberkochen, Germany). Cystic areas
were analyzed with Image] 1.50i (provided by the National
Institutes of Health, Bethesda, MD).

Immunofluorescent Staining

WT or del4 cells were grown on Transwell membranes of
a 6-well plate for 4 days. Following the confluence of cells
each Transwell membrane apparatus was transferred to a
new plate and membranes were washed with PBS for 3
times. Cells on membranes were fixed with 4% formalde-
hyde. Cells were then washed 3 times with PBS and blocked,
permeabilized with PBS containing 1% bovine serum albu-
min, 0.2% Triton X-100. Following blocking, membranes
were incubated with primary antibodies for overnight at
4°C and then processed for secondary antibody. Following
antibody staining and washings, membranes were mounted

on glass slides using Fluoro-gel (EMS#17985-10) and
covered with coverslips. Images were captured using Zeiss
LSM 880 confocal microscope.

Western Blot

WT or del4 cells were harvested and solubilized in NP40
lysis buffer (1% NP40, 50-mM Tris HC, 150-mM NaCl),
containing protease inhibitor cocktail (catalog# 78438;
Thermo Fisher Scientificc Waltham, MA). Lysates were
rotated for 20 minutes at 4°C. Following the lysis samples
were centrifuged at 14,000 g for 15 minutes at 4°C to pellet
the insoluble material. Supernatant was carefully trans-
ferred to a new clean tube for protein concentration mea-
surements. Supernatants were mixed with 2X Laemmli
sample buffer (#1610737; Bio-Rad, Hercules, CA). Each 50
ug of protein sample was subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis using 4%-15%
protein TGX precast gel (#4561084; Bio-Rad). Proteins were
transferred onto polyvinylidene difluoride membrane
(#1704157; Bio-Rad) using Bio-Rad turbo transfer system,
followed by blocking the membrane in 5% non-fat milk in
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TBST for 1hr at room temperature. Membranes were
washed twice with TBST (tris-buffered saline with 0.05%
tween20 and incubated with primary antibody (1:1000)
diluted in blocking buffer for overnight at 4°C. Following the
primary antibody incubation, membranes were washed 3
times and incubated with horseradish peroxidase conju-
gated secondary antibody for 1h at room temperature fol-
lowed by washing with TBST for 3 times. The protein of
interest was detected using Enhanced chemiluminescence
(SuperSignal West Dura Extended Duration Substrate, cat-
alog no. 34075; Thermo Fisher Scientific) reagent. The
chemiluminescent signal on the polyvinylidene difluoride
membrane was directly captured using Amersham Imager
600 (Amersham, Amersham, United Kingdom) equipped
with a cooled CCD camera. ImageQuant TL 8.1 software
(Cytiva, Marlborough, MA) was used for quantification of the
bands.

Statistics

Averages + SEM are given for all data. Data were
analyzed by Student’s t test. Brackets indicate the compared
values. The number of independent experiments is repre-
sented in each figure as a dots. The del4 and control cells
originated each from 1 animal. Experiments on cultured
cells were conducted on independent cultures of cells. For
quantification of colocalization, 2-3 random areas were
measured along a single z-plane from 3 individual slides for
each group. For cysts, n indicates the number of individual
cysts. All experiments were replicated until statistically
significant at P < .05. Statistical significance was determined
by Student’s t test. All experiments were unblinded. All data
points are depicted in the figures.
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