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Abstract

Lowe syndrome is an X-linked condition characterized by congenital cataracts, neurological
abnormalities and kidney malfunction. This lethal disease is caused by mutations in the
OCRL1 gene, which encodes for the phosphatidylinositol 5-phosphatase Ocrl1. While in the
past decade we witnessed substantial progress in the identification and characterization of
LS patient cellular phenotypes, many of these studies have been performed in knocked-
down cell lines or patient’s cells from accessible cell types such as skin fibroblasts, and not
from the organs affected. This is partially due to the limited accessibility of patient cells from
eyes, brain and kidneys. Here we report the preparation of induced pluripotent stem cells
(iPSCs) from patient skin fibroblasts and their reprogramming into kidney cells. These repro-
grammed kidney cells displayed primary cilia assembly defects similar to those described
previously in cell lines. Additionally, the transcription factor and cap mesenchyme marker
Six2 was substantially retained in the Golgi complex and the functional nuclear-localized
fraction was reduced. These results were confirmed using different batches of differentiated
cells from different iPSC colonies and by the use of the human proximal tubule kidney cell
line HK2. Indeed, OCRL 1 KO led to both ciliogenesis defects and Six2 retention in the Golgi
complex. In agreement with Six2’s role in the suppression of ductal kidney lineages, cells
from this pedigree were over-represented among patient kidney-reprogrammed cells. We
speculate that this diminished efficacy to produce cap mesenchyme cells would cause LS
patients to have difficulties in replenishing senescent or damaged cells derived from this
lineage, particularly proximal tubule cells, leading to pathological scenarios such as tubular
atrophy.
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Introduction

The Oculo-Cerebro-Renal syndrome of Lowe (OCRL), also known as Lowe syndrome (LS) is
a genetic disease caused by mutations in the OCRLI gene which encodes for an inositol
5-phosphatase (EC 3.1.3.36) [1]. This X-linked condition is characterized by bilateral cataracts
at birth, mental retardation and kidney malfunction, with the latter being the most common
cause of death of affected children [1,2]. Specifically, patients display tubulopathy and Fan-
coni-like syndrome that often evolves into kidney failure [1,3,4]. However, how these clinical
manifestations develop is still poorly understood.

Nevertheless, a series of cellular phenotypes have been reported in Ocrll deficient cells, nota-
bly abnormalities in the assembly of the so-called primary cilia (PC) [5-8]. This axoneme-based
structure constitutes a specialization of the plasma membrane enriched in receptors and chan-
nels that plays a crucial role in signal transduction [9-12]. PC signaling activities are particularly
relevant during embryonic development, but they are also crucial for adult cell function. Abnor-
malities in PC assembly or function invariably lead to a broad group of developmental diseases
collectively known as ciliopathies [13-15]. Given the broad functional relevance of the PC, these
pathological conditions are characterized by multi-organ compromise, including brain/eye/kid-
ney abnormalities [13,14,16]. These observations further highlight the potential relevance of PC
phenotypes as an underlying cause of LS symptoms. However, the existence of PC abnormalities
have not been investigated in kidney cells of LS patients. One obstacle to achieve this goal has
been the limited availability of patient cells from affected organs. Although some kidney cells
can be isolated and expanded from urine samples, unpredictable yields and the need of repeat-
ing such a laborious process with each patient (to capture patient variability in terms of OCRLI
mutations and genetic background/modifiers) represents a challenge. In addition, this approach
is not suitable for brain- and eye-derived cell types.

Here we report the successful generation of induced Pluripotent Stem Cells (iPSCs) from
biopsy-accessible skin fibroblasts. Reprogramming of such iPSCs into cell types that are diffi-
cult or cumbersome to obtain from patients allows mechanistic investigations of cellular phe-
notypes. Considering their relevance for LS patient health status and ultimate outcome, we
reprogrammed iPSCs as kidney cells and monitored their ability to assemble PC. We found
that LS kidney-reprogrammed cells had significantly less ability than normal to undergo suc-
cessful ciliogenesis. Further, we also found that these LS kidney-reprogrammed Six2-positive
cells showed a substantial decrease of proper nuclear localization of the transcription factor in
comparison to normal controls. Surprisingly, LS kidney cells increasingly retained Six2 in the
Golgi complex. As expected considering Six2 inhibitory effects on ductal differentiation, Cyto-
keratin-8 (Ck8)-positive ductal lineage cells were over-represented among LS kidney cells.

As a whole, this work established a suitable strategy to obtain different cell types from LS
patients, while maintaining their particular genetic background characteristics. Importantly,
this study also verified the existence of PC assembly abnormalities in patient-derived LS kidney
cells, suggesting a role for this phenotype in the renal pathology. Finally, we also showed that
LS cells yielded disproportionate populations of ductal versus cap mesenchyme lineages. Cap
mesenchymal-derived cells produce important lineages such as tubular cells (known to be
affected in LS patients), leading us to speculate that this abnormality may have consequences
on the ability of affected individuals to replenish their tubular cells upon injury/insult or wear-
ing of cells.

Results

A variety of cellular phenotypes associated with Ocrl1-deficiency have been described, includ-
ing phosphatidylinositol (4, 5) bisphosphate [PI(4, 5)P,] accumulation [17,18], actin and
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RhoGTPase regulation abnormalities [17,19-23], trafficking [17,24-27] and ciliogenesis
abnormalities [5-8]. However, most of these phenotypes have been observed under Ocrll
knock-down conditions and/or in LS patient skin fibroblasts.

Since LS is characterized by a marked organ-specificity (mainly affecting brain, eyes and
kidneys), it is conceivable that different cell types may vary in phenotypic penetrance of spe-
cific abnormalities (such as cilia assembly defects). Therefore, to assess phenotype disease rele-
vance it is necessary to ascertain whether cells from LS-affected organs display similar cellular
abnormalities as those described in patient fibroblasts. Further, different patient mutations
and genetic backgrounds may affect phenotype penetrance. These factors underscore the need
for suitable approaches able to yield organ-specific cells from multiple patients.

Since the availability of cells from patients’ affected organs (e.g., brain, eyes and kidneys) is
limited while skin fibroblasts are readily accessible, we used the latter cells to carry out a kidney
reprogramming strategy. Further, patient-specific, cell replacement therapies are promising
approaches for many diseases that can take advantage of such developments [28].

Given the relevance of renal function for the patient well-being/outcome, here we focused
on fibroblast reprogramming into kidney cells and on testing the presence of primary cilia
phenotypes (known to affect kidney function—[29-32]. In addition, this strategy allowed us to
also investigate whether Ocrl1-deficiency affected the ability to produce renal progenitors and/
or to maintain a replenishing pool of cells in the kidney.

Kidney-reprogrammed cells show ciliogenesis defects

Induced Pluripotent Stem Cell (iPSC) generation from LS patient and normal fibro-
blasts. Since it has been shown that Ocrl1-deficient cells display primary cilia (PC) defects
[5-8], and this phenotype is expected to lead to kidney-related abnormalities, we proceeded to
monitor ciliogenesis in kidney-reprogrammed cells. As a first step towards the obtention of
kidney cells from patient fibroblasts we prepared iPSC to reprogram using standard protocols.

Normal and LS skin fibroblasts were transfected with a retroviral Yamanaka’s cocktail [33]
for expression of OCT4, SOX2, KLF4 and ¢c-MYC as described in Materials and methods. After
approximately 30-35 days, colonies arose in which cells displayed evidence of substantial mor-
phological change, yielding iPSC-typical cuboidal, small cells, packed in tight groups (Fig 1A).
Importantly, some of these colonies showed robust expression of the stem cell marker Tra-1-
60 (Fig 1A). Such colonies were isolated and expanded for further characterization. As
expected, these cells also expressed the Yamanaka’s cocktail transfected proteins: e.g., the tran-
scription factor Oct4 (Fig 1B), which represses epithelial-to-mesenchyme transition [34,35].
Importantly, candidate colonies also showed expression of the Klf4-downstream target E-cad-
herin which favors colony cohesion, thus reinforcing an epitheloid phenotype (Fig 1C). In
addition to the presence of iPSC-characteristic Tra-1-60 and E-cadherin (both absent in skin
fibroblasts—see Fig 1A and 1C), we investigated the expression of other stemness markers by
quantitative RT-PCR (Fig 1D). Specifically, we demonstrated an increase of more than 5-fold
in the qPCR signal associated with different stem cell-markers as compared to their corre-
sponding source fibroblasts (Fig 1D). Since karyotypic abnormalities have been shown to
occur in hESs and hiPSCs [36], we also verified the presence of normal karyotypes for both
normal and LS iPSCs (data not shown).

Based on the characterization described above, we isolated, expanded and preserved iPSC
colonies. No major differences were detected between normal and LS iPSCs in passage fre-
quency and morphology.

Kidney-lineage differentiation. iPSCs were reprogrammed as kidney cells by following
the protocol described in Materials and methods, Fig 2A (and references [37,38]. Briefly, cells
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Fig 1. Generation of normal- and LS patient-derived iPSCs from skin fibroblasts. A. iPSCs from normal and
patient fibroblasts were prepared as described in Materials and methods. Cell and colony morphology differences were
evident using bright-field microscopy, expression of the iPSC marker Tra-1-60 was investigated using direct
immunofluorescence of live fibroblasts and iPSCs (see text for details). Scale bar: 100pum. B and C. Expression and
localization of the transcription factor Oct4 (B) and adhesion molecule E-cadherin (ECAD, C) was investigated in
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normal/LS patient fibroblasts (left) and iPSCs (right) using indirect immunofluorescence with specific antibodies (red).
DAPI staining (blue) was performed to highlight nucleus position. Scale bar: 10um. D. Expression of several stem cell
markers was investigated by quantitative RT-PCR as described in Materials and methods. Results were expressed as
folds change observed in iPSC with respect to the corresponding fibroblast, results were also controlled with respect to
RPLPO expression. A representative experiment is shown.

https://doi.org/10.1371/journal.pone.0192635.9001

were exposed to CHIR99021 (GSK inhibitor) for 4 days, then bFGF was added and maintained
until day 17 when it was removed and the cells were kept in the absence of growth factors for 9
additional days. Within that period of time, the presence of renal progenitor markers such as
Pax2 and N-Cadherin (intermediate mesoderm and mesendoderm, respectively) and the kid-
ney-specific marker Cadherinl6 were verified (Fig 2B-2D). This process was repeated several
times out of different iPSC colonies.

Kidney-lineage reprogramed LS cells show primary cilia assembly defects. We and oth-
ers have shown that PC assembly is reduced in skin fibroblasts from LS patients and other
Ocrll-deficient cells as compared to normal controls [5-8]. The PC is a specialization of the
plasma membrane involved in chemo-, osmo- and mechano-sensing; therefore, it is of high
relevance for kidney function [29-32]. In consequence, we proceeded to induce ciliogenesis
and to quantify the fraction of kidney-differentiated cells displaying PC (see Materials and
methods and [5]). Briefly, PC assembly was induced by serum-starvation and then the cells
were fixed and immunostained with an anti-acetylated tubulin antibody to reveal the axoneme

A B Normal LS
4 Days 12 Days 9 Days
CHIR99021 bFGF No Factor dn o' } Cad1é
> > > : .
[wnt signaling] [FGF signaling] G  S—— } Tubulin

DAPI Merge NCAD DAPI
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Fig 2. Generation of normal and LS renal cell lineages. A. iPSCs were differentiated as renal cells following the procedure described in Materials
and methods. B. The presence of the kidney-specific marker Cadherin16 (Cad16) was investigated by Western blotting using a specific antibody.
Tubulin was detected with a specific antibody and used as loading control. C and D. Expression and localization of the renal progenitor
intermediate mesoderm marker Pax2 and mesendoderm marker N-cadherin (NCAD) was investigated in normal/LS patient differentiated cells
using indirect immunofluorescence with specific antibodies (red). DAPI staining (blue) was performed to highlight nucleus position. Scale bar:
10pm.

https://doi.org/10.1371/journal.pone.0192635.9002
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Fig 3. LS renal cells show defects in primary cilia assembly. Ciliogenesis in kidney-differentiated cells was induced as described in Materials and
methods. A and C. Primary cilia (PC) presence was investigated in renal-differentiated (A) and HK2 (C) cells by indirect immunofluorescence
using anti-acetylated tubulin (Ac-Tub, green), anti-pericentrin-2 (PC2, red) antibodies. DAPI staining (blue) was performed to highlight nucleus
position. Scale bar: 10um. B and D. The percentage of cells displaying PC was determined for normal and LS renal differentiated (B) and HK2 (D)
cells. Statistical significance of difference between means was assessed by using the student ¢-test (**: p<0.05).

https://doi.org/10.1371/journal.pone.0192635.9003

and with an anti-pericentrin 2 antibody to label the base of the cilia. The cells were imaged and
quantitatively analyzed for PC presence (Fig 3). The data show that LS kidney-reprogrammed
cells were impaired for PC assembly as compared to normal controls (Fig 3A and 3B). These
results support the idea that PC abnormalities can also manifest in patient renal cells contrib-
uting to LS kidney phenotypes and symptoms. We repeated these experiments using differen-
tiated cells from different iPSC colonies. These findings were further verified using a human
proximal tubule cell line (HK2) WT and OCRLI knockout (see Materials and methods and S1
Fig). Specifically, HK2 OCRLI KO cells also displayed ciliogenesis defects as compared to

+/+ cells (Fig 3C and 3D). Since this cell line cannot reproduce patient genetic variability, it
cannot replace patient’s kidney-reprogrammed cells. However, they had a confirmatory value
for the existence of PC phenotypes in kidney cells.
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Cap mesenchyme and nephric duct kidney lineages show disproportionate
representation in LS versus normal renal cells

In contrast to differentiation approaches aimed to produce specific cell lineages [39-41], our
differentiation strategy was intended to produce several kidney lineages to evaluate the yields
of different cell types in LS vs normal cells. Although this strategy highlighted significant dif-
ferences in the capacity of patient and normal iPSCs to generate renal lineages (see below), it
should be kept in mind that in vivo differentiation conditions differ and can affect cell type
yield.

We monitored two specific kidney lineages: nephric duct and cap mesenchyme, that
among others give rise to ductal and tubular cells, respectively [42]. Specifically, we used indi-
rect immunofluorescence to investigate the expression of the Ck8 (ureteric bud) and Six2 (cap
mesenchyme) markers for nephric duct and metanephric mesenchyme lineages, respectively
[40,43,44]. As expected, a mix of cells positive for Ck8 or for Six2 (it should be noted that
expression of Six2 is known to repress ductal genes—[45] was obtained. A fraction of double-
negative cells, probably representing other lineages (e.g., stromal or other duct progenitors)
was also observed.

Within the Six2-positive population of both normal and LS cells, most showed presence of
the Six2 protein in a perinuclear compartment identified as the Golgi complex based on colo-
calization with the GM 130 marker (Fig 4A). Although various intracellular compartments
(e.g., lysosomes, endoplasmic reticulum, Golgi apparatus) have been previously shown to act
as reservoirs for different transcription factors [46-53], to the best of our knowledge this has
not been shown previously for Six2. At least with respect to the direct regulation of gene
expression, this Golgi-retained fraction represents an inactive pool of the transcription factor.
Interestingly, LS cells showed a significantly higher proportion of Six2 retained at the Golgi
complex compared to controls in the presence (Fig 4B) or absence of NaCl (data not shown).
Note that NaCl was used as control for LiCl treatment as described below.

In addition, the fraction of cells showing nuclear-localized Six2 was significantly smaller in
LS as compared to normal kidney-differentiated cells (Fig 4C and 4E), suggesting an underrep-
resentation of cap mesenchyme-derived lineages. In contrast, and in agreement with Six2 hav-
ing an inhibitory role on ductal differentiation [45], Ck8-positive cells were significantly more
abundant among LS than normal kidney-differentiated cells (Fig 4D and 4E). Nevertheless,
total mRNA and protein levels of Six2 were similar in LS and normal cells based on quantita-
tive RT-PCR, Western blotting and indirect immunofluorescence (S2 Fig). These results were
confirmed using different differentiated cell batches produced out of multiple iPSC colonies.

We also analyzed Six2 Golgi-retention in HK2”~ and WT controls. Nevertheless, it should
be highlighted that in contrast to iPSC-derived kidney lineages, HK2 cells are a priori commit-
ted to a cap mesenchyme-derived cells that under Ocrll-elimination conditions are unlikely to
revert to an undifferentiated state or to a different lineage. However, we observed a clear intra-
cellular re-distribution of Six2; specifically, we determined that Six2 was enriched at the Golgi
complex in OCRLI K.O. in comparison to WT cells (Fig 5).

Interestingly, treatment with 10mM LiCl (a known inhibitor of PI(4,5)P, synthesis—
[54,55], counteracted Six2-Golgi retention (Fig 4A and 4B and Fig 5).

Discussion

LS is a devastating genetic disease that despite being described more than 60 years ago, still
lacks a clear delineation of its pathomechanism and no specific cure is available. Among multi-
ple factors contributing to such a scenario, lack of understanding of developmental abnormali-
ties in place and uneven availability of patient cells from affected organs are likely some of
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Fig 4. The ductal lineage-inhibitor and cap mesenchyme marker Six2 is retained in the Golgi complex of LS cells. A. Normal (upper panels) and LS
(middle and lower panels) kidney-differentiated cells treated with NaCl or LiCl were immunostained using anti-Six2 (red) and anti-GM130 (green)
antibodies, the location of the nucleus was revealed by DAPI staining (see Materials and methods). Arrows point to some examples of Six2-GM130
colocalization; arrowheads highlight examples of Six2 nuclear exclusion. Scale bar: 10um. B-C. The fluorescence intensity of the Six2-signal associated with
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normal and LS kidney-differentiated cells treated with NaCl or LiCl as indicated. More than 50 cells from at least 5 independent determinations. Statistical
significance of the difference between normal and LS samples was assessed using the Wilcoxon test (B) or the t-test (C). **: p<0.05. D. Representative
images of Ck8-positive kidney-differentiated normal and LS cells. Note the increased Ck8" fraction (total Ck8 positive cells/total cells) within LS kidney
cells. E. Quantification of the relative fraction of LS to normal cells showing Six2 nuclear staining (left in red) and Ck8-positive cells (right in green) in the
absence of NaCl or LiCl. In all cases, experiments were repeated using at least 5 differentiation batches (out of different iPSC clones).

https://doi.org/10.1371/journal.pone.0192635.9004

them. Here we describe the derivation of iPSCs from LS patient skin fibroblasts and their
reprogramming as kidney cells. These kidney-differentiated cells displayed a PC assembly
defect, opening the possibility that this phenotype contributes to observed LS renal abnormali-
ties. Interestingly, we also found that in LS cells the balance between ductal and cap mesen-
chyme kidney lineages is skewed toward the former. In addition, we observed a significant
decrease in the fraction of LS cells displaying nuclear localization of the transcription factor
Six2, a cap mesenchyme marker that acts as repressor of ductal lineage differentiation. In fact,
LS cells displayed a significantly increased pool of Six2 localized at the Golgi complex as com-
pared to normal cells.
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The implications of this work are multi-fold; on the one hand, considering the role that the
PC plays in osmo/chemo/mechano-sensing, epithelia repair and signaling in general, ciliogen-
esis abnormalities are expected to affect renal function. Further, we speculate that principles
and therapeutic strategies currently attempted against ciliopathies could be conceivably
adapted or adopted for treatment of LS.

On the other hand, this work constitutes the first application of iPSC/reprogramming tech-
nology to LS. Therefore, it opens the possibility of generating cell types difficult to obtain
directly from patients. Specifically, it permits accessible cell types like skin fibroblasts to be
converted into cells representative of affected organs, thus providing relevant in vitro disease
models. Further, these developments will facilitate the preparation of similar samples from
multiple patients to better study the effect of different mutations and genetic backgrounds
(genetic modifiers) on LS phenotypes. We also anticipate that this work would set up the basis
for more sophisticated disease models, such as in vitro-generated organoids, and for future cell
replacement therapies.

In addition, as exemplified by the present work, iPSC differentiation may provide clues as
to how patient embryonic stem cells (ESCs) or adult pools of replenishing cells are affected by
the disease. Of course, it should be always kept in mind that iPSCs are not ESCs and that in
vitro differentiation conditions are not identical to the in vivo environment.

Our results showed that kidney-differentiated LS cells exhibited deficient nuclear localiza-
tion of the transcription factor Six2. In absence of efficient Six2-mediated inhibition, the ductal
lineage was overrepresented within the kidney cell population. Multiple implications arise
from these observations: First, within LS kidney cells, Six2-dependent cap mesenchyme lineage
cells are less readily available. This observation supports the possibility that LS patients could
experience nephron developmental abnormalities, particularly affecting cap mesenchyme-
derived cells such as tubular cells. Indeed, it is well-known that LS patients display proximal
tubule dysfunction [1,3,56] and tubular atrophy [57]. Indeed, Six2-deficient function has been
linked to renal hypoplasia [58,59]. Further, since Six2 is also involved in craniofacial and eye
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development [59-62] and the protection of dopaminergic neurons [63], it is possible that
affected function or regulation of this protein in other tissues or organs leads to other charac-
teristic phenotypes and symptoms of LS.

Second, patients may have difficulties to replenish cells belonging to the cap mesenchyme line-
age following wear, injury or various insults. In fact, there are reports of progressive tubular cell
function loss in LS patients [57]. Although the origin/nature of renewable stem cell-like cells in
the post-natal kidney is still controversial [64-66], there is a body of evidence supporting their
existence and relevance for maintaining renal functionality [66-68]. Our work suggests the
availability of such cell replenishing pool may be compromised in LS patients.

Third, our findings provide the first observation of the Golgi complex playing a role in Six2
intracellular distribution and function. In addition, these findings constitute another example
of the Golgi apparatus acting as a reservoir or sink for a specific transcription factor [47,48]. It
should be noted that Six2 localization at the Golgi apparatus was also detected in normal cells,
suggesting that this organelle may play a physiological role in regulating Six2 transcription fac-
tor activity by serving as a reservoir to control the size of the nuclear translocation-competent
pool. Alternatively, the absence of Ocrll (a Golgi complex-localized protein) may lead to
changes (such as differences in protein/lipid composition) that yields an abnormal enrichment
of Six2 in this organelle, something of only minor incidence in normal cells.

The mechanism by which Six2 is mislocalized in LS renal cells and whether this depends on
the accumulation of PI(4, 5)P, (known to take place in the absence of functional Ocrll) or the
absence of critical protein complexes involving Ocrll, will be the focus of future investigations.
It is interesting to note that treatment with LiCl is known to lower PI(4, 5)P, levels [54,55] and
to also enhance Six2 functional activity [69]. Indeed, incubation with LiCl decreased the Golgi
localization of Six2 in both LS renal cells and HK2 OCRLI K.O. cells. However, it is uncertain
if this effect is the result of counteracting PI(4, 5)P, accumulation at the Golgi apparatus, endo-
somes, cilia [70] or all. Further, it is conceivable that accumulation of P1(4,5)P, contributes to
both ciliogenesis abnormalities [71] and Six2-retention at the Golgi apparatus. However, the
mechanism underneath the cilia assembly defects is expected to also involve vesicle trafficking
abnormalities [5] and a role for Six2 altered function cannot be discarded and should be the
object of future investigations. In addition, the occurrence of Six2 sequestration at the Golgi
complex should be confirmed and eventually studied in LS animal models to better understand
its potential contribution to the disease.

Materials and methods
Reagents

Materials were purchased from Fisher Scientific (Fairlawn, NJ) or Sigma (St. Louis, MO)
unless stated otherwise. The different antibodies used in this study are listed inS1 Table.

Cells and culture conditions

Normal (GM07492) and LS primary dermal fibroblasts (GM 03265) were obtained from the
NIHGMS Human Genetic Cell Repository (Coriell Institute for Medical Research, Camden,
NJ, USA). Cells were maintained in DMEM, Streptomycin/Penicillin, 2mM L-Glutamine and
15% fetal bovine serum (FBS) at 37°C in a 5% CO2 incubator.

HK2 OCRLI knockout cell line was prepared by using the CRISPR/Cas9 system. Isogenic
OCRLI knockout HK2 cell clones were generated by diluting and cultivating the transfected
cells in 96-well plates and were identified by Sanger sequencing. Western blotting of lysates
prepared from the knockout cells confirmed absence of Ocrll protein (S1 Fig).
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Western blotting

Cell lysates in Laemmli’s protein sample buffer were separated on 10% gels at 40mA constant
current in SDS/PAGE running buffer (100mM Tris base, 100mM Hepes, 0.1% SDS) and trans-
ferred onto nitrocellulose membrane in transfer buffer (48mM Tris, ImM SDS, 400mM gly-
cine,10% methanol) at 80V for 2h. Blots were blocked 1h at room temperature in PBST-milk
(137mM NacCl, 10mM Na,HPO,, 2.7mM KCl, 0.1% Tween-20, pH = 7.4, 5% non-fat dried
milk) and incubated with the appropriate primary antibody and dilution (anti-Ocrl1:150;
Santa Cruz- sc-393577, anti-tubulin: 1:500; Biolegend- 627903) overnight at 4°C or for 1h at
room temperature respectively. After incubation with a secondary antibody conjugated with
horseradish peroxidase for 1h at room temperature and washing, specific bands were detected
by chemiluminescence using SuperSignal West Femto (Pierce) as a substrate and visualized
using an Alpha-Innotech imaging system (San Leandro, CA, USA).

Preparation of iPSC from human skin fibroblast

Human normal and LS skin fibroblasts were plated at a density of 10° cells/well in 6-well plates
and maintained at 37°C, 5% CO, for 6h. The cells were infected witha retrovirus cocktail at
MOI 17.5 for expression of hOCT4, hSOX2, hKLF4 and he-MYC genes (ALSTEM) and 4yl of
500x TransPlus (ALSTEM) in 2ml of fresh DMEM medium containing 15% FBS. The infec-
tion was repeated on the next day. On the 5™ day after first infection, the cells were trypsinized
and seeded on a 60mm plate coated with 0.1% gelatin containing 10° mitomycin-c treated,
mouse embryonic fibroblasts (MEF). On the 7 day, the culture medium was replaced by iPSC
medium (DMEM/F12, 20% Knock-out serum replacement, 1% Penicillin/Streptomycin, 1%
Non-essential amino-acids, 0.1mM Beta-mercapto-ethanol, 10ng/ml bFGF (StemRD)). The
iPSC medium was replaced daily for about 5 weeks until colonies appeared. The cells were
live-stained with an anti Tra-1-60 antibody conjugated with DyLight™ 488 (Stemgent) and pos-
itive colonies identified by epifluorescence microscopy using a GFP filter. The pluripotency of
the cells was further verified by immunofluorescence and qPCR. iPSC cells were cultured on
feeder layers of mitomycin-c treated C57Bl/6 MEF with daily replacement of fresh iPSC
medium. The cells were passaged weekly at a ratio of 1:3-1:5.

Karyotyping: Actively dividing iPSC were treated with 0.1ug/ml Demecolcine (MP Biome-
dicals) for 3h at 37°C. The colonies were dissociated into single cells, and incubated with hypo-
tonic solution (KCl 75mM) for 20min in 37°C and fixed with methanol/glacial acetic acid 3:1,
overnight. Cells were washed thrice with fixation solution and were dropped on to slides and
dried on a 95°C hot-plate. The samples were stained with 2% Giemsa solution (Eelectron
microscopy sciences), and imaged at 100x.

Indirect immunofluorescence

All cells were grown on coverslips and fixed with 4% formaldehyde/PBS for 10min at room
temperature. After washing with PBS, the iPSC cells were incubated with the corresponding
primary antibody diluted in blocking solution (10% FBS containing DMEM medium with
0.1% saponin) at 4°C, overnight while HK2 cells (WT and OCRLI KO) were stained with spe-
cific primary antibodies (see S1 Table) for 1h at room temperature, Following two washes with
PBS, the cells were incubated with appropriate secondary antibodies diluted in blocking solu-
tion for 45min at room temperature. The cells were washed and stained with DAPI for 5min,
washed and mounted on slides with Aqua-PolyMount (Polysciences).

Images were acquired using a Zeiss Axioimager.Z1 microscope equipped with Zeiss Axio-
cam MRm monochrome digital camera and Carl Zeiss Axiovision image acquisition software.
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Quantitative RT-PCR

Total RNA was collected from cells by using Direct-zol kit (Zymo research) following manu-
facturer’s protocol. 100ng of total RNA for each sample were used for cDNA synthesis and
qRT-PCR. The assays were performed using the qScript One-Step SYBR Green RT-qPCR kit
(Quanta bio) in a Roche LightCycler 96 real-time PCR machine. The target mRNA expression
levels in iPSC were normalized with respect to RPLPO messenger levels and expressed as frac-
tion of the fibroblast values using the AACq method. The sequences of the primers used are
listed in S2 Table.

Differentiation of iPSC into kidney cells

iPSC colonies were lifted from the feeder layers by incubation with detaching solution (ImM
CaCl,, 2mg/ml Collagenase IV, 0.125% trypsin in DMEM) at 37°C until the edges of the colo-
nies were lose. The colonies were collected by scratching them with a p200 tip and transferred
to 0.1% gelatin coated plates for 1h at 37°C, 5% CO, in iPSC medium to remove the MEF cells.
The colonies were collected into microcentrifuge tubes and pelleted at 300xg for 5min, washed
once with PBS, and incubated with Accutase (Innovative cell technologies) for 30min at 37°C
and gently dissociated into single cells by flicking the microcentrifuge tubes. The cells were
washed once in PBS and resuspended in basal medium (DMEM/F12, 20% Knock-out serum
replacement, 1% Penicillin/Streptomycin, 1% Non-essential amino-acids, 0.1mM Beta-mer-
capto-ethanol) with 5uM CHIR99021(Biovision) and 10pM Y27632(LC Laboratories). The
cells were seeded onto wells coated with 5% growth factor-reduced matrigel (BD) at density of
1.5x10* cells/cm®. The following 3 days (days 2—4) the cells were treated with 8uM CHIR99021
in basal medium. On day 5, the cells were treated with 200ng/ml bFGF in basal medium, the
medium was replaced every other day for 12 days (until day 17). On day 18, bFGF was
removed from the culture medium; and the medium was replaced every other day for 9 addi-
tional days; after that period, the differentiated cells were used. The process was repeated at
least 5 times out of several normal and LS iPSC colonies.

Ciliogenesis
The renal cells were seeded onto 22x22 mm? coverslips at 60% confluency in 15% FBS contain-
ing DMEM medium for 12h followed by serum-starvation by incubating them in 0.1% serum
medium for 48h and by 24h at 0% serum medium. HK2 cells (WT and OCRLI KO) were
plated on coverslips in complete media (containing 10% FBS) and allowed to attach overnight
to achieve ~80% confluency and starved for 48h incubation with media containing 1% FBS.
The cells were fixed in 4% formaldehyde for 10min at room temperature. Then the samples
were immunostained with anti-acetylated tubulin and anti-pericentrin-2 primary antibodies
followed by addition of appropriate secondary antibodies. The nucleus of the cells was stained
with DAPI. Level of ciliogenesis was determined by imaging the cells using fluorescence
microscopy followed by determination of the percentage of total cells that has an acetylated
tubulin marked primary cilium emerging from a pericentrin-positive structure. More than 150
cells were analyzed per sample; two-tailed ¢-test was performed for statistical analysis.

Supporting information

S1 Table. Antibodies used in this study.
(PDF)

S2 Table. Primers used in this study.
(PDF)
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S1 Fig. Ocrll1 levels in fibroblasts and HK2 cells. Lysates from Normal and LS patient fibro-
blasts as well as HK2 WT (+/+) and OCRLI KO (-/-) were resolved by SDS-PAGE and the
presence of Ocrll was investigated by Western blotting using a specific antibody. Tubulin was
detected with a specific antibody and used as loading control.

(TIF)

S2 Fig. The transcription factor Six2 is equally expressed in LS and normal kidney-differ-
entiated cells. Results from quantitative RT-PCR (qRT-PCR), Western blotting and quantita-
tive Indirect Immunofluorescence (qIIF) are shown. Left panel shows normal to LS relative
ratio quantifications of Six2 expression levels from at least 3 independent experiments. Right
upper and lower panels show representative Six2 detection results using immunofluorescence
and Western blotting, respectively. Scale bar: 20pum.

(TIF)

Acknowledgments

We thank members of the Aguilar lab for discussions and critical reading of the manuscript,
and to Claudia B. Hanna for excellent technical assistance. This work was supported by the
National Institutes of Health and the Lowe Syndrome Trust under Grants 1R01DK109398-01
and BU/CO/2014 to RCA.

Author Contributions

Conceptualization: Donna Fekete, Ruben Claudio Aguilar.
Formal analysis: Ruben Claudio Aguilar.

Funding acquisition: Ruben Claudio Aguilar.

Investigation: Wen-Chieh Hsieh, Swetha Ramadesikan, Ruben Claudio Aguilar.

References

1. Bokenkamp A, Ludwig M (2016) The oculocerebrorenal syndrome of Lowe: an update. Pediatr Nephrol
31:2201-2212. https://doi.org/10.1007/s00467-016-3343-3 PMID: 27011217

2. Loi M (2006) Lowe syndrome. Orphanet J Rare Dis 1: 16. https://doi.org/10.1186/1750-1172-1-16
PMID: 16722554

3. Bockenhauer D, Bokenkamp A, van’t Hoff W, Levtchenko E, Kist-van Holthe JE, et al. (2008) Renal
phenotype in Lowe Syndrome: a selective proximal tubular dysfunction. Clin J Am Soc Nephrol 3:
1430-1436. https://doi.org/10.2215/CJN.00520108 PMID: 18480301

4. Kleta R (2008) Fanconi or not Fanconi? Lowe syndrome revisited. Clin J Am Soc Nephrol 3: 1244—
1245. https://doi.org/10.2215/CJN.02880608 PMID: 18667737

5. Coon BG, Hernandez V, Madhivanan K, Mukherjee D, Hanna CB, et al. (2012) The Lowe syndrome
protein OCRL1 is involved in primary cilia assembly. Hum Mol Genet 21: 1835—1847. https://doi.org/
10.1093/hmg/ddr615 PMID: 22228094

6. LuoN, West CC, Murga-Zamalloa CA, Sun L, Anderson RM, et al. (2012) OCRL localizes to the primary
cilium: a new role for cilia in Lowe syndrome. Hum Mol Genet 21: 3333-3344. https://doi.org/10.1093/
hmg/dds163 PMID: 22543976

7. RbaibiY, Cui S, Mo D, Carattino M, Rohatgi R, et al. (2012) OCRL1 modulates cilia length in renal epi-
thelial cells. Traffic 13: 1295-1305. https://doi.org/10.1111/j.1600-0854.2012.01387.x PMID:
22680056

8. ReckerF, Zaniew M, Bockenhauer D, Miglietti N, Bokenkamp A, et al. (2015) Characterization of 28
novel patients expands the mutational and phenotypic spectrum of Lowe syndrome. Pediatr Nephrol
30: 931-943. https://doi.org/10.1007/s00467-014-3013-2 PMID: 25480730

PLOS ONE | https://doi.org/10.1371/journal.pone.0192635 February 14,2018 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192635.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192635.s004
https://doi.org/10.1007/s00467-016-3343-3
http://www.ncbi.nlm.nih.gov/pubmed/27011217
https://doi.org/10.1186/1750-1172-1-16
http://www.ncbi.nlm.nih.gov/pubmed/16722554
https://doi.org/10.2215/CJN.00520108
http://www.ncbi.nlm.nih.gov/pubmed/18480301
https://doi.org/10.2215/CJN.02880608
http://www.ncbi.nlm.nih.gov/pubmed/18667737
https://doi.org/10.1093/hmg/ddr615
https://doi.org/10.1093/hmg/ddr615
http://www.ncbi.nlm.nih.gov/pubmed/22228094
https://doi.org/10.1093/hmg/dds163
https://doi.org/10.1093/hmg/dds163
http://www.ncbi.nlm.nih.gov/pubmed/22543976
https://doi.org/10.1111/j.1600-0854.2012.01387.x
http://www.ncbi.nlm.nih.gov/pubmed/22680056
https://doi.org/10.1007/s00467-014-3013-2
http://www.ncbi.nlm.nih.gov/pubmed/25480730
https://doi.org/10.1371/journal.pone.0192635

@° PLOS | ONE

Lowe syndrome iPSC-derived kidney cells retained Six2 at the Golgi complex

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Goetz SC, Anderson KV (2010) The primary cilium: a signalling centre during vertebrate development.
Nat Rev Genet 11: 331-344. https://doi.org/10.1038/nrg2774 PMID: 20395968

Hilgendorf KI, Johnson CT, Jackson PK (2016) The primary cilium as a cellular receiver: organizing cili-
ary GPCR signaling. Curr Opin Cell Biol 39: 84-92. https://doi.org/10.1016/j.ceb.2016.02.008 PMID:
26926036

Lee KL, Guevarra MD, Nguyen AM, Chua MC, Wang Y, et al. (2015) The primary cilium functions as a
mechanical and calcium signaling nexus. Cilia 4: 7. https://doi.org/10.1186/s13630-015-0016-y PMID:
26029358

Kleene SJ, Van Houten JL (2014) Electrical Signaling in Motile and Primary Cilia. Bioscience 64: 1092—
1102. https://doi.org/10.1093/biosci/biu181 PMID: 25892740

Reiter JF, Leroux MR (2017) Genes and molecular pathways underpinning ciliopathies. Nat Rev Mol
Cell Biol.

Mitchison HM, Valente EM (2017) Motile and non-motile cilia in human pathology: from function to phe-
notypes. J Pathol 241: 294-309. hitps://doi.org/10.1002/path.4843 PMID: 27859258

Madhivanan K, Aguilar RC (2014) Ciliopathies: the trafficking connection. Traffic 15: 1031-1056.
https://doi.org/10.1111/tra.12195 PMID: 25040720

Waters AM, Beales PL (2011) Ciliopathies: an expanding disease spectrum. Pediatr Nephrol 26: 1039—
1056. https://doi.org/10.1007/s00467-010-1731-7 PMID: 21210154

Vicinanza M, Di Campli A, Polishchuk E, Santoro M, Di Tullio G, et al. (2011) OCRL controls trafficking
through early endosomes via PtdIins4,5P(2)-dependent regulation of endosomal actin. EMBO J 30:
4970-4985. https://doi.org/10.1038/emboj.2011.354 PMID: 21971085

Zhang X, Hartz PA, Philip E, Racusen LC, Majerus PW (1998) Cell lines from kidney proximal tubules of
a patient with Lowe syndrome lack OCRL inositol polyphosphate 5-phosphatase and accumulate phos-
phatidylinositol 4,5-bisphosphate. J Biol Chem 273: 1574—1582. PMID: 9430698

Suchy SF, Nussbaum RL (2002) The deficiency of PIP2 5-phosphatase in Lowe syndrome affects actin
polymerization. Am J Hum Genet 71: 1420-1427. https://doi.org/10.1086/344517 PMID: 12428211

Lasne D, Baujat G, Mirault T, Lunardi J, Grelac F, et al. (2010) Bleeding disorders in Lowe syndrome
patients: evidence for a link between OCRL mutations and primary haemostasis disorders. Br J Haema-
tol 150: 685—688. https://doi.org/10.1111/.1365-2141.2010.08304.x PMID: 20629659

van Rahden VA, Brand K, Najm J, Heeren J, Pfeffer SR, et al. (2012) The 5-phosphatase OCRL medi-
ates retrograde transport of the mannose 6-phosphate receptor by regulating a Rac1-cofilin signalling
module. Hum Mol Genet 21: 5019-5038. https://doi.org/10.1093/hmg/dds343 PMID: 22907655

Madhivanan K, Mukherjee D, Aguilar RC (2012) Lowe syndrome: Between primary cilia assembly and
Rac1-mediated membrane remodeling. Commun Integr Biol 5: 641-644. https://doi.org/10.4161/cib.
21952 PMID: 23739214

Zhu S, Dai J, Liu H, Cong X, Chen Y, et al. (2015) Down-regulation of Rac GTPase-activating protein
OCRL1 causes aberrant activation of Rac1 in osteoarthritis development. Arthritis Rheumatol 67:
2154-2163. https://doi.org/10.1002/art.39174 PMID: 25917196

Choudhury R, Diao A, Zhang F, Eisenberg E, Saint-Pol A, et al. (2005) Lowe syndrome protein OCRL1
interacts with clathrin and regulates protein trafficking between endosomes and the trans-Golgi net-
work. Mol Biol Cell 16: 3467-3479. https://doi.org/10.1091/mbc.E05-02-0120 PMID: 15917292

Cui S, Guerriero CJ, Szalinski CM, Kinlough CL, Hughey RP, et al. (2010) OCRL1 function in renal epi-
thelial membrane traffic. Am J Physiol Renal Physiol 298: F335-345. https://doi.org/10.1152/ajprenal.
00453.2009 PMID: 19940034

Nandez R, Balkin DM, Messa M, Liang L, Paradise S, et al. (2014) A role of OCRL in clathrin-coated pit
dynamics and uncoating revealed by studies of Lowe syndrome cells. Elife 3: €02975. https://doi.org/
10.7554/eLife.02975 PMID: 25107275

Oltrabella F, Pietka G, Ramirez IB, Mironov A, Starborg T, et al. (2015) The Lowe syndrome protein
OCRL1 is required for endocytosis in the zebrafish pronephric tubule. PLoS Genet 11: e1005058.
https://doi.org/10.1371/journal.pgen.1005058 PMID: 25838181

Trounson A, McDonald C (2015) Stem Cell Therapies in Clinical Trials: Progress and Challenges. Cell
Stem Cell 17: 11-22. https://doi.org/10.1016/j.stem.2015.06.007 PMID: 26140604

Wang S, Dong Z (2013) Primary cilia and kidney injury: current research status and future perspectives.
Am J Physiol Renal Physiol 305: F1085-1098. https://doi.org/10.1152/ajprenal.00399.2013 PMID:
23904226

Wolf MT (2015) Nephronophthisis and related syndromes. Curr Opin Pediatr 27: 201-211. https://doi.
org/10.1097/MOP.0000000000000194 PMID: 25635582

PLOS ONE | https://doi.org/10.1371/journal.pone.0192635 February 14,2018 14/16


https://doi.org/10.1038/nrg2774
http://www.ncbi.nlm.nih.gov/pubmed/20395968
https://doi.org/10.1016/j.ceb.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/26926036
https://doi.org/10.1186/s13630-015-0016-y
http://www.ncbi.nlm.nih.gov/pubmed/26029358
https://doi.org/10.1093/biosci/biu181
http://www.ncbi.nlm.nih.gov/pubmed/25892740
https://doi.org/10.1002/path.4843
http://www.ncbi.nlm.nih.gov/pubmed/27859258
https://doi.org/10.1111/tra.12195
http://www.ncbi.nlm.nih.gov/pubmed/25040720
https://doi.org/10.1007/s00467-010-1731-7
http://www.ncbi.nlm.nih.gov/pubmed/21210154
https://doi.org/10.1038/emboj.2011.354
http://www.ncbi.nlm.nih.gov/pubmed/21971085
http://www.ncbi.nlm.nih.gov/pubmed/9430698
https://doi.org/10.1086/344517
http://www.ncbi.nlm.nih.gov/pubmed/12428211
https://doi.org/10.1111/j.1365-2141.2010.08304.x
http://www.ncbi.nlm.nih.gov/pubmed/20629659
https://doi.org/10.1093/hmg/dds343
http://www.ncbi.nlm.nih.gov/pubmed/22907655
https://doi.org/10.4161/cib.21952
https://doi.org/10.4161/cib.21952
http://www.ncbi.nlm.nih.gov/pubmed/23739214
https://doi.org/10.1002/art.39174
http://www.ncbi.nlm.nih.gov/pubmed/25917196
https://doi.org/10.1091/mbc.E05-02-0120
http://www.ncbi.nlm.nih.gov/pubmed/15917292
https://doi.org/10.1152/ajprenal.00453.2009
https://doi.org/10.1152/ajprenal.00453.2009
http://www.ncbi.nlm.nih.gov/pubmed/19940034
https://doi.org/10.7554/eLife.02975
https://doi.org/10.7554/eLife.02975
http://www.ncbi.nlm.nih.gov/pubmed/25107275
https://doi.org/10.1371/journal.pgen.1005058
http://www.ncbi.nlm.nih.gov/pubmed/25838181
https://doi.org/10.1016/j.stem.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26140604
https://doi.org/10.1152/ajprenal.00399.2013
http://www.ncbi.nlm.nih.gov/pubmed/23904226
https://doi.org/10.1097/MOP.0000000000000194
https://doi.org/10.1097/MOP.0000000000000194
http://www.ncbi.nlm.nih.gov/pubmed/25635582
https://doi.org/10.1371/journal.pone.0192635

@° PLOS | ONE

Lowe syndrome iPSC-derived kidney cells retained Six2 at the Golgi complex

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Putoux A, Attie-Bitach T, Martinovic J, Gubler MC (2012) Phenotypic variability of Bardet-Biedl syn-
drome: focusing on the kidney. Pediatr Nephrol 27: 7-15. https://doi.org/10.1007/s00467-010-1751-3
PMID: 21246219

Deane JA, Ricardo SD (2012) Emerging roles for renal primary cilia in epithelial repair. Int Rev Cell Mol
Biol 293: 169-193. https://doi.org/10.1016/B978-0-12-394304-0.00011-7 PMID: 22251562

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, et al. (2007) Induction of pluripotent stem cells
from adult human fibroblasts by defined factors. Cell 131: 861-872. hitps://doi.org/10.1016/j.cell.2007.
11.019 PMID: 18035408

LiR, Liang J, Ni S, Zhou T, Qing X, et al. (2010) A mesenchymal-to-epithelial transition initiates and is
required for the nuclear reprogramming of mouse fibroblasts. Cell Stem Cell 7: 51-63. https://doi.org/
10.1016/j.stem.2010.04.014 PMID: 20621050

Wang G, Guo X, Hong W, Liu Q, Wei T, et al. (2013) Critical regulation of miR-200/ZEB2 pathway in
Oct4/Sox2-induced mesenchymal-to-epithelial transition and induced pluripotent stem cell generation.
Proc Natl Acad Sci U S A 110: 2858-2863. https://doi.org/10.1073/pnas. 1212769110 PMID: 23386720

Mayshar Y, Ben-David U, Lavon N, Biancotti JC, Yakir B, et al. (2010) Identification and classification of
chromosomal aberrations in human induced pluripotent stem cells. Cell Stem Cell 7: 521-531. https:/
doi.org/10.1016/j.stem.2010.07.017 PMID: 20887957

Araoka T, Mae S, Kurose Y, Uesugi M, Ohta A, et al. (2014) Efficient and rapid induction of human
iPSCs/ESCs into nephrogenic intermediate mesoderm using small molecule-based differentiation
methods. PLoS One 9: e84881. hitps://doi.org/10.1371/journal.pone.0084881 PMID: 24454758

Takasato M, Er PX, Chiu HS, Maier B, Baillie GJ, et al. (2016) Kidney organoids from human iPS cells
contain multiple lineages and model human nephrogenesis. Nature 536: 238.

Song B, Smink AM, Jones CV, Callaghan JM, Firth SD, et al. (2012) The directed differentiation of
human iPS cells into kidney podocytes. PLoS One 7: e46453. https://doi.org/10.1371/journal.pone.
0046453 PMID: 23029522

Xia 'Y, Nivet E, Sancho-Martinez I, Gallegos T, Suzuki K, et al. (2013) Directed differentiation of human
pluripotent cells to ureteric bud kidney progenitor-like cells. Nat Cell Biol 15: 1507—-1515. https://doi.org/
10.1038/ncb2872 PMID: 24240476

Lam AQ, Freedman BS, Morizane R, Lerou PH, Valerius MT, et al. (2014) Rapid and efficient differenti-
ation of human pluripotent stem cells into intermediate mesoderm that forms tubules expressing kidney
proximal tubular markers. J Am Soc Nephrol 25: 1211-1225. https://doi.org/10.1681/ASN.2013080831
PMID: 24357672

Little MH, McMahon AP (2012) Mammalian kidney development: principles, progress, and projections.
Cold Spring Harb Perspect Biol 4.

Kobayashi A, Valerius MT, Mugford JW, Carroll TJ, Self M, et al. (2008) Six2 defines and regulates a
multipotent self-renewing nephron progenitor population throughout mammalian kidney development.
Cell Stem Cell 3: 169—181. https://doi.org/10.1016/j.stem.2008.05.020 PMID: 18682239

Tanigawa S, Perantoni AO (2016) Modeling renal progenitors—defining the niche. Differentiation 91:
152-158. https://doi.org/10.1016/j.diff.2016.01.007 PMID: 26856661

Self M, Lagutin OV, Bowling B, Hendrix J, Cai Y, et al. (2006) Six2 is required for suppression of nephro-
genesis and progenitor renewal in the developing kidney. EMBO J 25: 5214-5228. https://doi.org/10.
1038/sj.emb0j.7601381 PMID: 17036046

Gil S, Yosef D, Golan N, Don J (2006) The enigma of ATCE1, an acrosome-associated transcription
factor. Dev Biol 298: 201-211. https://doi.org/10.1016/].ydbio.2006.06.029 PMID: 16925989

Lamani E, Gluhak-Heinrich J, MacDougall M (2015) NFI-C2 temporal-spatial expression and cellular
localization pattern during tooth formation. Dev Growth Differ 57: 625—638. https://doi.org/10.1111/dgd.
12253 PMID: 26687982

Rivera-Serrano EE, Sherry B (2017) NF-kappaB activation is cell type-specific in the heart. Virology
502: 133—143. https://doi.org/10.1016/j.virol.2016.12.022 PMID: 28043025

Di Malta C, Siciliano D, Calcagni A, Monfregola J, Punzi S, et al. (2017) Transcriptional activation of
RagD GTPase controls mTORC1 and promotes cancer growth. Science 356: 1188-1192. https://doi.
org/10.1126/science.aag2553 PMID: 28619945

Nabar NR, Kehrl JH (2017) The Transcription Factor EB Links Cellular Stress to the Inmune Response.
Yale J Biol Med 90: 301-315. PMID: 28656016

Chen L, WangK, Long A, Jia L, Zhang Y, et al. (2017) Fasting-induced hormonal regulation of lyso-
somal function. Cell Res 27: 748-763. https://doi.org/10.1038/cr.2017.45 PMID: 28374748

Baxi K, Ghavidel A, Waddell B, Harkness TA, de Carvalho CE (2017) Regulation of Lysosomal Function
by the DAF-16 Forkhead Transcription Factor Couples Reproduction to Aging in Caenorhabditis ele-
gans. Genetics.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192635 February 14,2018 15/16


https://doi.org/10.1007/s00467-010-1751-3
http://www.ncbi.nlm.nih.gov/pubmed/21246219
https://doi.org/10.1016/B978-0-12-394304-0.00011-7
http://www.ncbi.nlm.nih.gov/pubmed/22251562
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.stem.2010.04.014
http://www.ncbi.nlm.nih.gov/pubmed/20621050
https://doi.org/10.1073/pnas.1212769110
http://www.ncbi.nlm.nih.gov/pubmed/23386720
https://doi.org/10.1016/j.stem.2010.07.017
https://doi.org/10.1016/j.stem.2010.07.017
http://www.ncbi.nlm.nih.gov/pubmed/20887957
https://doi.org/10.1371/journal.pone.0084881
http://www.ncbi.nlm.nih.gov/pubmed/24454758
https://doi.org/10.1371/journal.pone.0046453
https://doi.org/10.1371/journal.pone.0046453
http://www.ncbi.nlm.nih.gov/pubmed/23029522
https://doi.org/10.1038/ncb2872
https://doi.org/10.1038/ncb2872
http://www.ncbi.nlm.nih.gov/pubmed/24240476
https://doi.org/10.1681/ASN.2013080831
http://www.ncbi.nlm.nih.gov/pubmed/24357672
https://doi.org/10.1016/j.stem.2008.05.020
http://www.ncbi.nlm.nih.gov/pubmed/18682239
https://doi.org/10.1016/j.diff.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26856661
https://doi.org/10.1038/sj.emboj.7601381
https://doi.org/10.1038/sj.emboj.7601381
http://www.ncbi.nlm.nih.gov/pubmed/17036046
https://doi.org/10.1016/j.ydbio.2006.06.029
http://www.ncbi.nlm.nih.gov/pubmed/16925989
https://doi.org/10.1111/dgd.12253
https://doi.org/10.1111/dgd.12253
http://www.ncbi.nlm.nih.gov/pubmed/26687982
https://doi.org/10.1016/j.virol.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28043025
https://doi.org/10.1126/science.aag2553
https://doi.org/10.1126/science.aag2553
http://www.ncbi.nlm.nih.gov/pubmed/28619945
http://www.ncbi.nlm.nih.gov/pubmed/28656016
https://doi.org/10.1038/cr.2017.45
http://www.ncbi.nlm.nih.gov/pubmed/28374748
https://doi.org/10.1371/journal.pone.0192635

@° PLOS | ONE

Lowe syndrome iPSC-derived kidney cells retained Six2 at the Golgi complex

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wang S, Xie F, Chu F, Zhang Z, Yang B, et al. (2017) YAP antagonizes innate antiviral immunity and is
targeted for lysosomal degradation through IKKvarepsilon-mediated phosphorylation. Nat Immunol 18:
733—-743. https://doi.org/10.1038/ni.3744 PMID: 28481329

Brown KM, Tracy DK (2013) Lithium: the pharmacodynamic actions of the amazing ion. Ther Adv Psy-
chopharmacol 3: 163—-176. https://doi.org/10.1177/2045125312471963 PMID: 24167688

Serretti A, Drago A, De Ronchi D (2009) Lithium pharmacodynamics and pharmacogenetics: focus on
inositol mono phosphatase (IMPase), inositol poliphosphatase (IPPase) and glycogen sinthase kinase
3 beta (GSK-3 beta). Curr Med Chem 16: 1917—-1948. PMID: 19442155

Topaloglu R, Ludwig M, Celebi Tayfur A (2013) Selective proximal renal tubular involvement and dyslipi-
demia in two cousins with oculocerebrorenal syndrome of Lowe. Turk J Pediatr 55: 331-334. PMID:
24217083

Schramm L, Gal A, Zimmermann J, Netzer KO, Heidbreder E, et al. (2004) Advanced renal insufficiency
in a 34-year-old man with Lowe syndrome. Am J Kidney Dis 43: 538-543. PMID: 14981612

Fogelgren B, Yang S, Sharp IC, Huckstep OJ, Ma W, et al. (2009) Deficiency in Six2 during prenatal
development is associated with reduced nephron number, chronic renal failure, and hypertension in Br/
+ adult mice. Am J Physiol Renal Physiol 296: F1166—1178. https://doi.org/10.1152/ajprenal.90550.
2008 PMID: 19193724

Fogelgren B, Kuroyama MC, McBratney-Owen B, Spence AA, Malahn LE, et al. (2008) Misexpression
of Six2 is associated with heritable frontonasal dysplasia and renal hypoplasia in 3H1 Br mice. Dev Dyn
237:1767-1779. https://doi.org/10.1002/dvdy.21587 PMID: 18570229

He G, Tavella S, Hanley KP, Self M, Oliver G, et al. (2010) Inactivation of Six2 in mouse identifies a
novel genetic mechanism controlling development and growth of the cranial base. Dev Biol 344: 720—
730. https://doi.org/10.1016/j.ydbio.2010.05.509 PMID: 20515681

Hu S, Mamedova A, Hegde RS (2008) DNA-binding and regulation mechanisms of the SIX family of ret-
inal determination proteins. Biochemistry 47: 3586—3594. https://doi.org/10.1021/bi702186s PMID:
18293925

Anderson AM, Weasner BM, Weasner BP, Kumar JP (2012) Dual transcriptional activities of SIX pro-
teins define their roles in normal and ectopic eye development. Development 139: 991-1000. https:/
doi.org/10.1242/dev.077255 PMID: 22318629

Gao J, Kang XY, Sun S, LiL, Zhang BL, et al. (2016) Transcription factor Six2 mediates the protection
of GDNF on 6-OHDA lesioned dopaminergic neurons by regulating Smurf1 expression. Cell Death Dis
7:e2217. https://doi.org/10.1038/cddis.2016.120 PMID: 27148690

Hishikawa K, Takase O, Yoshikawa M, Tsujimura T, Nangaku M, et al. (2015) Adult stem-like cells in
kidney. World J Stem Cells 7: 490-494. https://doi.org/10.4252/wjsc.v7.i2.490 PMID: 25815133

Suzuki E, Fujita D, Takahashi M, Oba S, Nishimatsu H (2016) Adult stem cells as a tool for kidney
regeneration. World J Nephrol 5: 43-52. https://doi.org/10.5527/wjn.v5.i1.43 PMID: 26788463

Meyer-Schwesinger C (2016) The Role of Renal Progenitors in Renal Regeneration. Nephron 132:
101-109. https://doi.org/10.1159/000442180 PMID: 26771306

Wang HL, Liu NM, Li R (2014) Role of adult resident renal progenitor cells in tubular repair after acute
kidney injury. J Integr Med 12: 469—475. https://doi.org/10.1016/S2095-4964(14)60053-4 PMID:
25412664

Bussolati B, Camussi G (2015) Therapeutic use of human renal progenitor cells for kidney regeneration.
Nat Rev Nephrol 11:695-706. https://doi.org/10.1038/nrneph.2015.126 PMID: 26241019

Liud,JuP,ZhouY, ZhaoY, Xie Y, et al. (2016) Six2 Is a Coordinator of LiCl-Induced Cell Proliferation
and Apoptosis. Int J Mol Sci 17.

Prosseda PP, Luo N, Wang B, Alvarado JA, Hu Y, et al. (2017) Loss of OCRL increases ciliary P1(4,5)
P2 in Lowe oculocerebrorenal syndrome. J Cell Sci 130: 3447-3454. https://doi.org/10.1242/jcs.
200857 PMID: 28871046

XuQ, Zhang Y, Wei Q, Huang Y, Hu J, et al. (2016) Phosphatidylinositol phosphate kinase PIPKI-
gamma and phosphatase INPP5E coordinate initiation of ciliogenesis. Nat Commun 7: 10777. hitps://
doi.org/10.1038/ncomms10777 PMID: 26916822

PLOS ONE | https://doi.org/10.1371/journal.pone.0192635 February 14,2018 16/16


https://doi.org/10.1038/ni.3744
http://www.ncbi.nlm.nih.gov/pubmed/28481329
https://doi.org/10.1177/2045125312471963
http://www.ncbi.nlm.nih.gov/pubmed/24167688
http://www.ncbi.nlm.nih.gov/pubmed/19442155
http://www.ncbi.nlm.nih.gov/pubmed/24217083
http://www.ncbi.nlm.nih.gov/pubmed/14981612
https://doi.org/10.1152/ajprenal.90550.2008
https://doi.org/10.1152/ajprenal.90550.2008
http://www.ncbi.nlm.nih.gov/pubmed/19193724
https://doi.org/10.1002/dvdy.21587
http://www.ncbi.nlm.nih.gov/pubmed/18570229
https://doi.org/10.1016/j.ydbio.2010.05.509
http://www.ncbi.nlm.nih.gov/pubmed/20515681
https://doi.org/10.1021/bi702186s
http://www.ncbi.nlm.nih.gov/pubmed/18293925
https://doi.org/10.1242/dev.077255
https://doi.org/10.1242/dev.077255
http://www.ncbi.nlm.nih.gov/pubmed/22318629
https://doi.org/10.1038/cddis.2016.120
http://www.ncbi.nlm.nih.gov/pubmed/27148690
https://doi.org/10.4252/wjsc.v7.i2.490
http://www.ncbi.nlm.nih.gov/pubmed/25815133
https://doi.org/10.5527/wjn.v5.i1.43
http://www.ncbi.nlm.nih.gov/pubmed/26788463
https://doi.org/10.1159/000442180
http://www.ncbi.nlm.nih.gov/pubmed/26771306
https://doi.org/10.1016/S2095-4964(14)60053-4
http://www.ncbi.nlm.nih.gov/pubmed/25412664
https://doi.org/10.1038/nrneph.2015.126
http://www.ncbi.nlm.nih.gov/pubmed/26241019
https://doi.org/10.1242/jcs.200857
https://doi.org/10.1242/jcs.200857
http://www.ncbi.nlm.nih.gov/pubmed/28871046
https://doi.org/10.1038/ncomms10777
https://doi.org/10.1038/ncomms10777
http://www.ncbi.nlm.nih.gov/pubmed/26916822
https://doi.org/10.1371/journal.pone.0192635

