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Survivin-Induced Abnormal Ploidy Contributes to Cystic
Kidney and Aneurysm Formation
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Background—Cystic kidneys and vascular aneurysms are clinical manifestations seen in patients with polycystic kidney
disease, a cilia-associated pathology (ciliopathy). Survivin overexpression is associated with cancer, but the clinical
pathology associated with survivin downregulation or knockout has never been studied before. The present studies aim to
examine whether and how cilia function (Pkd!l or Pkd2) and structure (7g737) play a role in cystic kidney and aneurysm
through survivin downregulation.

Methods and Results—Cysts and aneurysms from polycystic kidney disease patients, Pkd mouse, and zebrafish models are
characterized by chromosome instability and low survivin expression. This triggers cytokinesis defects and formation of
nuclear polyploidy or aneuploidy. In vivo conditional mouse and zebrafish models confirm that survivin gene deletion
in the kidneys results in a cystic phenotype. As in hypertensive Pkdl, Pkd2, and Tg737 models, aneurysm formation can
also be induced in vascular-specific normotensive survivin mice. Survivin knockout also contributes to abnormal oriented
cell division in both kidney and vasculature. Furthermore, survivin expression and ciliary localization are regulated by
flow-induced cilia activation through protein kinase C, Akt and nuclear factor-xB. Circumventing ciliary function by
re-expressing survivin can rescue polycystic kidney disease phenotypes.

Conclusions—For the first time, our studies offer a unifying mechanism that explains both renal and vascular phenotypes
in polycystic kidney disease. Although primary cilia dysfunction accounts for aneurysm formation and hypertension,
hypertension itself does not cause aneurysm. Furthermore, aneurysm formation and cyst formation share a common
cellular and molecular pathway involving cilia function or structure, survivin expression, cytokinesis, cell ploidy,
symmetrical cell division, and tissue architecture orientation. (Circulation. 2014;129:660-672.)
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olycystic kidney disease (PKD) is the most common
hereditary kidney disorder, and formation of bilateral
cystic kidneys is the hallmark of the disease. Among other
extrarenal phenotypes, aneurysm formation is one of the
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Survivin is a chromosomal passenger involved in coordinat-
ing proper chromosomal events during mitosis.® Because of

deadliest vascular abnormalities observed in PKD patients.
Unfortunately, there is no study that explains the formation
of these “bulb-like structures” in both vasculatures and renal
tubules. Abnormalities in primary cilia,"* polyploidy,”¢ and
centrosomal number>” have been independently studied in the
vascular or renal systems. However, there is currently no uni-
fying mechanism that explains these cellular phenotypes.

its clinical manifestation in cancer, overexpression of survivin
has always been the main focus of medical research. Whereas
overexpression of survivin is associated with cancer formation
and progression, the Survivin knockout mouse model is not
viable beyond 4.5 days post coitum.’ Interestingly, survivin
homozygote cells isolated at 4.5 days post coitum show a cel-
lular polyploidy phenotype similar to that of Pkd cells.
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Our previous in vitro studies showed that vascular endothe-
lial Pkd cell lines are characterized by survivin downregula-
tion, resulting in abnormal spindle assembly checkpoint and
polyploidy.® Here, we expanded our study through the use of
in vivo mouse and zebrafish models to demonstrate that sur-
vivin knockout or knockdown is sufficient to induce the for-
mation of bulb-like structures in the kidney tubule (cysts) and
artery (aneurysms). Our studies further suggest that mechano-
sensory cilia regulate survivin expression and dictate the for-
mation of cell ploidy. The asymmetrical cell division resulting
from abnormal ploidy further undermines the establishment of
tissue polarity or planar cell polarity, which is believed to be
the underlying mechanism for tubule or artery dilatation. We
thus propose a common cellular mechanism through survivin
to explain both vascular and renal phenotypes in PKD.

Methods

Signed and informed consent to collect disposed human kidneys with
PKD was obtained from the patients, and kidney collection protocols
were approved by the Department for Human Research Protections
of the Biomedical Institutional Review Board of the University of
Toledo. The use of animal tissues was approved by the University of
Toledo animal care and use committee.

Mouse Models

The following mouse models were used in our studies; MxICre,
Pdgf3Cre, Tie2Cre, Pkdl"™, Pkd2-, Tg737°", and survivin™.
To accelerate the experimental cystic model, unilateral ureteral
obstruction (UUO) was generated by tying a 6-0 silk suture against
a 28G-gauge needle in the mice. Standard histology analyses were
used to examine the kidneys. To accelerate experimental aneurysm
formation, 0.25 mol/L calcium chloride was placed directly on the
abdominal aorta of the mice for 10 minutes.

Cell Culture

Human and mouse primary tubular cells from distal collecting tubules
were used in the present studies. For cell lines, we used previously
generated mouse endothelial cells® and human renal epithelial cells.*
In some experiments, human full-length survivin—green fluorescent
protein was used, in addition to siRNA knockdown on protein kinase
C (PKC), Akt, aurora-A, and survivin. These cells were then sub-
jected to cell cycle, live imaging, karyotyping, immunostaining, or
Western analysis.

Chromosomal Analysis

Chromosomes from a single cell were spread and hybridized with
a cocktail of mouse or human fluorescence-labeled probes specific
for individual chromosomes.'” Data were analyzed with automated
SKY View software (version 1.62). Because zebrafish chromosome-
specific probes were not available, individual chromosomes were
analyzed on the basis of the ideogram derived from the replication
banding of Danio rerio.

Live Imaging study

Primary renal epithelial cells or vascular endothelial cells were trans-
fected with or without Survivin siRNA. Hoechst dye was use to indi-
cate the nucleus.

Zebrafish Study

Wild-type zebrafish AB strains were used for knockdown experiments
with either control morpholino (controlMO: 5'-CCT CTT ACC TCA
GTT ACA ATT TAT A-3") or Pkd2 morpholino (pkd2MO: 5'-AGG
ACG AAC GCG ACT GGG CTC ATC-3’). For rescue experiments,
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100 pg purified full-length human survivin mRNA was either coin-
jected with pkd2 morpholinos or injected alone into the 1- to 2-cell-
stage embryos. In another case, 2.5 ng vascular endothelial growth
factor (VEGF) was coinjected with pkd2 morpholinos.

RNA Isolation and Reverse Transcription—
Polymerase Chain Reaction

Effectiveness of the knockdown or overexpression in zebrafish was
verified by reverse transcription—polymerase chain reaction. Total
RNA was isolated from zebrafish embryos with TRIzol (Invitrogen,
Inc) followed by DNase treatment (Roche, Inc). Superscript-II
(Invitrogen, Inc) was used for cDNA synthesis. Reverse transcription—
polymerase chain reaction is performed under the following cycling
conditions: 95°C for 15 minutes and then 40 cycles of 95°C for 30
seconds, 60°C for 1 minute, and 72°C for 1 minute. The cDNAs were
amplified using specific primers indicated in the Table.!"-!*

Pharmacological Agents

The pharmacological agents used in our studies include PKC inhibi-
tor (5 pmol/L Bisindolylmaleimide XI hydrochloride, Sigma Inc),
PKC activator (10 pmol/L forskolin, Sigma Inc), taxol (33.3 nmol/L,
Sigma, Inc), nocodazole (0.1 pg/mL, Sigma, Inc), VEGF (2.5 ng,
Prospec, Inc), and colcemid (50 pg/mL, Invitrogen Inc).

Data Analysis

Both surgical and nonsurgical kidneys were studied and compared
among the mouse groups. All quantifiable data were reported as
mean+SEM. Distribution analyses were performed on all data sets
before any statistical comparisons to confirm normal data distribu-
tion (a bell-shaped curve distribution). Homogeneity of variance
(homoscedasticity) was also verified within each data set. When
the data set was not normally distributed or heterogeneous vari-
ance was detected, the distributions were normalized by log trans-
formation. This approach produced normally distributed data sets.
After distribution and variance analyses, data comparisons for >2
groups were performed with ANOVA followed by the Dunn mul-
tiple-comparison posttest analysis. Comparison between 2 groups
was carried out with the Student ¢ test. Whenever possible, paired
experimental design was used in our studies to allow more powerful
statistical analysis and the use of fewer mice in each study group.
For all comparisons, power analyses were performed routinely to
enable reliable conclusions, and comparisons with negative results
had statistical powers of 20.8. Unless otherwise indicated, the dif-
ference between groups was statistically significant at P<0.05, and

Table. Primer Sequences

Description Reference

Zebrafish pkd2

Primer Sequence

Forward: 5-GGG ATA CGT 11
GCT GTG GTT CTC-3’

Reverse: 5-CAC GAT GAG
CTC CAG TCG CGT-3

Forward: 5-AAG AAC TGG 12
CCCTTC TTG GA-3”

Reverse: 5-CAA CCG GAC
GAATGC TTT TT-3

Forward: 5’-GGA GCG ACT 13
TCG CAT CTA CAT-3"

Reverse: 5"-ACC TCA TCA

CGA AAG TAG GCA ATC-3"

Forward: 5"-GGA GCT CAT 14
TGACCTTGT TTT AGA
TA-3
Reverse: 5-GCT GTG GAA
GAC CAG GAA ACC-3/

Human survivin

Zebrafish survivin

Zebrafish a-tubulin




662 Circulation February 11, 2014

significance is indicated in the graphs by asterisks to denote com-
parison with the wild-type control, nontreated, noninduced, or static
group. The number of experimental replicates is indicated in the
figures or figure legends. All statistical analyses were done with
GraphPad Prism, version 5.0.

Results

Human and Mouse Polycystic Kidneys Are
Characterized by Abnormal Ploidy and

Survivin Downregulation

Compared with noncystic tissue (Figure 1A), karyotyping
data of a single renal epithelium from PKD patients showed
an abnormal ploidy (Figure 1B). We consistently observed
an astonishingly high abnormality in the genetic composi-
tion in the samples acquired from PKD patients (Figure 1C).
We recently showed that survivin is downregulated in Pkd-
derived mouse vascular endothelia.”> We therefore exam-
ined survivin expression levels in our patients’ samples.
All freshly isolated kidney samples from PKD patients
consistently show a downregulation in survivin expression
(Figure 1D).

Survivin Downregulation Is Sufficient to Promote
Cystic Kidney Ex Vivo and In Vivo

Because Survivin knockout mouse dies at 4.5 days post
coitum,” we crossed survivin-flox mice with kidney-specific
Cre mice (MxICre). We also performed UUO surgery as
a renal injury model to examine the relationship between
renal injury and cyst formation. We inactivated survivin
(MxICre:Survivin®r) in 1-week-old mice and analyzed the
cystic kidney phenotypes in 4-week-old (Figure 2A-i) and
A human non-cystic kidney tissue (46, XY)
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3-month-old (Figure 2A-ii) mice. At 5-week-old mice, the
effects of Survivin knockout were most apparent in the injury
model, in which the UUO kidneys were bulged and filled with
fluid. Kidneys from 3-month-old MxICre:Survivin* mice
showed severe gross anatomic kidney defects. Cross-sectional
analysis further showed that inactivation of survivin at 1 week
of age was sufficient to induce kidney cyst formation at 5
weeks of age, although it was not as severe as those with UUO
surgery (Figure 2B). Histology analysis using standard hema-
toxylin and eosin and fluorescent lectin staining confirmed
a gross structure abnormality in Survivin knockout kidney,
especially in the injury model, compared with wild-type age-
matched kidneys undergoing the same surgery. Survivin inac-
tivation resulted in a progressively more severe cystic kidney
phenotype in older mice.

Survivin Downregulation Exacerbates

Aneurysm Formation

The occurrence of aneurysm represents a major risk fac-
tor for morbidity and mortality associated with PKD." To
examine whether Survivin knockout would result in aneu-
rysm, we induced aneurysm formation in endothelium-
specific Survivin knockout (PdgfBCre:Survivin/o#r) mice.
These mice were later euthanized to measure the aorta diam-
eter at the site of the aneurysm surgery. Unlike wild-type
mice, in which aorta diameter was only slightly enlarged
after aneurysm surgery, Survivin knockout mice displayed
a gross aortic aneurysm similar to that of Pdgf3Cre:PkdI1"
fox - Pkd2*~, or Tg737°7¥ok mice after aneurysm surgery
(Figure 3A). Histological analysis of the cross sections fur-
ther confirmed a marked arterial enlargement and aneurysm
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Figure 1. Autosomal-dominant polycystic kidney disease (ADPKD) renal epithelia are characterized by abnormal ploidy level and survivin
downregulation. A, Karyotyping was carried out in freshly isolated epithelial cells from non-ADPKD patients to visualize individual
chromosomes (noncystic kidney). B, Characterization of individual chromosomes from a single renal epithelium isolated from an ADPKD
patient indicated tetraploid and abnormal chromosomal composition. C, Overall karyotype analysis of individual cells confirmed the
presence of abnormal genomic compositions (aneuploidy or polyploidy) in cells from ADPKD patients. D, Kidney tissues from ADPKD
patients were also used to confirm survivin expression, and GADPH was used as loading control. Bar graph shows relative survivin
expression levels. n=3 each for freshly isolated non-ADPKD and ADPKD kidneys.
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formation at the site of surgery from Pdgf3Cre:Survivin/
fox - PdgfBCre:Pkd1#ox, Pkd2*~, and Tg737°7¥Ork mice
(Figure 3B). Surprisingly, the Pkd2*~ mice also demon-
strated a high propensity for aneurysm formation. Our data
clearly indicated that similar to Pkdl, Pkd2, or Tg737 inac-
tivation, Survivin knockout resulted in aneurysm formation
(Figure 3C). We next categorized the aneurysm types accord-
ing to the classification by Daugherty et al.'® Regardless of
the genotypes, the mutant mice consistently showed a more
severe grade than the wild-type mice (Figure 3D). Taking
these results together, we proposed that vascular and kidney
phenotypes of PKD may share a similar cellular mechanism
through survivin.

. NOn-Surgery
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Figure 2. Survivin downregulation

is sufficient to induce cystic kidney
formation. A-i, Unilateral ureteral
obstruction (UUO) was performed on
either wild-type or Survivin knockout
(Mx1Cre:Survivin®*1°) mice at 1 month
of age, and mice were euthanized a
week later. A-ii, Mx1Cre:Survivin™/
flx_induced and noninduced littermates
were euthanized, and their kidneys were
compared 3 months later. Comparison
of gross features revealed enlargement
in Survivin knockout kidneys with an
apparent bulged and fluid-filled kidney.
B, Hematoxylin and eosin (H&E)-stained
kidney sections from 5-week-old wild-
type and Mx1Cre:survivin™1 mice
with or without UUO surgery are shown.
Florescence studies were performed
with lectin Dolichos Biflorus Agglutinin
(DBA) staining (red) and counterstained
with wheat germ agglutinin (green) and
DAPI (blue).

red) and DNA (blue)

Cellular Mechanism of Cystic and Aneurysm
Formation Involves Polyploidy Formation Resulting
From Abnormal Cell Division

To examine the mechanism by which survivin downregula-
tion contributes to cystic kidney and vascular aneurysm, we
performed live-cell imaging on renal epithelia (Figure 4A).
As expected, we observed a symmetrical division in normal
epithelial cell (Movie I in the online-only Data Supplement).
Although survivin knockdown epithelium committed to
enter cell division, severe cytokinesis defect was observed,
resulting in failure to exit mitosis properly (Movie II in the
online-only Data Supplement). This, in turn, led to polyploidy
formation with cytomegaly and multinucleated phenotypes.
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Figure 3. Aneurysm formation is an extrarenal phenotype of polycystic kidney disease. A, Aneurysm surgery was performed in mice

at 1 month of age, and mice were euthanized at 3 months of age. The aortas were isolated and their diameters were measured at the
surgical site. Unlike wild-type mice, Pdgffcre:Survivin®fx mice showed a severe aneurysm induction to an extent similar to that shown in
Pdgffcre:Pkd1oiex . Pkd2+-, and Tg737°P<° mice. B, Representative cross sections of aortas at the aneurysm surgery site are shown in
control wild-type, Pdgffcre:Pkd1foxfex Pkd2+~-, Tg737°<°k or PdgfBcre:Survivin™/fx mice with and without aneurysm surgery. Similar to
Pdgffcre:Pkd1foviox P2+~ and Tg737°P°k mice, Pdgffcre:Survi/fx mice exhibited aneurysm formation and aortic dilation compared
with wild-type mice. Arrows point to aneurysm formation, and double-headed arrows point to aorta diameter. n>3 for each group and
genotype. Bar, 200 pm. C, Bar graph shows averaged values for aorta diameter in wild-type, PdgfBcre:Pkd1o¥iex Pkd2+-, Tg737°P<ek or
PdgfBcre:Survivin™/ix mice. D, The grade of aneurysm is also tabulated.

Similar studies were performed on vascular endothelial cells
(Figure 4B). Likewise, similar observations were obtained
in control endothelia (Movie III in the online-only Data
Supplement) and survivin knockdown endothelia (Movie IV
in the online-only Data Supplement).

Polyploidy Formation Contributes to Abnormal
Oriented Cell Division in Cystic Expansion and
Aneurysm Formation

Oriented cell division dictates the maintenance of renal tubule
diameter during tubular lengthening. Defects in this process
will trigger renal tubular enlargement and cyst formation in

Pkd rodent models.''® We thus examined this possibility in
Survivin mice. Unlike kidney sections from wild-type mice
in which normal cell division orientation was parallel to the
axis of kidney tubules, kidney sections from Survivin knock-
out mice (MxICre:Survivin**) revealed abnormal cell
division and orientation pattern (Figure 5A). Both mitotic
misorientation and abnormal cell division were very appar-
ent in the Survivin knockout mice, particularly after UUO
surgery. Abnormal cell divisions include enlarged nucleus,
multinucleated cells, or asymmetrical mitosis. Our data fur-
ther strengthened the argument that survivin shared a similar
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endothelial cell
(control siRNA)

(Survivin siRNA)

endothelial cell

cellular mechanism, as previously reported in polycystic kid-
ney models.!1

To further test our hypothesis that the pathogenesis of
aneurysm and cystic kidney shared a common cellular mech-
anism, we examined for the first time how oriented cell divi-
sion contributed to aneurysm formation in both Survivin and
Pkd mouse models (Figure 5B). We studied cell division,
cell-cell orientation, and division orientation in aortas from
wild-type, PdgfBCre:Pkd1"x, Pkd2+~, Tg737°7“°w and
PdgfBCre:Survivin®¥ex mice. Aorta sections from control
wild-type mice displayed normal cell division orientation pat-
terns; however, cell division orientation was slightly perturbed
after aneurysm surgery. Similarly, aorta sections from Pkd2*/~
mice displayed normal cell or cell division orientation, but
they showed abnormal cell division after aneurysm surgery.
On the other hand, aorta sections from PdgfBCre: Pkd 1",
Tg7370w0mwk and  Pdgf3Cre:Survivin®#* mice displayed
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Figure 4. Survivin downregulation is associated
with abnormal cytokinesis in primary cells of

renal epithelia and vascular endothelial cells. A,

To obtain the mechanistic insights of cytokinesis
defect in renal epithelial cells, live-cell imaging
analysis was performed. B, A similar study was
also done in vascular endothelial cells. Control
and survivin knockdown cells were loaded with
Hoechst dye to examine nuclear division (bottom),
whereas differential interference contrast (DIC)
images were used to study cytokinesis (top). Time
stamps indicate hours and minutes as illustrated in
the Materials section and Movies | through IV in the
online-only Data Supplement. Bar, 50 um. n>3 for
each group and treatment.

abnormal cell division, cell-cell orientation, and cell division
orientation with or without aneurysm surgery.

Primary Cilia Regulate Cell Division Through
Survivin Expression

We previously showed that low survivin expression is associ-
ated with abnormal mitotic events in endothelial cells with
cilia dysfunction.’ To test our hypothesis that cilia function
regulated survivin expression, we examined whether and how
flow-induced cilia activation could regulate survivin expres-
sion. Wild-type, Pkdl~~, and Tg737°7¥0k endothelial cells
were subjected to fluid shear stress, and survivin expression
was analyzed (Figure 6A). The differential expression of
survivin between wild-type and cilia mutant cells was most
obvious in the presence of fluid shear stress. Survivin expres-
sion increased after fluid flow in wild-type but not in cilia
mutant cells. However, expression of aurora-A kinase was
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Figure 5. Abnormal cellular division orientation is associated with renal cystic and vascular aneurysm phenotypes. A, Kidney tubular
sections from both Mx1Cre:survivin®ix mice, with or without unilateral ureteral obstruction surgery, showed abnormal cell division and
division orientation with respect to the axis of the kidney tubule. ZO-1 staining was used to indicate renal tubule orientation, and a cell
undergoing division within the region is further enlarged. B, Longitudinal abdominal aortic sections in nonsurgery (control) and aneurysm-
induced (surgery) models were studied to analyze endothelial orientation and cell division. Nucleus from smooth muscle cells is shown in
blue; the nucleus of a single intimal layer of endothelial tissue is pseudocolored in yellow. Abnormal randomized cell orientation is clearly
visible. In all figures, division orientation relative to tubule/artery axis is shown in green double-headed arrows, and abnormal cell division
is indicated by green arrows. n>3 for each group and genotype. n>100 for distribution of spindle orientation angle for each genotype and

each treatment. Bar, 40 pm. Acet. a-tub indicates acetylated a-tubulin.

maintained at the same levels in all cells after fluid flow, indi-
cating the specificity of flow-induced survivin expression.
More surprising is that fluid flow induced survivin localiza-
tion to primary cilia only in wild-type cells (Figure 6B). An
increase in survivin expression and localization to cilia were
not observed in cilia mutant cells in response to fluid shear
stress, indicating that fluid flow was acting directly on cilia to
induce survivin expression.

We next treated wild-type, Pkdl~~, and Tg73707vomrk
cells with survivin or aurora-A inhibitors. At resting state
(Figure 6C-i), such an inhibition resulted in centrosome over-
amplification with multiple stubby cilia formation. In dividing
cells (Figure 6c-ii), inhibiting survivin or aurora-A induced
mitotic arrest with profound defects in the bipolar spindle for-
mation. Defects in resting and dividing cells were observed
in wild-type cells, and they became more widespread in cilia
mutant cells. Taken together, our data indicated that survivin
expression was regulated by flow-induced cilia activation and
that both survivin and aurora-A played critical roles in centro-
somal number and cell division regulation.

Survivin Expression Is Regulated by PKC, Akt, and
Nuclear Factor-xB

We previously demonstrated that PKC and Akt are down-
stream messengers of primary cilia.” Here, we asked whether
cilia-induced survivin expression was also mediated by PKC
or Akt. To assess whether Akt was downstream of PKC, we

treated wild-type and cilia mutant cells with PKC inhibitor or
PKC activator (Figure 7A). Expression of phosphorylated Akt
(p-Akt) was significantly downregulated in all groups treated
with PKC inhibitor compared with control nontreated groups.
Moreover, p-Akt was significantly increased in cells treated
with PKC activator. Consistent with a previous report,” our
data support that Akt was downstream of PKC. We next ana-
lyzed whether Akt expression was dependent on cilia function
(Figure 7B). Cilia activation by fluid flow caused a significant
increase in p-Akt level in wild-type but not in cilia mutant
cells. Moreover, this increase in p-Akt expression by fluid
shear stress was repressed in wild-type cells treated with
PKC inhibitor, indicating that Akt activation was dependent
on cilia function and required PKC activity. In mutant cells,
p-Akt expression was consistently and significantly depressed
by PKC inhibitor. On the other hand, changes in aurora-A
expression were not consistently observed in all groups after
fluid shear stress or PKC inhibitor. We next examined whether
aurora-A would regulate p-Akt, Akt, or survivin expression
levels (Figure 7C). Our data demonstrated that although inhib-
iting aurora-A caused no apparent changes in p-Akt or Akt
expression, the survivin level was slightly but not significantly
altered. This suggested that aurora-A was neither regulated by
fluid flow nor upstream of Akt.

It has been reported that Akt can regulate nuclear factor-xB
(NF-xB), which is known to regulate survivin expression.?'??
To investigate this possibility in our system, we studied both
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NF-kB and phosphorylated NF-kB. We further inhibited
aurora-A in the presence of fluid flow to confirm our earlier
results and to study the relationship between aurora-A and
NF-xB (Figure 7D). Our study corroborated our previous
results that flow induces Akt phosphorylation® and that this
induction was not affected by aurora-A inhibition. Consistent
with our earlier studies, survivin expression was increased by
flow, although this increase could be repressed by aurora-A
inhibitor in the wild-type cells. More important, both NF-xB
and phosphorylated NF-kB expressions were significantly
increased in the presence of fluid flow in wild-type cells.
No obvious changes of NF-kB and phosphorylated NF-xB
expressions in response to fluid flow were observed in cilia
mutant cells, although the basal level of NF-xB in the mutant
cells was higher than in wild-type cells.

aurora-A

Figure 6. Cilia regulate cell division through
survivin expression. A, Western blot analysis was
used to study survivin and aurora-A expressions

in wild-type and cilia mutant cells (Pkd71-- and
Tg737°% 0Pk in the presence or absence of fluid
shear stress. GAPDH and actin were used as
loading controls. Bar graph represents averaged
survivin and aurora-A expressions. B, Acetylated
a-tubulin (acet. a-tub) was used as a ciliary marker
to indicate ciliary expression and localization of
survivin in response to fluid shear in wild-type but
not mutant cells. C, Cells treated with survivin or
aurora-A inhibitors are characterized by multiple
centrosomes, abnormal mitotic spindle, and
mitotic arrest during cell division. Cells were
stained with acetylated a-tubulin (green) and
pericentrin (red) and captured at resting (i) and
dividing (ii) stages of the cell cycle. Bar, 10 um.
n=3 for each cell type and treatment. Statistics was
performed by comparing individual group with their
corresponding wild-type static control groups.

T 73 70k
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We thus far used various pharmacological agents to exam-
ine potential signaling pathways, amid some might have
nonspecific or off-target effects. Therefore, we next used
siRNA knockdown approaches to verify our proposed path-
way (Figure 7E). Knockdown of PKC or Akt resulted in
downregulation of p-Akt, aurora-A, and survivin expression.
Aurora-A knockdown resulted in a decreased expression of
aurora-A and survivin, whereas survivin knockdown showed
a decrease in survivin expression only. The expression level
of a common cell cycle marker, cyclin-B1, did not change
after the siRNA studies, confirming that these knockdowns
did not affect cell cycle and proliferation status in our cells.
Taking these results together, we propose that the cilia-PKC—
Akt—NF-kB pathway was involved in survivin expression and
cell division regulation.
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Figure 7. Protein kinase C (PKC)/Akt/nuclear factor-xB (NF-kB) signaling pathway regulates flow-induced survivin expression and cell
division. A, After wild-type and cilia mutant (Pkd1-- and Tg737°7¥°7) cells were treated with PKC inhibitor or activator, both Akt and
phosphorylated (p-) Akt were analyzed. When treated with PKC inhibitor, all cell lines showed downregulation of p-Akt, whereas PKC
activator treatment showed an increase in p-Akt compared with nontreated control cells. B, The effect of fluid flow on Akt and aurora-A
expression was analyzed in the presence or absence of PKC inhibitor. When subjected to fluid shear, p-Akt expression was upregulated
only in wild-type cells. Although p-Akt expression returned to basal levels after treatment with PKC inhibitor and fluid shear stress in wild-
type cells, it stayed repressed in mutant cells. C, Treatment with aurora-A inhibitor resulted in a decrease in p-Akt, aurora-A, and survivin
expression; however, these decreases were not significant compared with the control, nontreated group. D, Although the total Akt level
was not changed, fluid shear stress significantly induced the expression of p-Akt in wild-type but not in mutant cells. Aurora-A expression
was increased after fluid shear stress in wild-type cells; however, this increase was not significant compared with control. Both NF-xB
and phosphorylated NF-«xB (pNF-kB) expressions were increased after fluid shear stress only in wild-type cells, whereas mutant cells
maintained a high basal level of NF-kB compared with static wild-type cells. Survivin expression was increased after shear stress in
wild-type cells. E, Western blot analyses were conducted to confirm the signaling mechanism involving survivin expression by siRNA-
mediated knockdown of PKC, Akt, aurora-A, or survivin. To further confirm the involvement of these signaling molecules in centrosome

number and cell division abnormality, immunofluorescence and flow cytometry analyses are presented in the Materials section in the
online-only Data Supplement, together with the statistics.

Re-Expression of Survivin Rescues PKD Phenotypes Akt-NF-xB pathway,**' we also tested whether modulating
Because Survivin knockout results in PKD phenotypes, it this pathway by coinjecting VEGF would rescue PKD pheno-
is expected that re-expression of survivin to normal levels types. Our studies showed that coinjection of survivin mRNA
should alleviate those phenotypes. To test this hypothesis, we or VEGF in morpholino knockdown of pkd2 rescued the curly
used a zebrafish model for our in vivo studies. It has previ- tail and cystic kidney phenotypes (Figure 8A). Overall data
ously been reported that morpholino (MO)-induced deple- analysis showed that the rescue by survivin mRNA or VEGF
tion of pkd2 causes profound developmental abnormalities, was more apparent in younger (28 or 48 hours after fertiliza-
including cystic kidneys, curly tails, and pericardiac edema tion) than older (72 hours after fertilization) fish. This was
in zebrafish embryos.!" We determined whether we could res- likely attributable to a decrease in the effectiveness or stability
cue the Pkd2 morphants from these phenotypes by coinjecting of injected survivin mRNA or VEGF as the fish developed
mRNAs encoding the open reading frame of survivin. Because to older stages. To examine whether pkd2MO zebrafish was

VEGF is known to induce survivin expression through the associated with survivin downregulation as seen in the human
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Figure 8. Survivin overexpression rescued polycystic kidney disease phenotypes in zebrafish. A, Zebrafish embryos were scored for
phenotypic observations at different developmental stages. Shown here are representative images of zebrafish at 24, 48, and 72 hours
postfertilization (hpf) injected with control morpholino (MO), pkd2 MO, pkd2 MO plus survivin mRNA, survivin mRNA alone, or pkd2 MO
plus vascular endothelial growth factor (VEGF). Abnormal phenotypes associated with pkd2 MO injections such as curly tail and renal cyst
were rescued by survivin mRNA or VEGF injection into zebrafish embryos. Representative images of 48-hpf zebrafish sections are shown.
The sections were stained with hematoxylin and eosin (bottom); and arrows point to pronephric structures. B, Reverse transcription—
polymerase chain reaction (RT-PCR) was performed to examine zebrafish (zf) and human (hu) transcript levels for survivin and to confirm
pkd2 knockdown. Human survivin was introduced through mRNA injection. a-Tubulin was used as a loading control. C, Expression levels
of survivin were analyzed in all the groups in which zebrafish and human survivin can be recognized by the same antibody. D, Analyses
of individual chromosomes were performed in all groups of fish embryos to study chromosomal number. Black bar, 500 nm; red bar, 50
pm. All quantification and statistical analyses on Western blot, RT-PCR, and polyploidy level are presented in the Materials section in the
online-only Data Supplement.

PKD and mouse models, we studied the levels of survivin pkd2MO-, pkd2MO plus survivin mRNA—, or pkd2MO plus
transcript (Figure 8B) and protein (Figure 8C). The endog- VEGF-injected embryos compared with controlMO fish.
enous zebrafish Pkd2 transcript levels were decreased in Injection of survivin mRNA alone did not alter the zebrafish
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pkd?2 transcript. Furthermore, the endogenous zebrafish sur-
vivin transcript levels were significantly decreased in the pres-
ence of pkd2MO, but this could be rescued by VEGF. Our
data suggested that the PKD phenotypic rescue in pkd2MO
plus VEGF-injected embryos was achieved via induction of
endogenous zebrafish survivin, unlike in pkd2MO plus sur-
vivin mRNA—injected embryos, in which rescue depended on
exogenous human survivin. Survivin protein was then quanti-
fied using an antibody that recognizes both human and zebraf-
ish forms. Our analysis confirmed the decrease of survivin
expression in pkd2MO fish and indicated that survivin expres-
sion could be rescued by human survivin mRNA or VEGF
injection, leading to PKD phenotypic rescue.

To study how survivin rescued the PKD phenotypes, we
investigated whether a molecular mechanism similar to human
PKD and mouse models might involve abnormal polyploidy
formation in zebrafish. Analysis of individual chromosomes
confirmed a significant increase in polyploidy formation from
cells derived from pkd2MO fish compared with those derived
from controlMO fish (Figure 8D). This polyploidy increase
could be partially rescued after coinjection with survivin
mRNA. Overall, our data suggested that survivin played an
important role in regulating ploidy, a common cellular con-
tributor to PKD phenotypes.

Discussion

Our studies show that abnormal function of mechanosensory
cilia leads to survivin downregulation, which is associated
with abnormal ploidy formation and contributes to cystic kid-
ney and vascular aneurysm phenotypes. We show for the first
time that Survivin conditional knockout in the kidney or vas-
cular tissues is associated with cyst or aneurysm formation,
respectively. At least in the zebrafish model, re-expression of
survivin can partially rescue PKD phenotypes. Overall, our
studies demonstrate that primary cilia control renal and vascu-
lar architectures through survivin expression and symmetrical
cell division along the longitudinal axis of the tissues.

Data from our PKD patients are supported strongly by the
mouse and zebrafish studies, indicating that survivin down-
regulation triggers polyploidy formation, the predominant
phenotype observed throughout our studies. In our controls,
especially in human samples, some polyploidy was detected.
This is most likely attributable to a physiological aging pro-
cess characterized by cellular senescence.? A subpopulation
of our precystic cells exhibited 8 N DNA content, suggesting
that consecutive rounds of DNA replication without proper
cell division are still possible in cells with a low survivin
expression. This is consistent with the report that survivin
deletion causes an overall decrease in cell number at the
expense of DNA accumulation.”* We further propose that
polyploidy could potentially be used as an early marker in
PKD. It is noteworthy that the sensitivity of the karyotyping
technique is far superior to that of flow cytometry in single-
cell analyses.!” Thus, changes in chromosome number can
easily be identified with absolute certainty in PKD patients
before end-stage renal failure.

To ensure the clinical relevance of our findings in age-
and sex-matched patients, we used noncystic and PKD
human epithelial cell lines (Figure I in the online-only Data

Supplement). We also used Pkd2 and Tg737 mouse mod-
els to verify our clinical data. Our mouse data supported
the idea that polyploidy formation precedes cystic expan-
sion and contributes to vascular aneurysm. As in human
cell lines, all kidneys from Pkd mouse model samples were
characterized by polyploidy and had a significant downreg-
ulation in survivin expression.

Given the evidence that kidney injury will trigger tubular
epithelial cell proliferation,? in which survivin is required, it is
not surprising that MxI Cre:Survivin“"* mice exhibited more
severe cystic kidneys in UUO-induced injury compared with
their nonsurgical counterparts. In MxICre:Survivin®#e* mice
with no surgery, the cystic kidney phenotype progressively
became more severe with aging. Similar to Pkd mouse models,
inactivation of vascular Survivin exhibited no apparent or con-
sistent phenotype in 1-month-old adult mice. Especially during
injury, however, survivin downregulation genetically or phar-
macologically was directly linked to cystic kidney formation
(Figure II in the online-only Data Supplement). To facilitate
and accelerate vascular phenotype, we used a CaCl, aneurysm
induction model. Not only in survivin but also in other Pkd
mouse models, abnormal cell division or cilia function is suf-
ficient to exacerbate the aneurysm phenotype and atheroscle-
rotic plaques after the surgery. Homozygous Survivin knockout
mice are also characterized by multinucleation, polyploidy,
and apoptosis,” which are also seen in our renal epithelia and
vascular endothelia of Survivin, Pkdl, and Tg737.

Downregulation of survivin was associated with apoptosis
(Figure III in the online-only Data Supplement). More impor-
tant, when blood pressure was monitored in our mutant mice,
Survivin knockout mice surprisingly did not show an elevated
blood pressure. This was consistent with the general under-
standing that hypertension itself does not account for aneu-
rysm development.? Supporting this view, patients with PKD
have a significantly greater chance of developing aneurysm
than the general population with hypertension.”

Oriented cell division is involved in a variety of processes
that contribute to organ shape and morphogenesis and are
involved in coordinated cell division, differentiation, and spa-
tial distribution. Elongation of the kidney tubule is also associ-
ated with oriented cell division, which when perturbed would
result in cystic formation."-" We show here not only that ori-
ented cell division was perturbed in our survivin-inactivated
renal tubules but also that the asymmetrical cell division phe-
notype was evident in dividing tubular cells. The mechanism
of disturbed cell division and mitotic orientation was also
confirmed for the first time in the arteries of Survivin, Pkdl,
Pkd2, and Tg737 mice. These mice show distorted cell divi-
sion and mitotic spindle orientation, even before the aneurysm
is formed, as also evidence from our studies on mitotic stress
test and ploidy level in survivin knockdown epithelial and
endothelial cells (Figures IV and V in the online-only Data
Supplement). Overall, our comprehensive studies suggest
that survivin downregulation is involved in the control of cell
division, polypoidy, and asymmetrical division orientation.
Furthermore, the control of cell division orientation defined a
common mechanism for both cystic expansion and aneurysm
formation in the Pkd and survivin mouse models.
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Survivin, together with aurora-A kinase, regulates several dis-
tinct mitotic events such as the formation of mitotic spindle and
cytokinetic ring.* We examined aurora-A kinase in our study
because aurora-A has been shown to be localized to the basal
body of primary cilia?® and expressed abnormally in the cyst-
lining renal epithelia.”” Generally, neither survivin nor aurora-
A was mislocalized in the mutant cells at different stages of
cell division (Figure VI in the online-only Data Supplement).
Our present data also suggest that aurora-A expression is not
regulated by cilia activation through fluid flow. Nonetheless,
our study reinforces the localization of aurora-A to the cen-
triole in the resting stage and to the centrosome and midbody
during cell division. More important, we demonstrated for the
first time that inhibiting aurora-A function or expression would
result in defects in cell division, ploidy, centrosomal amplifica-
tion, cytokinesis, and mitotic spindle formation, all of which
were phenotypes associated with survivin downregulation.
This suggests that although aurora-A may not be part of the
cilia-survivin pathway, aurora-A and survivin may function
as molecular partners, reflecting their common roles in the
contraction of the cytokinetic ring in regulating cell division
(Figure VII in the online-only Data Supplement).

Not only is survivin expression increased after cilia activa-
tion, but our study also shows for the first time that its sub-
cellular localization is differentially regulated from centriole
to primary cilia after fluid shear stress. These localizations
may reflect a novel survivin function in nondividing cells and
may contribute to a larger pathological spectrum other than
cancer or PKD. Moreover, our immunofluorescence analy-
sis reveals the localization pattern of survivin during mitotic
division, specifically during cytokinesis, reflecting its role in
cytokinesis. This is also supported by live imaging studies in
which survivin knockdown causes severe cytokinesis defects,
resulting in cytomegaly and polyploidy phenotypes in both
renal epithelia and vascular endothelia (see the movies in the
online-only Data Supplement). Despite the finding that sur-
vivin expression was dysregulated in the cilia mutant cells,
it is worth mentioning that survivin localization was not per-
turbed during cell division. To further decipher the signaling
mechanisms between cilia and survivin expression, we exam-
ined the cilia—PKC—Akt-NF-kB—survivin/aurora-A pathway.

In an attempt to elucidate the physiological relevance of sur-
vivin downregulation in cystic kidney and vascular phenotypes
in PKD, we used a zebrafish model to study the roles of survivin
expression. Four novel insights are provided by these studies.
First, pkd2 knockdown is associated with survivin downregula-
tion in zebrafish, which confirms our hypothesis that survivin
expression is regulated by cilia function. Second, the rescue of
PKD phenotypes associated with pkd2 knockdown by re-expres-
sion survivin provides further evidence for the importance of sur-
vivin roles in PKD. Third, VEGF is an attractive modulator to
induce survivin expression in pkd2 knockdown fish. Fourth, pkd2
knockdown contributes to polyploidy, a common mechanism
representing PKD phenotypes as also seen in PKD patients and
mouse models (Figure VIII in the online-only Data Supplement).

Conclusions
Our studies provide a novel aspect of the mechanism of
pathogeneses of cystic kidney and aneurysm formation in

Ciliopathy With Renal Cysts And Vascular Aneurysm 671

PKD. Our present study shows for the first time that these
phenotypes are contributed mainly by abnormal cilia func-
tion, resulting in dysregulation of survivin expression.
Abnormal survivin expression further causes abnormal
cytokinesis, which results in cell polyploidy, multimitotic
spindle formation, and aberrant cell division orientation.
The asymmetrical cell division, together with abnormal
planar cell polarity, contributes to the expansion of tissue
architecture, resulting in the formation of cystic kidney and
vascular aneurysm. All in all, data from this study suggest
that improving survivin expression could be a promising
therapeutic target for kidney and vascular complications
associated with PKD. Overall, our current working model
would be as follows: primary cilia—PKC—Akt—NF-
kB—survivin/aurora-A—cytokinesis—polyploidy—asym
metrical cell division/planar cell polarity—cystic kidney
and vascular aneurysm (architecture expansion).
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CLINICAL PERSPECTIVE

Autosomal-dominant polycystic kidney disease (ADPKD) is a ciliopathy characterized by the formation of kidney cysts
and vascular aneurysms. Surprisingly, these balloon-like structures in the kidney and blood vessel are greatly associated
with one another. Although abnormal cilia function in detecting urine flow will result in kidney cyst formation, inability of
cilia to sense blood flow can induce vascular aneurysm. The formation of these balloon-like structures is independent from
blood pressure but is tightly regulated by survivin expression. During repair resulting from any physiological perturbation or
insult, a proper expression level of survivin is required to maintain the overall architectural structure of an organ. ADPKD
with abnormal cilia function fails to maintain this architectural structure because of a low survivin expression, which induces
asymmetrical cell division. As a result of this random expansion during cell division, an elongated architecture of a nephron
or vasculature will no longer be achieved. It is therefore not surprising that it takes a long period of time to form such struc-
tural abnormalities as renal cysts and vascular aneurysms. Our studies also raise some questions: Can a similar mechanism
also occur in other organs besides renal and vascular systems in ADPKD? In addition, can we use survivin or cell ploidity
as a biomarker to indicate disease progression or severity in ADPKD? More specifically, we have used spectral karyotyping,
which only requires 1 single cell from our ADPKD patients to confirm their cellular polyploidity throughout our studies.
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SUPPLEMENTAL METHODS

Human tissues and cell lines

Signed and informed consent to collect disposed human tissues was obtained from the ADPKD
(autosomal dominant polycystic kidney disease) and non-ADPKD patients. The protocols for
tissue collection were approved by the Department for Human Research Protections of the
Biomedical Institutional Review Board of The University of Toledo. Kidney tissues were
collected from both ADPKD and non-ADPKD patients undergoing kidney transplant surgery.
The non-cystic (male) and cystic (two males and one female) kidneys were obtained randomly
from our hospital. Thus, these samples were not age-matched, but they are freshly collected
within one hour after kidney removal from each patient. To ensure proper comparisons of
human samples in our studies, we also used well-characterized human cell lines isolated from
age- and sex-matched normal and PKD renal epithelia. Importantly, the PKD epithelial cells
have been characterized to have abnormal cilia function. These cells also contain a marker of
proximal nephron origin, which has previously been confirmed to have Q4004X mutation in

Pkd1 gene’.

Genetic mouse models

All animal studies were approved by The University of Toledo animal care and use committee.
We used both traditional and conditional transgenic mouse models in our present studies. We
have previously obtained traditional transgenic Pkd-mouse models Pkd2"" and Tg737°"W/orek
from Drs. Somlo? and Yoder®, respectively. We used survivin™" and Pkd1"®1°* conditional
mouse models that were previously generated in our laboratories* °. To generate kidney-specific

knockout, we used Mx1Cre mice previously confirmed with a ROSA model®. Briefly, one-week

Supplemental Materials Page 2



AbouAlaiwi, WA et. al.

old pups were injected intra-peritoneally with 62.5 ug of 50 pL polyinosinic:polycytidylic
ribonuceic acid (pl:pC) every day for five consecutive days. In some cases, mice were subjected
to renal injury at one-month old. Mice were sacrificed at either five-weeks or three-months of
age, and their kidney morphologies were analyzed. To generate vascular-specific knockout, we
used PdgfpCre mice previously confirmed with a ROSA model®. One-week old pups were
injected intra-peritoneally with 250 ug of 50 pL tamoxifen every day for five consecutive days.
In some cases, mice were subjected to vascular surgery at two-months old. Mice were sacrificed

at three-months old, and their vascular morphologies were analyzed.

UUO and aneurysm inductions

Mouse health was confirmed before and after each surgical procedure. During the surgery, a
mask connected to isoflurane regulator was placed over the nose and mouth of the mouse. 3-5%
isoflurane was used to induce anesthetics followed by 1-3% isoflurane depending on the
response to toe pinching and eye reflex. After shaving the hair around the incision site, skin was
scrubbed with a betadine surgical scrub in circular motion from center out followed by 70%
isopropyl alcohol. After the procedure was completed, the incision site was closed in a single
layer using 4-0 silk suture. The skin was then closed using surgical staples (Clay Adams
Autoclips). Mouse was monitored every 15 minutes until awake, followed by daily for 4 days
post surgery. Only if the mouse was in pain, buprenorphine at 2.5/kg SQ twice a day was
administered. Pain was determined by weight loss, lack of activity and failure to eat or drink.
Penicillin G Procaine at 40,000 units/kg IM once a day was given if an infection was suspected.

One sign of an infection would be discharge around the incision site.
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To induce an experimental cystic model, unilateral ureteral obstruction (UUO) was generated by
tying a 6-0 silk suture against a 28G needle in one-month old mice. After removal of the needle,
a narrowing of total ureter diameter was achieved. The incision was sealed using a 4-0 silk
suture followed by application of surgical staples to close the layer of skin. The mice were
sacrificed one week later. To induce an experimental aneurysm model, sterile cotton gauze
containing saline (control) or 0.25 M calcium chloride (aneurysm induction) was placed directly
on the abdominal aorta for 10 minutes in two-month-old mice. Mice were euthanized at three-
months old, at which time the heart and aorta were harvested, photographed, sectioned, and H&E

stained to measure the diameter of the aneurysm lesions.

In both renal and vascular studies, we used respective UUO and CaCl, as models to facilitate and
accelerate renal cyst and vascular aneurysm formation. These types of surgery models have been
widely used to study kidney’ and vascular® phenotypes. The advantages of such models include
a rapid assessment of transgenic rodent models and provide a more precise location of injury,
especially for mild aneurysm, which is very hard to spot within the vascular beds. In addition,
these models are also characterized by an increased rate of cellular proliferation in kidney repair’
and neovascularization®. This, in turn, will facilitate studying planar cell polarity, especially in
non-PKD tissue. Consistent with this idea, it has been shown that cyst formation requires
increased rates of cell proliferation®, in which survivin is required. Although such operations
may be less ideal in regard to mechanism and pathology comparison, we have thus collected data
from zebrafish and PKD patients to further support our hypothesis. Of note is that increased cell
proliferation is a major requirement of phenotypic development in human ADPKD kidney™ and

vascular endothelia®®.
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Blood pressure measurement

Systolic and Diastolic blood pressure were monitored by non-invasive blood pressure system -
tail cuff method with the aid of a computerized system (CODA system, Kent Scientific,
Connecticut, USA). Measurements were performed at the baseline 3-times per week for 2 weeks
after previous 3 days of training for each mouse. On each day of blood pressure measurement, 2
sets of 18 measurements were obtained including three measurements of training or acclimation.
The measurements were averaged for each mouse with at least three mice for each genotype. All
animals were tested by an investigator blinded to the genotypes of the animals. The data from
the tail cuff method was also verified with limited studies with a more invasive, surgically

implanted telemetry probe (data not shown).

Cell culture

Both primary cultures and cell lines were used in the present studies. The use and isolation of
mouse primary tubular cells from distal collecting tubules have been described previously in
|12

detai For cell lines, we used previously generated endothelial cells from embryonic aortas.

Various endothelial markers have been confirmed in these cells® .

More importantly, the
mutant cell lines did not respond to fluid-shear stress, a characteristic of PKD cells with
abnormal cilia function™ *. All of these cells were subjected to cell sorting to obtain only those
with normal chromosomal numbers. However, the rate of polyploidy or aneuploidy remains
relatively constant in our mutant cells or human PKD cells. If we were to sort for polyploidy,

they would not propagate further in culture. If we were to sort for diploidy, the polyploidy

would appear within six passages, or even earlier. Thus, we believe that the “normal” PKD cells
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will eventually become polyploidy or aneuploidy in a matter of time. In some cases, fluid-shear
stress was applied to the surface of fully differentiated and confluent cells as previously

. 13,14
described ™ .

Transfection study

For survivin-GFP experiments, human full-length survivin construct was inserted into pEGFPcl
(Clontech, Inc.) as previously described''. Cells were transiently transfected with the construct
with Fugene 6, according to the manufacturer’s instructions (Roche Diagnostics, Inc.). About 24
hours after transfection, cells expressing GFP were randomly selected for immunolocalization
studies. For siRNA knockdown experiments, we purchased pre-designed commercially available
siRNAs that have been previously characterized for PKC (Santa Cruz Biotechnology, Inc.;
cat.#sc-29449), Akt (Cell Signaling Inc.; cat.#6211), aurora-A (Ambion, Inc.; cat.#s202070) and
survivin (Ambion, Inc.; cat#s62463). All siRNAs were used at 10 uM and transfected into cells

using Lipofectamine RNAIMAX following the manufacturer’s protocol (Invitrogen Inc.).

Organ cultures

For in vitro analysis, we isolated kidneys from wild-type E15.5 mice. Individual kidney was
then cultured on the transwell filter. DMEM culture medium containing 4 mM glutamine, 1X
penicillin/streptomycin, 5 mg/mL insulin, 5 mg/mL transferrin and 5 ng/mL selenium was used
in the absence or presence of 50 uM EM-1451 (Erimos Pharmaceutics, Inc.) or 100 uM VE-465
(Merck, Inc.). These concentrations were determined to be optimal conditions through dose-
response studies (data not shown). The medium was supplied from underneath the transwell or

the base of the filter to feed the kidney tissue. The medium was changed every day after
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micrography of the kidneys with Nikon TE2000 microscope equipped with a color camera.

Unless otherwise indicated, all culture media were obtained from Fisher, Inc.

Western analysis

Cultured cells were lysed with radioimmunoprecipitation assay (RIPA) buffer, and mouse
kidneys and human kidney tissues were homogenized with RIPA buffer. Intracellular contents
were collected by centrifugation at 100 g for 10 minutes. Total cell lysates were analyzed with a
standard 8% SDS-PAGE. For protein isolation and Western analysis from zebrafish embryos,
pooled embryos injected with controlMO, pkd2MO, pkd2MO plus survivin mRNA, survivin
MRNA alone, or pkd2MO plus VEGF were dechorionated and deyolked manually at 28 hpf stage
and lysed with RIPA buffer containing protease inhibitor cocktail (Roche, Inc.). After
determination of protein concentration (BCA assay kit, Fisher Scientific, Inc.), 50 ug of protein

extract was loaded onto a 12% SDS-PAGE gels and transferred to nitrocellulose membranes.

The following primary antibodies were used for Western. pNF-kB (1:250), Akt (1:1,000), p-Akt
(1:250), GAPDH (1:1,500), and cyclin-B1 (1:1,000) were obtained from Cell Signaling, Inc.;
NF-kB (1:500) from Santa Cruz Biotechnology Inc.; aurora-A (1:1,000) from BD Transduction,

Inc.; survivin (1:500) from Novus Biologicals, LLC; and actin (1:1,000) from Sigma, Inc.

Immunostaining study
Both actively dividing and fully differentiated cells were stained with various antibodies to study
protein translocations and subcellular localizations. Longitudinal sections from mouse kidneys

and aortas were also studied for cell division and mitotic spindle orientation. Briefly, cells and
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tissues were fixed with 4% paraformaldehyde in 2% sucrose solution for 10 minutes at room
temperature.  After primary and secondary antibodies had been applied, samples were
sandwiched on the microscope slide. They were observed with an inverted Nikon Ti-U
microscope and analyzed three dimensionally with Metamorph 7.0. We have recently published
a more detailed protocol and analysis of the longitudinal sections'®. In some cases, a standard
H&E and lectin staining was carried out. For zebrafish, whole-mount immunocytochemistry was
performed using JB4 resin according to the manufacturer’s instructions (Polyscience, Inc.,
Warrington, Philadelphia). Four-micron sections were cut by a Leica RM2255 microtome
(Leica, Buffalo Grove, Illinois). Phenotypes were scored with a Nikon SMZ800
stereomicroscope equipped with a QImaging MicroPublisher 5.0 RTV color CCD camera

operated by QCapture software.

Some kidney sections were immunostained with ZO-1, DBA (dolichos biflorus agglutinin) and
WGA (wheat-germ agglutinin). ZO-1 recognizes tight junctions of renal epithelia; DBA is a
lectin used as a marker for renal collecting ducts; WGA is a lectin found in all convoluted
tubules as well as glomeruli in the kidney. We used these markers to generate contrast and
indicate individual tubules in the renal phenotypic analyses. While ZO-1 was used in our planar
cell polarity to highlight directions of tubular axes, DBA and WGA were used to indicate cyst or
lumen areas. For the planar cell polarity analysis, we only counted dividing cells and measured
the angle of nuclear division orientation relative to the orientation of the tubular axis as revealed
by ZO-1 staining. For lumen/cyst areas, we measured lumen areas in DBA and/or WGA-

flox/flox

positive cysts in both wild-type and Mx1Cre:Survivin control and surgical kidney sections.

Image acquisition and analysis were done with Metamorph 7.0.
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Anti-survivin  (1:500), aurora-A (1:1,000), NF-kB (1:500) antibodies were used for
immunostaining. Antibodies purchased from Vector Laboratories, Inc. include rhodamine-
labeled DBA (1:100), fluorescein-labeled WGA (1:100), rhodamine-conjugated phalloidin
(1:500), and DAPI (1X). Other antibodies include pericentrin (1:1,000; Covance, Inc.),

acetylated-a-tubulin (1:1,000; Sigma, Inc.), and ZO-1 (1:100; ABCam, Inc.).

Flow cytometry analysis

Cultured cells or freshly isolated cells from human, mouse and zebrafish were used in flow
cytometry experiments. In some cases, cells were incubated with 30 uM 5-bromo-deoxyuridine
(BrdU; Sigma, Inc.) for 15 minutes and rinsed with 1X PBS. The DNA was then denatured at 97
°C for 15 minutes and quickly chilled in an ice-water bath for 15 minutes. Anti-BrdU Alexa
Fluor488 antibody was used at dilution of 1:100 (Invitrogen, Corp.). In apoptotic experiments,
FITC conjugated annexin V antibody was used at dilution 1:100 (Invitrogen, Inc.). Propidium
iodide at concentration of 20 wg/ml (PI; Sigma, Inc.) with or without counter-staining of
phospho-Histone3B antibody (Sigma, Inc.) at dilution 1:100 was used in other experiments.
Cells were analyzed with C6 Flow Cytometer (Accuri Cytometers, Inc.) using FL1, FL2 or FL3

detector to measure different fluorophore intensities.

Chromosomal analysis
Individual cells were isolated and incubated with 0.05 mg/ml colcemid solution for 30 minutes at
37 °C. The cells were incubated with 0.56% KCI solution for 45 minutes at 37 °C, followed by

fixing with 3:1 (v/v) methanol:acetic acid. Individual cells were dropped onto a pre-cleaned
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glass slide and counter stained with DAPI. After sequential digestion with RNase and pepsin,
the chromosomal DNA on the slide was denatured in 70% formamide and then hybridized with a
cocktail of mouse or human SKY paint probes tagged with various nucleotide analogues
according to the procedure recommended by Applied Spectral Imaging, Inc. (ASI; Vista, CA).
The images from combinations of five different fluorophores were developed and analyzed.
Rhodamine, Texas-Red, Cy5, FITC and Cy5.5 were captured with a spectral cube and
interferometer module installed on an Olympus microscope. Spectral-Karyotypes were carried

out using SKY View software (Version 1.62).

For zebrafish chromosome spreading, eggs were collected at the two-cell stage and injected with
controlIMO, pkd2MO, pkd2MO plus survivin mRNA, survivin mRNA alone, or pkd2MO plus
VEGF. Because these cells were actively dividing and developing into embryos at this period,
three hours incubation was sufficient for the morpholinos, mMRNA or VEGF to take effect. These
three-hours postfertilization (hpf) eggs contained about 1,000 cells. Next, 0.02% colchicine was
added for an additional four hours before the choriones were removed with protease solution.
De-chorionated embryos were then incubated in 0.56% KCI solution for 40 minutes and fixed
with 3:1 (v/v) methanol:acetic acid solution for 20 minutes. Chromosomes were spread on the
slide for analysis after DAPI staining. Because zebrafish chromosome-specific probes for
chromosomal spectral karyotype analysis are not available, we characterized individual

chromosomes based on the ideogram derived from the replication banding of Danio rerio™.
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Live-imaging study

Primary renal epithelial cells or vascular endothelial cells were transfected with or without
Survivin siRNA. Cells were then incubated with membrane-permeable and DNA-specific dye,
Hoechst for 20 minutes. One Randomly selected cells from each group were studied and
recorded with a Nikon TE2000 microscope equipped with an environmental chamber. Hoechst
fluorescence and high-resolution differential interference contrast images were captured every 2-
5 minutes at exposure time of 500 and 100 milliseconds, respectively. For better focusing, the
microscope was equipped with XY-axis motorized flat top inverted stage, automatic focusing
RFA Z-axis drive, and custom-designed vibration isolation platform. For a better-controlled
environment, the body of the microscope was enclosed inside a custom-built chamber to control

COz, humidity, heat and light.

Zebrafish study

Wild-type (wt) zebrafish AB strains were maintained according to standard protocols used to
maintain and raise wt strains and embryos. Embryos were cultured at 28.5°C in 0.0045%
phenylthiourea in a Danieau buffer to inhibit pigmentation. Zebrafish embryos were
microinjected at the 1-2 cell stage with 1 mM antisense morpholino (MO) oligonucleotides
obtained from GeneTools (Philomath, OR). A volume of 1 nL of pkd2MO (translational
blocking MO) that targets against the 5’UTR of pkd2 (pkd2MO: 5'-AGG ACG AAC GCG ACT
GGA GCT CAT C-3’) was injected using a Narishige IM-9B microinjector (East Meadow, New
York) controlled by a Narishige NAI-2N micromanipulator (East Meadow, New York) to deliver
9.0 ng into the embryo. As a control, zebrafish embryos were injected with 1-2 nL of controlMO

(5'-CCT CTT ACC TCA GTT ACA ATT TAT A-3') to deliver 6-12 ng into the embryo. Note
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that both of these MOs have been previously utilized*”*°. Un-injected control embryos were also
used to verify the studies (data not shown). For rescue experiments, full-length human survivin
gene (without GFP) was cloned in the survivin vector as described previously™:. After
linearization, the plasmids were transcribed in vitro with T7 RNA polymerase using the
MMESSAGE mMACHINE kit from Ambion (Austin, TX, USA). 100 pg of purified survivin
MRNA were either co-injected with pkd2 morpholinos or alone into the 1-2 cell-stage embryos.
In another case, 2.5 ng vascular endothelial growth factor (VEGF) was co-injected with pkd?2

morpholinos.
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SUPPLEMENTAL FIGURE & FIGURE LEGENDS

Supplemental Figure 1a
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Supplemental Figure 1e

Pkd2* (40, XX)

Holit WOl Hime o e mems
Htue Bold MiEn =ele WvEe
Heild mnfle B0EBA DY Remn
HeEa Eeis Gege m~Ee [oEe

D EeioReily Hoilolems HiHememe
Belodems WHeleE: DHodeEs BBl @@ HE
HeliEg Dibvivge EODEEs DoBeEeld GBeloH
BeliEeE: Heirbie Beleiime wmawe Bl mop
Pld2 (160, XXXXXXXX
pitEsacnedsE) B MBtiopene Dl B wBsDiwm B GaosgedslsBeEmue DidessHeBomest

NiidomelAnEeme MEchRoeH Bons HoNeHsmvieEoivicae MBeRRcEMImEe BAR Bom D @rasE/
mediltmepsnomrs meleEal'BMamel! EADNEE'me DRReRimabiDiEe

" VT B0 B E
D@ R BiEsBice MEs@EliBsliGe Bemmemgensbll B EememAltEiEAD il EedtirRe e

samples normal tetraploidy | aneuploidy count (N) % abnormal
oo | Phkd2 19 2 0 21 9
E 2 Phkd2™" 8 12 1 21 62
“ Pkd2™" 11 13 1 25 56

Supplemental Figure 1f

survivin

GAPDH

% survivin expression
(relative to wild type)
[ I - )
[ — ]
[ |-
=5 }- *
j *

Supplemental Materials Page 15



AbouAlaiwi, WA et. al.

Supplemental Figure 1. Human ADPKD and mouse Pkd kidney epithelia are characterized by

abnormal ploidy level and survivin down-regulation.

(a) Previously characterized human cell lines from normal and ADPKD kidneys were analyzed
for their cellular divisions with flow cytometry by BrdU and PI staining. We first pre-sorted and
collected only diploid cells (2N). Over the next 5-10 passages, we observed that compared to
non-cystic cells, ADPKD-derived cells have a greater chance of producing genetic instability in
their chromosomal composition. Bar graph shows that epithelia from both ADPKD kidney cells
contain a greater polyploidy with DNA content of >4N compared to non-ADPKD or normal
ones. (b) Further karyotype analysis of individual cells confirms the presence of abnormal
genomic compositions (aneuploidy or polyploidy) in ADPKD cells. (c) Human cell lines were
also used to confirm survivin expression, and GADPH was used as loading control. Bar graph
shows relative survivin expression levels. (d) Representative BrdU and Pl labeling profiles
reveal an increase in cell polyploidy in kidneys from both heterozygous (Pkd2*'" or Tg737°P"
and homozygous (Pkd2” or Tg737°"K°™ ) mice compared to the corresponding wild-type
(Pkd2+’+ or Tg?37W”"“). Bar graph shows that epithelia from both Pkd2 and Tg737 kidneys,
compared to their wild-type kidneys, significantly contain greater polyploidy with DNA content
of >4N. (e) Karyotyping was carried out in freshly isolated cells from Pkd2**, Pkd2™" and
Pkd2™ kidneys to visualize individual chromosomes. A simple chromosome count indicates the
presence of polyploidy cells in both Pkd2*" and Pkd2” kidneys. Further characterization of
individual chromosomes with fluorescence probes indicates the polyploid and aneuploid nature
of Pkd2™" and Pkd2" kidneys. (f) Embryonic kidneys were pooled and analyzed for survivin

expression, and GAPDH was used as loading control. Bar graph shows relative survivin
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expression levels. For flow cytometry and Western experiments, N>4 for independent kidney
isolations for each genotype (analyzed with ANOVA test followed by Dunn’s Multiple

Comparison posttest analysis) and each human cell line (analyzed with paired Student t-test).
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Supplemental Figure 2. Survivin downregulation is sufficient to induce cystic kidney

formation.

(a) Embryonic kidneys from E15.5 of the same litter were isolated and cultured on transwell
filters. After the first micrographs were taken at day 0, cultures were then treated with vehicle as
control, 50 uM EM-1451 or 100 pM VE-465 to induce abnormal cell division by inhibiting
survivin or aurora-A kinase, respectively. Kidney cultures were micrographed daily for a total of
six days. Cyst-like phenotype was apparent as early as day 2. (b) Bar graph shows quantitation
of lumen sizes (cyst areas) in wild-type and Survivin knockout kidneys. A total of 30-53 lumen
areas were measured from three randomly selected kidneys in each group. (C) Paralleled kidney
sections were obtained from three-months old mice for H&E and fluorescence analyses. Box in
the H&E kidney corresponds to an approximate area for further fluorescence study. White
asterisk indicates renal cyst. N>3 for kidney analysis in each group and genotype (analyzed with
ANOVA test followed by Dunn’s Multiple Comparison posttest analysis). White bar=200 um;

black bar=1 mm.
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Supplemental Figure 3b
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Supplemental Figure 3. Apoptosis and blood pressure measurements.

(a) Compared to the corresponding control wild-type cells, apoptosis is significantly greater in
vascular endothelial (i) and renal epithelial (ii) of Pkdl and Tg737 mutant cells. Annexin V is
used as an early apoptotic marker, and propidium iodide (PI) is used as a necrotic marker. (b)

flox/flox

Pdgfpcre:Survivin mice do not have elevated systolic or diastolic blood pressure. Blood
pressure was measured in wild-type and conditional Pkd1, Tg737, and Survivin (Sur) mice for a
2-week period (i). The averaged measurements of blood pressure during this 2-week period

were tabulated (ii). A working model is presented showing the roles of primary cilia in blood

pressure and aneurysm formation (iii).
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Supplemental Figure 4a
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Supplemental Figure 4. Survivin down-requlation is associated with abnormal cytokinesis in

primary cells of renal epithelia and vascular endothelial cells.

(a-1) Mitotic-stress test indicates abnormal cytokinesis associated with knockdown of a
chromosomal passenger protein (survivin). Cell-cycle arrest was induced with taxol or
nocodazole to stabilize or depolymerize mitotic spindles, respectively. Those cells with
abnormal chromosomal passenger protein expression were not inhibited in cell arrest-induced by
taxol. Phospho-histone3b (pH3) and Pl were used to differentiate those cells that were not
arrested by taxol. (a-ii) Mitotic stress was measured by analyzing changes in resting cells (2N),
which are PI- and pH3-negative, from the total cell population. The test would thus examine if
survivin down-regulation is responsible for a cell escaping cell-cycle arrest in the presence of
taxol. The results from the mitotic-stress test indeed indicate that knockdown of survivin
expression was characterized by abnormal cytokinesis. Although most normal cells could be
arrested by nocodazole (microtubule depolymerizer) and taxol (microtubule stabilizer), survivin
knockdown cells could only be arrested by nocodazole. This is consistent with previous reports
showing that cells with abnormal chromosomal passenger complex, such as survivin, would not
be arrested by taxol. (b) To validate that Survivin knockdown would induce abnormal
cytokinesis leading to polyploidy, cell-cycle profile was analyzed with Pl and BrdU to study
cellular proliferation in epithelial and endothelial cells. Bar graph shows that compared to
corresponding control groups, survivin knockdown-epithelia and endothelia contain significantly
more polyploidy with DNA content of >4N. Bar=50 um. N>3 for each group and treatment

(analyzed with ANOVA test followed by Dunn’s Multiple Comparison posttest analysis).
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Supplemental Figure 5. Abnormal cellular division orientation is associated with renal cystic

and vascular aneurysm phenotypes.

(a) Mouse kidney and artery longitudinal sections stained with acetylated-a-tubulin (green),
pericentrin (red), and DAPI (blue) were used to examine cell division orientation. (b)

flox/flox mijce with or

Longitudinal kidney tubular sections from wild-type and Mx1Cre:survivin
without UUO surgery were used to study structural length of primary cilia. Longer cilia were
observed in tubular sections of wild-type UUO kidneys. White box indicates the enlargement of
the region within the kidney lumen. (c) The length of cilia in wild-type kidney tubules was
significantly increased following UUO surgery but not in Mx1Cre:survivin"™"® mice. (d) The
frequency distribution of cell-division orientation angle (degrees) was tabulated in control and

flox/flox

surgical kidneys in both wild-type and Mx1Cre:survivin mice. Angles of cell-division

orientation in Mx1Cre:survivin®/"

mice show a shift towards the higher angle groups in both
control and surgical kidneys. N>3 for each group and genotype. N>100 for distribution of
spindle orientation angle for each genotype and each treatment. N>1,600 for cilia length

measurement. Bar=40 um.
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Supplemental Figure 6a
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Supplemental Figure 6b
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Supplemental Figure 6. Confirmations of survivin antibody and survivin/aurora-A localization.

(a) Cells were stained with aurora-A (green) and survivin (i; red) or pericentrin (ii; red). To
study subcellular localization of aurora-A and survivin, images were captured at different cell-
cycle stages of interphase, prophase, metaphase, anaphase, telophase and cytokinesis. Aurora-A
and survivin are localized to the centriole in interphase, the centrosome in prophase and the mid-
body during telophase and cytokinesis. (b) Cells were transfected with survivin-GFP (green) and
stained with pericentrin/acetylated-a-tubulin (i; red) or aurora-A (ii; red). Subcellular
localizations of survivin/aurora-A were studied in resting and dividing cells. Insert shows area

of enlargement for survivin/pericentrin/acetylated-oa-tubulin localization. Bar=10 um.
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Supplemental Figure 7a
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Supplemental Figure 7d
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Supplemental Figure 7. PKC/Akt/NF-xB signaling pathway requlates flow-induced survivin

expression and cell division.

(a) After wild-type and cilia mutant (Pkd1” and Tg737°™°") cells were treated with PKC
inhibitor or activator, both Akt and p-Akt were analyzed. When treated with PKC inhibitor, all
cell lines showed down-regulation of p-Akt, while PKC activator treatment showed an increase
in p-Akt compared to non-treated control cells. (b) The effect of fluid-flow on Akt and aurora-A
expression was analyzed in the presence or absence of PKC inhibitor. When subjected to fluid-
shear, p-Akt expression was up-regulated only in wild-type cells. While p-Akt expression
returned to basal levels following treatment with PKC inhibitor and fluid-shear stress in wild-
type cells, it stayed repressed in mutant cells. (c) Treatment with aurora-A inhibitor resulted in a
decrease in p-Akt, aurora-A and survivin expression; however, these decreases were not
significant from the control, non-treated group. (d) While total Akt level was not changed, fluid-
shear stress significantly induced expression of p-Akt in wild-type but not in mutant cells.
Aurora-A expression was increased following fluid-shear stress in wild-type cells; however, this
increase was not significant from control. Both NF-kB and pNF-xB expressions were increased
following fluid-shear stress only in wild-type cells, while mutant cells maintained a high basal
level of NF-xB compared to static wild-type cells. Survivin expression was increased following
shear-stress in wild-type cells. (¢) NF-xB nuclear translocation was confirmed with
immunostaining study. Cells were stained with NF-xB p65 (green), actin (red) to examine
subcellular localization of NF-kB before and after fluid flow. In contrast to mutant cells, wild-
type cells show NF-kB translocation from cytoplasm to nucleus when subjected to fluid-shear
stress. (f-i) Western blot analyses were conducted to confirm the signaling mechanism involving

survivin expression by siRNA-mediated knockdown of PKC, Akt, aurora A, or survivin. (f-ii)
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To further confirm the involvement of these signaling molecules in centrosome number and cell
division abnormality, immunofluorescence analysis was performed using acetylated-o-tubulin
and pericentrin. (g) Flow cytometry was done to analyze ploidy level in PKC, Akt or aurora-A
knockdown cells. Bar=40 wm. N>3 for each group and treatment. All Western blot analyses
were done by comparing treatment groups to their corresponding wild-type control, non-treated
groups. Data analysis was performed with ANOVA test followed by Dunn’s Multiple

Comparison posttest analysis
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Supplemental Figure 8. Survivin overexpression rescued PKD phenotypes in zebrafish.

(@) An overall phenotypic was tabulated for wild-type, curly tail and renal cyst phenotypes in
zebrafish injected with either control MO, pkd2 MO, pkd2 MO plus survivin mRNA, survivin
MRNA alone, or pkd2 MO plus VEGF. (b) RT-PCR was performed to examine zebrafish (zf)
and human (hu) transcript levels for survivin and to confirm pkd2 knockdown. Human survivin
was introduced through mRNA injection. o-tubulin was used as a loading control. (c)
Expression levels of survivin were analyzed in all the groups, in which zebrafish and human
survivin can be recognized by the same antibody. (d) Polyploidy level was also validated and
quantified with flow cytometry by isolating cells from each group of zebrafish. N>4 for each
group and treatment. All Western blot and RT-PCR analyses were done by comparing injected
groups to the control MO group. Data analysis was performed with ANOVA test followed by

Dunn’s Multiple Comparison posttest analysis
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SUPPLEMENTAL MOVIE LEGENDS

Movie S1. Normal cell division in renal epithelial cell.

The movie shows a cell undergoing a normal mitotic event. The movie was analyzed by
superimposing DIC and Hoechst fluorescence images, which were taken every five minutes with

40X magnification.

Movie S2. Failure of cytokinesis induced polyploidy formation in survivin knockdown renal

epithelial cell.

The movie shows that abnormal cytokinesis leads to polyploidy formation. The survivin
knockdown cell is able to initiate cell division but is unable to execute cytokinesis properly. The
cell then shows various membrane blebbing followed by the formation of a cytomegalic cell with

multiple nuclei. Images were captured every two minutes with 40X magnification.

Movie S3. Normal cell division in vascular endothelial cell.

The movie shows a cell undergoing a normal mitotic event. The movie was analyzed by
superimposing DIC and Hoechst fluorescence images, which were taken every two minutes with

40X magnification.

Movie S4. Failure of cytokinesis induced polyploidy formation in survivin knockdown vascular

endothelial cell.

The movie shows that abnormal cytokinesis leads to polyploidy formation. The survivin
knockdown cell is able to initiate cell division but is unable to execute cytokinesis properly. The

cell then shows various membrane blebbing followed by the formation of a cytomegalic cell with
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multiple nuclei. Of note is the presence of another multinucleated cell within the field of view.

Images were captured every two minutes with 40X magnification.
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