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Abstract

Recent studies have suggested that epigenetic modulation with chromatin-modifying agents can induce stem-
ness and dedifferentiation and increase developmental plasticity. For instance, valproic acid (VPA), a histone
deacetylase (HDAC) inhibitor, has been shown to promote self-renewal/expansion of hematopoietic stem cells
and facilitate the generation of induced pluripotent stem cells (iPSCs). Previously, we observed that down-
regulation of embryonic renal stem/progenitor genes in the adult kidney was associated, at least in part, with
epigenetic silencing. Therefore, we hypothesized that VPA may alter the expression of these genes and repro-
gram mature human adult kidney epithelial cells (hKEpCs) to a stem/progenitor-like state.

Here, using quantitative RT-PCR and flow cytometry [fluorescence-activated cell sorting (FACS)] analysis, we
show in VPA-treated primary cultures of human adult and fetal kidney significant reinduction of the renal
stem/progenitor markers SIX2, OSR1, SALL1, NCAM, and PSA-NCAM. Robust SIX2 mRNA re-expression was
confirmed at the protein level by western blot and was associated with epigenetic changes of the histones at
multiple sites of the SIX2 promoter leading to gene activation, significantly increased acetylation of histones H4,
and methylation of lysine 4 on H3. Furthermore, we could demonstrate synergistic effects of VPA and Wnt
antagonists on SIX2 and also OSR1 reinduction. Nevertheless, VPA resulted in upregulation of E-CADHERIN
and reduction in VIMENTIN, preventing the skewing of hKEpCs towards a more replicative mesenchymal state
required for clonogenic expansion and acquisition of stem cell characters, altogether inducing cell senescence at
early passages. These results demonstrating that chromatin-modifying agents prevent dedifferentiation of
hKEpCs have important clinical implications as they may limit ex-vivo self-renewal/expansion and possibly the
in vivo renal regenerative capacity initiated by dedifferentiation.

Introduction

Complicated developmental processes such as ne-
phrogenesis require a series of precise and coordinated

changes in cellular identity to ensure nephron formation.
Epigenetic mechanisms help coordinate changes in gene ex-
pression that accompany the transition from embryonic stem
cells to terminally differentiated kidney cells. Hence, the
molecular process that governs nephrogenesis in fetal life

involves the interplay between lineage-specific transcription
factors and a series of epigenetic modifications (including
DNA methylation and histone tail modifications, such as
acetylation/methylation) (Harari-Steinberg et al., 2011; Ple-
niceanu et al., 2010). Specifically, lineage-specific renal genes
or renal progenitor genes (SIX2, OSR1, SALL1, WT1, and
PAX2) specify early mesoderm to become specialized kidney
and nephron epithelia through a process of mesenchymal-to-
epithelial transition (MET). Of all gene markers, the
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expression of the transcription factor SIX2 is required for
maintenance of the renal stem/progenitor cell population
during development (Kobayashi et al., 2008). In addition,
OSR1 expression demarcates a multipotent population of
intermediate mesoderm that gives rise to kidney (Mugford
et al., 2008). Interestingly, during ischemia–reperfusion renal
injury and consequent regenerative response, there seems to be
re-expression of renal developmental genes and pathways
(Abbate et al., 1999; Dekel et al., 2003; Dekel et al., 2006b),
although to a limited extent (Hopkins et al., 2009). It has been
suggested that lack of robust SIX2 reactivation precludes a
complete regenerative response (Hopkins et al., 2009).

Recent studies have indicated that epigenetic marks re-
versed by chromatin-modifying compounds such as the his-
tone deacetylase (HDAC) inhibitors, valproic acid (VPA), and
trichostatin A (TSA) may effect cell plasticity and identity
(Bartels et al., 2010; Karantzali et al., 2008). Accordingly, epi-
genetic modulation has been suggested to have an impact on
the developmental plasticity of several adult neural cell types
(e.g., adult neurospheres and oligodendrocyte precursor cells)
via activation of stemness-related lineage markers (Ruau et al.,
2008; Zini et al., 2012). In addition, VPA has been shown to
stimulate the self-renewal and expansion of normal hemato-
poietic stem cells (Debeb et al., 2012). Moreover, HDAC in-
hibitors, in particular VPA, enable efficient reprogramming of
adult somatic cells into pluripotent stem cells (Huangfu et al.,
2008). In cancer cells, the clonogenic capacity of CD34 acute
myelogenous leukemia progenitor cells was improved and
dedifferentiation of human breast tumor cells was stimulated
with VPA treatment (Debeb et al., 2012). In zebrafish kidney,
organogenesis inhibition of HDAC was shown to expand the
renal progenitor cell population (de Groh et al., 2010).

These studies and our observation that embryonic renal
progenitor gene downregulation in the adult human kidney
was associated, at least in part, with epigenetic silencing
(Metsuyanim et al., 2008), led us to hypothesize that epige-
netic modulation of adult human kidney epithelial cells
(hKEpC) with VPA or TSA/5-aza-2¢-deoxycytidine (5-AzaC)
treatment alter the expression of these genes to enhance
stemness and induce dedifferentiation skewing cells toward
a stem/progenitor cell-like phenotype.

Using primary hKEpC derived from surgical nephrecto-
mies, we found that treatment with HDAC inhibitors re-
expressed SIX22 and OSR1 but abrogated stemness and
clonogenic capacity/expansion of hKEpC, most likely by
prevention of epithelial-mesenchymal transition (EMT) and
dedifferentiation. On the contrary, they may promote epi-
thelial differentiation. These results may impact renal re-
generative therapies using adult cells to generate and expand
stem/progenitor cells for therapeutic applications and those
aimed to induce regeneration by in vivo administration of
small molecules since the renal regenerative response is ini-
tiated by dedifferentiation of surviving cells to assume stem
cell character and re-dif to healthy epithelia timing of small-
molecule therapeutic application is likely to be crucial.

Materials and Methods

Tissue samples

Human tissues samples were collected according to the
Helsinki requirements. Human fetal kidneys were collected
from elective abortions at fetal gestational ages that ranged from

15 to 19 weeks at Asaf Horofeh Medical Center. Normal human
adult kidneys samples were retrieved from borders of renal cell
carcinoma (RCC) tumors from partial nephrectomy patients,
from both Sheba Medical Center and Wolfson hospital.

Establishment of primary cultures
from human kidney tissues

Collected tissues were minced in Hanks’ balanced salt
solution (HBSS), soaked in Iscove’s modifed Dulbecco me-
dium (IMDM; Invitrogen) supplemented with 0.1% collage-
nase II (Invitrogen). The digested tissue was then gradually
forced through 100-lm, 70-lm, and 50-lm cell strainers to
achieve a single-cell suspension and cultured in growth
medium supplemented with 10% fetal bovine serum (FBS),
1% L-glutamine, 1% penicillin-streptomycin, and the fol-
lowing growth factors: 50 ng/mL of basic fibroblast growth
factor (bFGF), 50 ng/mL of epidermal growth factor (EGF),
and 5 ng/mL of stem cell factor (SCF) (R&D Systems).

Cell treatment

Cells were treated for 24 h with growth medium supple-
mented with 1, 2, or 4 mM VPA (Sigma) or with H2O for the
control sample. Otherwise, cells were treated for 24 h with
growth medium supplemented with the combination of 75 lM
TSA (Sigma) and 250 lM 5-AzaC (Sigma) or with 100% ethanol
and acetic acid (acetic acid:H2O 1:1) for the control sample. In
some experiments, we used Wnt pathway inhibitors in con-
junction with VPA as follows: Cells were treated for 72 h with
growth medium supplemented with 3 lg/mL Dickkopf-
related protein 1 (DKK1; R&D Systems) or with 7 lg/mL Se-
creted frizzled-related protein 1 (sFRP1; R&D Systems). At 24 h
before harvesting, 4 mM VPA was added to the cell culture.

Flow cytometry

Cells were detached from cultures plated with nonenzy-
matic cell dissociation solution (Sigma-Aldrich). Cells (1 · 105

in each reaction) were suspended in 50 lL of FACS buffer,
0.5% bovine serum albumin (BSA), and 0.02% sodium azide
in phosphate-buffered saline (PBS; Sigma-Aldrich and In-
vitrogen, respectively)] and blocked with FcR Blocking Re-
agent (MiltenyiBiotec) and human serum (1:1) for 15 min.
Cells were then incubated for 45 min with the following
primary antibodies: NCAM1-PE (eBioscience); CD133-APC,
PSA-NCAM-PE (MiltenyiBiotec); or a matching isotype
control. Cell labeling was detected using FACSCalibur (BD
Biosciences). Flow cytometry results were analyzed using
FlowJo analysis software. Viable cells were gated by both
their forward scatter (FSC)/side scatter (SSC) profile and
7-amino actinomycin D (7AAD) (eBioscience) exclusion.

Quantitative reverse transcription-PCR

Total RNA from kidney tissue cultured cells was isolated
using TRIzol reagent (Invitrogen) according to the manu-
facturer’s protocols. cDNA was synthesized using a High
Capacity cDNA Reverse Transcription kit (Applied Biosys-
tems, CA) on total RNA. Quantitative RT-PCR was per-
formed using an ABI7900HT sequence detection system
(Perkin-Elmer/Applied Biosystems) in the presence of SYBR
Green (SYBR Green PCR kit, Qiagen). Sequences of the
specific primers used for PCR are: SIX2, 5¢-CCAAGGAA
AGGGAGAACAACG-3¢ and 5¢-GCTGGATGATGAGTGGT
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CTGG-3¢; OSR1, 5¢-TGT ATG GTT TCA GCG CGT TG - 3¢
and 5¢-GGG TTG AAT GAC ATG AGG GAA-3¢; WT1
5¢-GCTGTCCCACTTACAGATGCA-3¢ and 5¢-TCAAAGCG
CCAGCTGGAGTTT-3¢; PAX2 5¢-CCCAGCGTCTCTTCCA
TCA-3¢ and 5¢-GGCGTTGGGTGGAAAGG-3¢; SALL1, 5¢-CA
ATCTTAAGGTACACATGGGCAC-3¢ and 5¢-TGCCTCCTA
GAAATGTCATGGG-3¢; E-CADHERIN, 5¢-AGTGCCAACT
GGACCATTCA-3¢ and 5¢-TCTTTGACCACCGCTCTCCT -3¢;
VIMENTIN, 5¢-ACA CCC TGC AAT CTT TCA GAC A-¢ and
5¢-GAT TCC ACT TTG CGT TCA AGG T -3¢; OCT4, 5¢-GAG
AAC CGA GTG AGA GGC AAC C-3¢ and 5¢-CAT AGT CGC
TGC TTG ATC GCT TG -3¢; NANOG, 5¢-AATACCTCAGCC
TCCAGCAGATG -3¢ and 5¢-TGCGTCACACCATTGCTAT
TC TTC-3¢; KLF4, 5¢-ACCAGGCACTACCGTAAACACA-3¢
and 5¢-GGTCCGACCTGGAAAATGCT-3¢. Each analysis re-
action was performed in duplicates or triplicates. GAPDH
was used as an endogenous control throughout all experi-
mental analyses. Analysis was performed using the -DDCt
method, which determines fold changes in gene expression
relative to a comparator sample.

Chromatin immunoprecipitation assay

A total of 10 · 106 hKEpC were grown. Untreated cells
(control) or cells treated with VPA (4 mM) were cross-linked
with 1% formaldehyde for 10 min at room temperature in
culture medium. The cells were washed and harvested in
cold PBS containing protease inhibitors (cOmplete Mini,
Roche Applied Science) and Pepstatin (Sigma). The cells
were then washed with Buffer B [20 mM HEPES (pH 7.6),
0.25% Triton-X, 10 mM EDTA, 0.5 mM EGTA] and Buffer C
[50 mM HEPES (pH 7.6), 150 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA], resuspended in 300 lL of sodium dodecyl sulfate
(SDS) lysis buffer [1% SDS, 10 mM EDTA, and 50 mM Tris–
HCl (pH 8.1)], and incubated on ice for 10 min. Lysates were
sonicated with 8 · 10-sec bursts, and debris was removed by
centrifugation for 10 min at 1000 · g, at 40�C.

Supernatants were diluted 10-fold in chromatin immu-
noprecipitation (ChIP) dilution buffer [0.01% SDS, 1.1% Tri-
ton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl (pH 8.1), and
167 mM NaCl] and precleared by incubating with 40 lL of
protein A + salmon sperm beads (Upstate Biotechnology) for
30 min at 40�C. Beads were pelleted for 1 min at 1000 · g at
40�C. A total of 10 lL of the supernatant was saved as input,
and the rest was divided into equal aliquots and incubated
by rocking with either control antibody [immunoglobulin G
(IgG)] or with specific antibodies, including Trimethyl-His-
tone 3K27 antibody (Upstate Biotechnology), Trimethyl-
Histone 3K4 antibody (Upstate or abcam), or anti-acetylated
histone H4 (Upstate Biotechnology) overnight at 40�C. A
total of 60 lL of protein A + salmon sperm beads was added,
and the samples were rocked for 2 h at 40�C. The complexes
on the beads were washed for 5 min at 40�C with the fol-
lowing buffers: low salt [0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris–HCl (pH 8.1) and 150 mM NaCl], high
salt [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris–
HCl (pH 8.1), 500 mM NaCl], LiCl wash [0.25 M LiCl, 1%
Nonidet P-40, 1% deoxycholate, 1 mM EDTA and 10 mM
Tris–HCl (pH 8.1)], and twice with TE buffer [10 mM Tris–
HCl and 1 mM EDTA (pH 8.0)].

Immune complexes were eluted twice with 200 lL of
elution buffer [1% SDS and 0.1 M NaHCO3) for 15 min at

room temperature. The samples were de-crosslinked by
adding 16 lL of 5 M NaCl, 8 lL of 0.5 M EDTA (pH 6.5), and
16 lL of 1 M Tris–HCl (pH 8.1) and incubated overnight at
65�C. Proteinase K (10 mg/mL) and the samples were incu-
bated for additional 2 h at 55�C.

Immunoprecipitated DNA was recovered by phenol/
chloroform extraction and ethanol precipitation and was
analyzed by quantitative RT-PCR. Primer sets of SIX and
GAPDH promoters were as follows: SIX2 CpG1157, 5¢-AAG
CAAAAAACAGGACCCCC-3¢ and 5¢-AACGGAGGCAAG
ATTCCCA-3¢; SIX2 CpG - 955, 5¢-GAAGCCCCACCACCGT
CCTAGA-3¢ and 5¢-ACTTAACCCCACGGGTCCCACA-3¢;
SIX2 CpG - 731, 5¢-GAAGTCGATTCTCCGGCGT-3¢ and
5¢-CCCACCCCCATCCTAGAA AC-3¢; SIX2 CpG - 541,
5¢-GGGTAGAATGTGCCCGGTGAACAGA-3¢ and 5¢-AGG
GAAGGCGGAGACCGTTTAAGG-3¢; SIX2 CpG - 412,
5¢-GCTGCCCAAACTTTCTTCCCCTG-3¢ and 5¢-CGAAAAG
GGGTGGATCGAGGTG-3¢; SIX2 CpG - 92, 5¢-CGAGGCT
CGGGTTACCAGT-3¢ and 5¢-CCCTGATTGGTCCGGTTA
TCT-3¢.

Methylation depletion immunoprecipitation (MeDIP)

Sonicated genomic DNA (10 lg, 100–400 bp in length) was
denatured, incubated overnight at 4�C with 10 lg/lL of anti-
methyl cytosine antibody (Diagenode, Belgium), and subse-
quently with 60 lL of Protein A fast flow beads (Upstate
Biotechnologies) for 2 h at 4�C. The beads were washed and
incubated with digestion buffer [50 mM Tris-HCl (pH 8.0),
10 mM EDTA, 0.5% SDS] and proteinase K for 3 h, and the
DNA was extracted by phenol-chloroform and ethanol pre-
cipitation. The samples were tested by quantitative RT-PCR
with the primers indicated above and D4Z4 for positive
control: 5¢-TCGCTCTGGTCTTCTACGTGG-3¢ and 5¢-AGTC
TTGAGTGTGCCAGGCC-3¢. The sonicated DNA served as
input.

Western blot

hKEpC, human fetal kidney cells (hFKC) (treated and
untreated) and melanoma cells were harvested with trypsin/
EDTA. Cell extracts were prepared with lysis buffer [50 mM
Tris-HCl, 150 mM NaCl, 0.1 mM EDTA, 0.5 mM dithio-
threitol (DTT), 1.5 mM MgCl, 0.5% Triton-X] and their con-
centrations were detected by BCA Protein Assay kit (Thermo
Scientific). A 100-lg amount of total proteins was heated at
95�C for 5 min with Laemmli sample buffer (Bio-Rad) and
then were loaded on a SDS 10% polyacrylamide gel. After
electrophoresis, proteins were transferred to nitrocellulose
membrane that was blocked with 5% nonfat dry milk over-
night at 4�C. The membrane was reacted with the selected
antibodies—SIX2 (Affinity Bioreagents), WT1 (Santa Cruz),
and goat anti-rabbit IgG ( Jackson) . The membrane was re-
acted with ECL Substrate (Thermo Scientific) and was ex-
posed to medical X-ray film (Fuji).

Immunofluorescence staining

hKEpC and hFKC (treated and untreated, a human epi-
thelial cell line and fibroblast cell line) were fixed with ace-
tone at - 20�C for 7 min and washed with PBS. Cells were
blocked with 7% human serum in PBS for 15 min followed by
incubation with b-catenin antibodies (Chemicon International)
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for 60 min. Cells were washed and then incubated with Cy-3-
conjugated anti-mouse IgG secondary antibody (1:200) ( Jack-
son) for 30 min. For nuclear staining, cells were washed with
PBS containing Hoechst (Dako). The presence of b-catenin was
examined under a Zeiss confocal fluorescence microscope.

Chick chorioallantoic membrane assay

Fertile eggs were incubated (blunt side facing down), and
on incubation day (ID) three eggs were placed upside down
and a small hole was punctured and sealed on the blunt side.
On ID 8 or 9, the blunt side of the egg was cut open to
unravel the chick chorioallantoic membrane (CAM). A small
plastic ring was placed on a large CAM blood vessel, and
hKEpC, treated and untreated with VPA, were suspended in
20 lL of Matrigel (Sigma) (1:1 by volume) and then slowly
pipetted into the plastic ring. The egg was sealed and incu-
bated for 7 more days. On ID15 or 16, the grafted cells were
harvested, fixed using 4% paraformaldehyde (PFA), and
embedded in paraffin.

Hematoxylin &Eosin staining

Sections (6 lm) of paraffin-embedded of cells grafted on
chick CAM were mounted on polylysine-coated glass and
deparaffinized by toluene and descending concentrations of
ethanol (100%, 95%, 70%, and 50%). The sections were in-
cubated in Mayer’s Hematoxylin (Sigma) and washed with
95% alcohol and double-distilled water (DDW). Sections
were then incubated with eosin-phloxine B solution and
washed again with 95% alcohol and DDW. Sections were
dehydrated in ascending concentrations of ethanol (70%,
95%, and 100%) and xylene and sealed with Entellan (Merck
Millipore).

Statistical analysis

Results are expressed as the mean values G standard
deviation (SD). Statistical differences of data for two groups
were compared by Student’s t-test. Where indicated, a t-test
was performed after logarithmic transformation to achieve
normality. For all statistical analyses, the level of significance
was set as p < 0.05.

Results

VPA treatment reactivates renal progenitor genes

On the basis of previous evidence of epigenetic silencing
of renal progenitor genes in adult human kidney (Met-
suyanim et al., 2008), we hypothesized that the epigenetically
repressed genes could be reactivated by treatment with VPA
on hKEpC and hFKC. VPA has recently been shown to be
extremely efficient in improving the reprogramming of
mouse and human somatic cells (Huangfu et al., 2008).
Changes in renal progenitor gene levels were assessed ini-
tially in hKEpC following a 24-h VPA exposure. VPA led to
consistent and significant SIX2 activation among indepen-
dent samples, demonstrating dose-dependent reinduction of
SIX2 (Fig. 1A). Similarly, both OSR1 and SALL1 were upre-
gulated in a dose-dependent manner, whereas PAX2 levels
were mildly elevated and WT1 levels reduced (Fig. 1A). Be-
cause activation of pluripotency genes (alone or in concert)
has been shown to induce in vitro stemness characteristics

(Liu et al., 2009; Tsai and Hung, 2012), we analyzed the ex-
pression profile of these genes in VPA-treated hKEpC
alongside the renal progenitor genes. Analysis of the plur-
ipotency genes showed NANOG and KLF4 to be significantly
upregulated in all VPA concentrations, and OCT4 particu-
larly in 2 mM VPA (Fig. 1B). Because kidney development
progresses through MET of the early mesenchyme (VI-
MENTIN + ) to epithelial progenitors (E-CADHERIN + )
(Dressler, 2006), we analyzed whether the reinduction of
SIX2 and OSR1 and pluripotency genes recapitulates early
renal development and is associated with VIMENTIN upre-
gulation. Analysis of EMT-related genes demonstrated
VIMENTIN levels to be mostly unchanged, whereas E-
CADHERIN levels were significantly elevated (2 mM and
4 mM VPA) (Fig. 1C).

We next evaluated hFKC derived from mid-gestation
kidneys. At this stage of nephrogenesis, there are opposing
factors that govern the effects of treatment; on the one hand,
the relative proportion of early progenitor cells is rather low
compared to more differentiated epithelial cell types. On the
other hand, renal progenitor genes are still expected to be
more abundantly expressed and less methylated or deacy-
lated and thus less influenced (Metsuyanim et al., 2008).
Almost the same findings were noted in hFKC exposed to
VPA. The most prominent induction was noted in SIX2
levels (four-fold) and to a lesser extent in OSR1 and SALL1,
with dose-dependent activation, concomitant with reduction
of WT1 and mild elevation in PAX2 levels (Fig. 1D). Fur-
thermore, levels of all pluripotency genes, NANOG, KLF4,
and OCT4 (two- to five-fold increase at 4 mM VPA) and also
E-CADHERIN, were found to be significantly elevated along
with the renal progenitor genes (Figs. 1E, F). Importantly, to
add a quantitative perspective to the effects of VPA on SIX2
reinduction in adult cells, we compared SIX2 levels in
hKEpC and hFKC. We found that SIX2 levels in hKEpC
following VPA treatment reached those observed under
control basal conditions in developing kidney cells (Fig. 1G).

Effects of TSA/5-AzaC treatment

To further analyze the effects of additional chromatin-
modifying agents on kidney cells, we tested the combination
of the demethylating agent 5-AzaC and the HDAC inhibitor
TSA. hKEpC were initially cultured in the presence or ab-
sence of TSA/5-AzaC for 24 h. We analyzed changes in gene
expression in at least three independent samples of human
adult kidneys after a 24-h TSA/5-AzaC treatment by quan-
titative RT-PCR. Gene expression profiles were similar to
those observed following VPA treatment in both hKEpC and
hFKC (Fig. S1) (Supplementary Data are available at
www.liebertpub.com/cell/.) However, VPA treatment in-
duced significant induction in more genes (e.g., SALL1), and
changes were more constant across human kidney samples,
favoring the use of VPA for further experimentation.

VPA treatment induces changes at the protein level

We analyzed changes at the protein level following ex-
posure to 2 mM and 4 mM VPA. For western blot analysis,
we focused on the SIX2 protein because it was most sub-
stantially induced and it has a major role in specifying
the renal stem cell population in the metanephric mesen-
chyme (MM) (Kobayashi et al., 2008). An additional renal
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FIG. 1. Valproic acid (VPA) treatment reactivates renal progenitor genes. qRT-PCR analysis of hKEpC (A–C) and hFKC (D–
F) subjected to VPA (24 h). Shown are renal progenitor (A, D), pluripotency/self renewal (B, E), and mesenchymal-to-
epithelial transition (MET) (C, F) genes. At least three independent samples of human kidneys were used. The values shown
were calculated with respect to nontreated control-hFKC/hKEpC (therefore equal 1). Data were calculated as aver-
age – standard deviation (SD). (*) p < 0.05; (**) p < 0.05 after logarithmic transformation versus untreated controls. (G) Com-
parison of SIX2 expression levels between hFKC and hKEpC before and after VPA treatment. Data were calculated as
average – SD. (*) p < 0.05; (**) p < 0.005.
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progenitor gene, WT1, which was not induced at the gene
level, was analyzed concomitantly. Western blots performed
on both human fetal and adult kidney cells 24 h after VPA
exposure clearly demonstrated an increment in SIX2 protein
levels in both types of cells (4 mM) and no changes in WT1,
both following their gene expression pattern (Fig. 2A).

Because certain surface markers characterize renal pro-
genitor cells (Dekel et al., 2006; Metsuyanim et al., 2009;
Pode-Shakked et al., 2008), we next performed fluorescence-
activated cell sorting (FACS) analysis of human adult and
fetal kidney cells so as to determine whether VPA exposure
can also alter their expression levels. Neural cell adhesion
molecule (NCAM) and its embryonic form, polysialylated
(PSA)-NCAM, which are both expressed on nephron pro-
genitor cells during early kidney development (Bard et al.,
2001), showed significant upregulation in expression levels,
with dramatic elevation (5- to 10-fold) in PSA-NCAM ex-
pression, especially in the adult kidney (Fig. 2B). Con-
comitantly, CD133, a marker of differentiated renal epithelia
in culture (Metsuyanim et al., 2009), was not significantly
changed upon VPA treatment (Fig. 2B).

Epigenetic modification of the SIX2 promoter

To test whether HDAC inhibition following VPA treat-
ment functions in part through chromatin remodeling, ChIP
was used to examine the posttranscriptionally modified
state of the histones at the SIX2 promoter. Recent evidence
has indicated that unique patterns of histone modifications
are responsible for transcriptional and lineage control
(Bernstein et al., 2007). In particular, methylation of lysine
27 on histone subunit H3 (H3K27me) by the Polycomb
complex is associated with transcriptional repression,
whereas methylation of lysine 4 on H3 (H3K4me) is asso-
ciated with gene activation. More generally, lysine acety-
lation of histones, such as acetylated H4 (ActH4), is also
associated with transcriptional activation (Kouzarides,
2007). Therefore, we examined multiple loci at the SIX2
promoter region for such changes by ChIP analysis. The
promoter sites examined were designed at consecutive
distances from the 5¢ transcription start site (TSS) (from
*90 bp upstream to *1300 bp) (Fig. 3A).

In addition to the chromatin state, we determined DNA
methylation profiles at the SIX2 promoter regions so as to
detect epigenetic modifications at the DNA level. We ob-
served that treatment with 4 mM VPA significantly increased
ActH4 in multiple SIX2 promoter regions (upstream to the
TSS - 92, - 412, - 541, - 731, - 955, and - 1157) (Fig. 3B)
accompanied with significant increases in H3K4me but no
change in H3K27me levels (Fig. 3C). In addition, MeDIP
revealed DNA hypomethylation at the SIX2 promoter loci
regardless of VPA treatment (Fig. 3D). Although the ob-
served histone acetylation is directly modulated by HDAC

inhibitor treatment, changes in methylation likely result from
secondary effects (Klose and Zhang, 2007). These results in-
dicated that reactivation of SIX2 is linked to epigenetic
modification of histones at its promoter region leading to
gene induction.

Wnt pathway modulation synergizes
with VPA to further induce SIX2/OSR1

It has been suggested that in addition to its major role as
an HDAC inhibitor, VPA can inhibit GSK3b enabling the
activation of the canonical Wnt pathway (Doble and
Woodgett, 2003; Zhurinsky et al., 2000). Indeed, quantitative
RT-PCR analysis showed an elevation in b-CATENIN mRNA
levels in VPA-treated human kidney cells (Fig. 4A), and
immunofluorescence disclosed cyoplasmic and nuclear ac-
cumulation of b-CATENIN compared to untreated cells (Fig.
4B). In addition, we found strong upregulation of WNT4
mRNA (Fig. 4C), shown to induce epithelial differentiation in
the early renal progenitor population by opposing SIX2 ef-
fects (Kispert et al., 1998; Nishinakamura, 2008). To evaluate
the contribution of VPA-induced Wnt activation on renal
progenitor gene expression, we added Wnt inhibitors (sFRP1
or DKK1) to VPA and determined their effect. Indeed, ap-
plication of a combination of VPA and Wnt pathway an-
tagonists resulted in enhanced reinduction of SIX2/OSR1
compared to VPA alone in both hKEpC and hFKC (Fig. 4D).

VPA-reactivated embryonic genes do not confer
stemness to hKEpC

Having observed that VPA can lead to significant re-
activation of SIX2/OSR1 along with stemness-related genes,
we interrogated whether these changes can confer growth
advantage or stemness traits. We first employed 24-h expo-
sure to 4 mM VPA. OSR1/SIX2 gene activity in cells tran-
siently (24 h) exposed to VPA was reinduced in P0 cells, but
rapidly downregulated and returned to baseline levels in
later passages. At the culture level, no differences were noted
between transiently VPA-treated and control untreated
hKEpC, both appearing as spindle shaped, with similar
proliferation rates and clonogenic capacities (clonogenic ef-
ficency of 2–5% in cells obtained from three different kidney
donors). We then employed a second protocol of continuous
exposure to VPA. In contrast to transient administration,
constant VPA treatment resulted in continuous reinduction
of both SIX2 and OSR1, where SIX2 levels were further
upregulated in P3 cells (Fig. 5A). In parallel, large epithelial-
like cell morphology, reduced proliferation, and complete
lack of clonogenicty were noted within 21 days; expansion
was terminated at P3 (Fig. 5B).

To corroborate in vivo data, we determined whether VPA-
treated hKEpC and reactivation of embryonal genes would
prove superior in nephrogenic potential compared to control

FIG. 2. Valproic acid (VPA) treatment induces changes at the protein level. (A) Western blot analysis for SIX2 and WT1 in
VPA-treated hKEpC and hFKC, showing elevated SIX2 but not WT1 protein levels in both cell types following treatment.
Melanoma cells were used as negative control and a-tubulin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
used for loading control. (B) Flow cytometric analyses of embryonic renal progenitor surface markers [neural cell adhesion
molecule (NCAM), polysialylated (PSA)-NCAM] and a marker of differentiated renal epithelia in culture (CD133), in hKEpC
and hFKC following a 24-h treatment with 4 mM VPA. At least three independent samples of human kidneys were used.
Shown are representative fluorescence-activated cell sorting (FACS) analyses and fold induction in expression levels dem-
onstrating significant elevation of NCAM and PSA-NCAM. FSC, forward scatter; APC, Allophycocyanin; PE, Phycoerythrin.
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hKEpC upon grafting onto the CAM of the chick embryo.
This model has been used by our group to study kidney-
forming potency of various cell types, including cells grown
as nephrospheres (Buzhor et al., 2011; Noiman et al., 2011).
We tested the potency of hKEpC expanded in adhesion
culture and subjected to VPA treatment in this model and
found that VPA did not confer any advantage in kidney

generation (Fig. 5C), failing to generate renal tubular struc-
tures (0/5 grafts).

Discussion

We show that VPA or TSA/5-AzaC treatment induced
robust and prompt re-expression of a specific set of

FIG. 3. Epigenetic modification of the SIX2 promoter. (A) Scheme of the CpG island region in the SIX2 promoter. Marked
sections refer to the tested region upstream to the starred transcriptional start site (TSS) (the unstarred TSS is an alternative
one). (B) Chromatin immunoprecipitation (ChIP) assays. Comparison of histone modifications between valproic acid (VPA)-
treated and untreated hKEpC. DNA was immunoprecipitated using antibodies directed against ActH4 (B), meH3K4 (C),
meH3K27 and was analyzed by qRT-PCR using primers from different regions of the SIX2 promoter. To evaluate the level of
histone acetylation and methylation, the ratio of PCR products from immunoprecipitated DNA versus input DNA was
calculated. ChIP assays results for meH3K4 are presented as fold induction after VPA treatment. (D) Methylation state of the
SIX2 promoter was analyzed by methylation depletion immunoprecipitation (MeDIP); GAPDH was used as negative control
and D4Z4 as positive control. To evaluate the level of DNA methylation, the ratio of PCR products from immunoprecipitated
DNA vs. input DNA was calculated.
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developmental renal stem/progenitor genes SIX2 and OSR1
in human kidney cells. VPA was superior to TSA/5-AzaC
because it induced a wider array of progenitor genes (in-
cluding reactivation of SALL1) as well as enhancing the ex-
pression of the cell-surface markers NCAM and PSA-NCAM,
all associated with a renal developmental stem/progenitor
cell phenotype (Bard et al., 2001; Kobayashi et al., 2008;
Metsuyanim et al., 2009; Mugford et al., 2008; Nishinaka-
mura, 2008; Pode-Shakked et al., 2008). In addition, con-
comitant induction of pluripotency/self-renewal genes (such
as Oct4) was observed. Both human adult and fetal kidney
cells (from mid-gestation) behaved similarly. We examined
SIX2 more closely and showed that in response to VPA
multiple sites in its promoter region are epigenetically
modified at the histone level in a way that favors transcrip-
tional activation and that this treatment reinduces protein
expression. These results favor the idea that VPA increases
SIX2, and likely the other stem/progenitor genes, through its
capacity to modify chromatin (mostly histone acetylation) in

a dose-dependent manner. Importantly, VPA has been
shown also to inhibit GSK3b in various cell types, enabling
transcriptional activation of canonical Wnt signaling (Doble
and Woodgett, 2003; Zhurinsky et al., 2000). Indeed, Wnt-
related molecules such as the Wnt ligand WNT4 were dra-
matically upregulated following VPA exposure. Wnt4 and
canonical Wnt signaling were recently shown to oppose the
expression and function of SIX2 in early renal progenitors
(Kispert et al., 1998; Kuure et al., 2007). Along these lines,
once SIX2 was reactivated by VPA, we could show that
concomitant treatment with Wnt antagonists (DKK1, sFRP1)
could further elevate SIX2 levels in adult kidney cells to
levels observed in developing human kidney cells.

Regeneration in the kidney likely occurs by a pool of
replicating cells that transiently dedifferentiate, resulting in
cellular turnover and growth of its compartments (Hum-
phreys et al., 2008; Pleniceanu et al., 2010). One of the
striking features of the regenerative response that occurs
during recovery from acute kidney injury is the reactivation

FIG. 4. Wnt pathway modulation synergizes with valproic acid (VPA) to further induce SIX2/OSR1. (A) qRT-PCR analysis
of b-CATENIN in hKEpC and hFKC subjected to VPA. (B) b-CATENIN immunofluorescence in hKEpC and hFKC after
treatment with VPA for 24 h; b-CATENIN expression in hKEpC or hFKC before (I, III and V, VII) and after (II, IV and VI, IX)
treatment, respectively, is shown in low (63 · ) and high magnification (100 · ), showing strong and extensive expression in
VPA-treated cells, as well as nuclear localization (IV). Bar, 20 lM. (C) qRT-PCR analysis of WNT4 in hKEpC and hFKC
subjected to VPA. (D) qRT-PCR analysis of SIX2 and OSR1 following the addition of Wnt pathway antagonist to untreated
and VPA-treated hKEpC and hFKC. In sections A, C, and D, the values for untreated control hFKC/hKEpC were used to
normalize (therefore equal 1) and all other values were calculated with respect to them. Data were calculated as aver-
age – standard deviation (SD). (*) p < 0.05; (**) p < 0.005. Color images available online at www.liebertpub.com/cell
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of embryonic renal progenitor genes, drawing similarities
between renal development and regeneration (Dekel et al.,
2006; Metsuyanim et al., 2008). Therefore, therapeutics aimed
at increasing levels of renal stem/progenitor genes along
with increase in the proliferation and self-renewal potential
of adult kidney cells may have important therapeutic con-
sequences.

VPA has been shown to harbor a positive therapeutic ef-
fect in chronic renal models of tubulointerstitial fibrosis and
lupus (Marumo et al., 2010; Pang et al., 2009; Van Beneden
et al., 2011) as well as beneficial in vivo effect of VPA in an
experimental model of glomerulosclerosis (Sayyed et al.,

2010). In addition, the renal progenitor pool has been shown
to expand in the zebrafish model by HDAC inhibition with a
small molecule 4-(phenylthio)butanoic acid (PTBA) (de Groh
et al., 2010). Nevertheless, we show that VPA has unexpected
effects on the generation of a renal stem/progenitor pheno-
type, substantially decreasing stemness (both proliferation
and clonogenic self-renewal potential) in human kidney cells.
While treatment with chromatin-modifying agents indeed
prompted re-expression of stem/progenitor genes, this did
not lead to induction of a renal stem/progenitor phenotype
in culture. On the contrary, VPA-treated human kidney ep-
ithelia underwent terminal differentiation, as evidenced by

FIG. 5. Valproic acid (VPA) treatment can maintain SIX2 and OSR1 reinduction but leads to cellular senescence and
decreased proliferation. (A) Temporal expression patterns of SIX2 and OSR1 mRNA in hKEpC undergoing culture passages
and subjected to constant VPA exposure (const VPA), 24-h exposure to 4 mM VPA and control samples. Total RNA was isolated
from the hKEpC in P1–P3, and transcript levels of SIX2 and OSR1 were analyzed by qRT-PCR. The values for untreated control-
hKEpC in P1 were used as reference (therefore equal 1) and all other values were calculated with respect to them. Shown are
two examples of independent samples. (B) Large epithelial-like cell morphology in VPA constant-treated cells compared to
fibroblastic appearance in transient VPA exposure and control group. (C) VPA-treated hKEpC did not show any advantage
when grafted onto the chick embryo CAM. Both treated and untreated cells failed to generate tubular structures. Hematoxylin
& Eosin (H&E) staining. Magnification, 40 · . Color images available online at www.liebertpub.com/cell
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low VIMENTIN and high E-CADHERIN expression, and
failed to undergo epithelial to mesenchymal transition
(EMT). Cells featured epithelial morphology accompanied by
reduced proliferation/expansion/clonogenicity, and cell se-
nescence appeared within a few passages. In addition, VPA
induction of pluripotency/self-renewal related genes did not
promote ‘‘stemness’’ in primary hKEpC cultures, nor did it
increase or preserve in vivo kidney-forming potency ana-
lyzed upon cell grafting onto the chick CAM.

In contrast to VPA-treated cells, other adult kidney cell
types, such as adult renal progenitors cultured as spheres
(Buzhor et al., 2011; Noiman et al., 2011), have been shown to
harbor strong tubogenic potential. Altogether, the ‘‘tran-
scriptional reprogramming’’ by chromatin-modifying agents
induced signals of epithelial differentiation while limiting
dedifferentiation required for a proliferative stem/progenitor
character in human kidney epithelia.

Importantly, our results recommend the reassessment of
the role of VPA and other chromatin-modifying agents in the
treatment of renal disease, especially when expansion of
large numbers of adult stem/progenitors in vitro is required,
or in pathological conditions for which the acquisition
of stem cell characters by kidney epithelia and clonogenic
cell growth may lead to an enhanced regenerative re-
sponse. Importantly, they might be indeed useful in the re-
differentiation phase of the renal regenerative response when
MET back to healthy epithelia is required. Therefore, timing
of administration of VPA/chromatin-modifying agents is
likely to be crucial for a therapeutic benefit.
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