further inserted into a modified pRosa26-1 vector, which con-
tains Rosa26 genomic sequences.?! Finally, the entire fragment
was introduced into murine ES cells by electroporation. South-
ern blotting analysis and genomic PCR confirmed the correct
homologous recombination, and the resultant clones were
used to generate germline chimeras and heterozygous mice
(Figure 1, B and C). All of the heterozygous mice were appar-
ently normal and fertile. These mice did not express Flag-
Notch2 (Supplementary Figure 1), suggesting that there was no
leaked expression of Notch2 in the absence of Cre recombinase
activity.

Overexpression of Notch2 in Embryonic Nephron
Progenitors Leads to Severe Dysgenesis

To gain insights into the roles of Notch2 in renal progenitors,
we crossed R26Notch2 mice with Six2Cre mice specifically ex-
pressing Cre recombinase in renal progenitor populations in
the metanephric mesenchyme (kindly provided by Dr. A.P.
McMahon, Harvard University).!! The resulting Six2Cre/
R26Notch2 mice were born at Mendelian frequency, but all of
them died shortly after birth and displayed severe reductions in
their kidney sizes (Figure 2, A and B). Histologic examination
revealed that the mutant kidneys contained multiple glomer-
ular cysts, dilated renal tubules, and thin cortexes (Figure 2, C
and D). Some of the dilated tubules were positive for a proxi-
mal tubule marker, although it was not overproduced as ob-
served for Notchl activation when the same Cre line was used
to ectopically express the intracellular domain of Notchl in
metanephric mesenchyme.'® These results suggest that, unlike
Notchl activation, Notch2 activation does not drive the cell
fate toward the proximal nephron but leads to severe dysgen-
esis.

Notch2 Overexpression Causes Nephron Progenitor
Depletion

At embryonic day 14.5 (E14.5) during gestation, the mutant
kidneys were already reduced in size and showed a thin cortical
nephrogenic zone and poor nephron development (Figure 3, A
and B). Immunostaining confirmed these findings. Although
condensed metanephric mesenchyme (Pax2 positive/cytoker-
atin negative) surrounded the ureteric buds (Pax2 positive/
cytokeratin positive) in the wild-type cortex accompanied by
more differentiated Pax2-positive tubules, the mutant kidneys
completely lacked the cortical mesenchyme and contained
only small numbers of Pax2-positive scattered tubules (Figure
3, C-F). Ureteric branching was also impaired, and no ureteric
bud-derived epithelia were observed in the mutant cortex (Fig-

ure 3, Eand F). Consistent with these observations, the specific,

expression of Six2 in the nephron progenitors was significantly
reduced in the mutant kidneys (Figure 3, G and H). Expression
of Sall1, another marker for the progenitors, was also decreased
in the mesenchyme, whereas its expression in the stroma was
unaffected (Figure 3, I and J). Furthermore, Foxdl, a specific
marker for the stroma, was also unaffected (Figure 3, Kand L),
reflecting the restricted activity of Cre recombinase in the mes-
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Sin2Cre/R26Notch2

Figure 2. Overexpression of Notch2 in embryonic nephron pro-
genitors leads to severe kidney dysgenesis. (A) Kidneys in a
newborn wild-type mouse (P0). k, kidney; t, testis; b, bladder; a,
adrenal gland. (B) Kidney size is reduced in a newborn Six2Cre/
R26Notch2 mouse (P0). (C and D) HE staining of newborn kid-
neys. Severe dysgenesis is observed in the Six2Cre/R26Notch2
kidney. Arrowheads show glomerular cysts. (E and F) Immuno-
staining for Lotus tetragonobulus lectin (LTL; green; proximal
tubule marker) and cytokeratin 8 (CK8; red; ureteric bud marker).
The upper right panels show higher-magnification images of the
dotted square regions. They are X2 of the original panels. Prox-
imal tubules are not overproduced under Notch2 activation. Ar-
rows, dilated proximal tubules. Scale bar = 100 um.

enchyme but not in the stroma. These data suggest that Notch2
overexpression in the metanephric mesenchyme leads to
nephron progenitor depletion.

Notch2 Overexpression Leads to Ectopic Wnt4
Expression and Premature Tubule Formation

During normal development at E12.5, Six2 was expressed in
the dorsal (outer) domain of the mesenchyme against the ure-
teric buds, whereas Wnt4 was expressed in the ventral (inner)
domain to play an essential role in epithelial conversion of the
mesenchyme (Figure 4, A and C). In the Notch2-activated mu-
tant mice, Six2 expression was reduced, and Wnt4 was detected
in the mesenchyme all around the ureteric buds (Figure 4, B
and D), indicating that Wn#4 was ectopically expressed in the
dorsal domain, which could accelerate the epithelial conver-
sion of the otherwise undifferentiated nephron progenitors.
Indeed, this notion was confirmed by double staining of lami-
nin and cytokeratin at E14.5 (Figure 4, E-H). In the control
mice, newly formed tubules of mesenchymal origin (laminin
positive/cytokeratin negative) were located in close contact
with and ventral to the cortical ureteric buds (laminin positive/
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Figure 3. Notch2 overexpression causes nephron progenitor de-
pletion. (A and B) HE staining at E14.5 during gestation. The mutant
kidney is reduced in size and shows a thin cortical nephrogenic zone
and poor nephron development, compared with the control kidney
(R26Notch2). (C and D) Immunostaining for Pax2 (green) and cyto-
keratin 8 (CK8; red). (E and F) Higher-magnification images of the
dotted square regions in panels C and D. They are X6 of the panels
C and D. Pax2-positive/cytokeratin-negative cells (arrowhead) that
surround the ureteric bud-derived epithelia (arrow) are missing in the
mutant cortex. Ureteric branching is also impaired. (G and H) Six2
immunostaining is significantly reduced in the mutant cortex. (I and
J) Immunostaining of Sall1. Mesenchymal expression of Sall1 is re-
duced in the mutant kidney, whereas its stromal expression is re-
tained (arrowhead). (K and L) In situ hybridization of Foxd1, a stromal
marker. Foxd1 continues to be expressed in the mutant kidney
(arrowhead). Scale bar = 100 wm.

cytokeratin positive). In contrast, the tubules in the mutant
mice were observed dorsal to poorly branched ureteric buds
that failed to develop into the cortex (Figure 4, G and H). Pax2
and cytokeratin staining further confirmed these results (Fig-
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ure 2, C-F). As expected, all of the mesenchyme-derived epi-
thelia in the mutants, including the renal tubules and glomer-
ular podocytes but not the ureteric buds, overexpressed the
intracellular domain of Notch2 (Figure 4, I and J, and Supple-
mentary Figure 2, A and B). Even some of the dilated cystic
epithelia continued to express the exogenous Notch2 (Supple-

R26Notch2
i

Six2Cre/R26Notch2

Figure 4. Notch2 overexpression leads to ectopic Wnt4 expression
and premature tubule formation. (A) Immunostaining of Six2. Six2 is
expressed dorsally to the ureteric buds in the control kidney
(R26Notch2) at E12.5. (B) Six2 immunostaining is reduced in the
Six2Cre/R26Notch2 kidney. (C) In situ hybridization of Wnt4. Wntd is
expressed ventrally against the ureteric buds in the control kidney at
E12.5. (D) Wnt4 expression is not confined to the ventral side of the
ureteric buds in the Six2Cre/R26Notch2 kidney. (E) Immunostaining
for laminin (Lam; green; epithelial marker) and cytokeratin 8 (CK8;
red; ureteric bud marker). Mesenchyme-derived tubules (arrowhead)
are formed ventrally to the cortical ureteric bud-derived epithelia
(arrow) in the control kidney at E14.5. (F) Ectopic tubules (arrowhead)
are observed dorsal to the poorly branched ureteric bud-derived
epithelia (arrow). Scale bar = 100 pum. (G and H) Higher-magnifica-
tion images of the dotted square regions in panels E and F. They are
X3 of the panels E and F (I and J) In situ hybridization of the
intracellular domain of Notch2. Note that all of the mesenchyme-
derived epithelia in the mutants express Notch2 (J). The upper right
panel in J shows a higher-magnification image of glomerular podo-
cytes. | and J are taken at X100, and the inset is taken at xX400.
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mentary Figure 2, C and D). These data indicate
the occurrence of ectopic and premature epithe-
lialization of the nephron progenitors, which
could be the primary cause of the progenitor de-
pletion. These phenotypes are very similar to
those of Six2-deficient mice,!? further supporting
that Notch2-mediated Six2 suppression is a key
molecular event that leads to progenitor deple-
tion.

Pax2 Is Reduced and Hesr1/Hesr3 Are
Increased in Notch2 Activation

Next, we investigated molecules that could be re-
sponsible for the Six2 suppression by Notch2. At
E11.5, the mutant kidneys were histologically in-
distinguishable from the control kidneys (Figure
5, A and B). No significant differences in prolifer-
ation and apoptosis were observed in the mesen-
chyme at E11.5 (Supplementary Figure 3). How-
ever, Six2 expression was already reduced, and the
Whnt4 domain had expanded dorsally (Figure 5,
C-F). Pax2, Eyal, and Hox11 are known to bind
to the Six2 promoter and directly regulate Six2
expression.’* Under Notch2 activation, the ex-
pression of Pax2 in the mesenchyme was reduced,
whereas those of Eyal and Hoxd11 remained un-
affected (Figure 5, G-J, and data not shown).
Gdnf, another direct target of the Pax2/Eyal/
Hox11 complex, was also decreased in the mutant
kidneys (Figure 5, K and L), which could explain
the reduced branching of the ureteric buds. In
contrast, Salll and WtI were minimally affected
(Figure 5, M-P). Quantitative RT-PCR revealed
similar tendencies (Figure 5Q). Six2 was reduced
and Wnt4 was upregulated. A slight reduction in
Pax2 was also observed, despite the fact that it was
also expressed in the ureteric buds. There were no
significant changes in Eyal or Hoxdll, both of
which were expressed in the mesenchyme. These
data suggest that Notch2-dependent Six2 sup-

Hoxd1t

Sixz Woitd Eyal

Figure 5. Expression of Pax2 is impaired under Notch2 activation. (A) HE
staining of a control kidney (R26Notch2) at E11.5. The ureteric bud invades into
the mesenchyme. (B) HE staining of a Six2Cre/R26Notch2 kidney at E11.5. The
mutant kidney is indistinguishable from the control kidney. (C and D) Six2
staining is reduced in the mutant mesenchyme. (E and F) In situ hybridization of
Wnt4. The Wnt4 expression domain is expanded dorsally in the mutant kidney.
(G and H) Pax2 staining in the mesenchyme is reduced in the mutant kidney,
whereas its expression in the ureteric bud is unaffected. (I and J) In situ hybrid-
ization of Hoxd11. Hoxd11 expression is unaffected in the mutant kidney. (K and
L) In situ hybridization of Gdnf. Gdnf expression is reduced in the mutant kidney.
(M and N) Sall1 staining is minimally affected in the mutant kidney. (O and P)
Wt1 staining is minimally affected in the mutant kidney. Scale bar = 100 um. (Q)
Quantitative RT-PCR of the E11.5 kidney. The columns represent means = SD
(n = 3). *P < 0.05, R26Notch2 mice versus Six2Cre/R26Notch2 mice.

pression could be mediated by inhibition of Pax2 expression.
Other possibilities are described in the Discussion section.
Canonical Notch signals are mediated by the Hes/Hesr gene
family members, which suppress the target genes.22 Among the
Hes/Hesr genes reported to be expressed in the metanephric
mesenchyme,?*2* Hesr] and Hesr3 were dramatically upregu-
lated under Notch2 activation, as shown by in situ hybridiza-
tion at E12.5 (Figure 6, A-D). Although not detected by in situ
hybridization at E11.5, RT-PCR analyses revealed increases in
Hesr]l and Hesr3 at this stage, as well as an increase in the
exogenous intracellular domain of Notch2 (Figure 6, E and F),
the latter of which is consistent with the activation timing of
Six2Cre recombinase.!! Although the HesI and Hes5 promot-
ers in the developing kidney are driven by endogenous Notch
activity,?® we did not detect significant increases in these gene
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expressions under Notch?2 activation (Figure 6F and data not
shown). Therefore, we propose that Notch2 activates Hesrl/
Hesr3, which in turn could suppress Pax2, thereby leading to
Six2 reduction and ectopic Wnt4 expression (Figure 6G). Al-
ternatively, Hesr proteins may directly inhibit Six2 expression.

DISCUSSION

We have shown that Notch2 activation results in depletion of
Six2-positive nephron progenitors, which could arise through
premature differentiation toward renal tubules via ectopic Wit4
activation. Six2 reduction should be a key molecular event in pro-
ducing these phenotypes, because Six2Cre/R26Notch2 mice phe-
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Figure 6. A Notch2-Wnt4-positive feedback loop stabilizes the
differentiated state. (A and B) In situ hybridization of Hesr1. Hesr1
expression is significantly increased in the Six2Cre/R26Notch2
kidney at E12.5. (C and D) In situ hybridization of Hesr3. Hesr3
expression is significantly increased in the Six2Cre/R26Notch2
kidney at E12.5. Scale bar = 100 um. (E) Quantitative RT-PCR of
Hesr1 and Hesr3 in the E11.5 kidney. The columns represent
means + SD (n = 3). *P < 0.05, R26Notch2 mice versus Six2Cre/
R26Notch2 mice. (F) RT-PCR of the exogenous intracellular do-
main of Notch2 in E11.5 kidneys from wild-type mice (n = 2) and
Six2Cre/R26Notch2 mice (n = 2). (G) Proposed functions of
Notch2 for the nephron progenitors. See the Discussion section
for details.

nocopy Six2-deficient mice.!? Six2 expression is regulated by the
Pax2/Eyal/Hox11 complex, and among these components, Pax2
was decreased under Notch2 activation, which could reasonably
explain the Six2 reduction. Gdnf is another direct target of the
Pax2/Eyal/Hox11 complex, and the observed reduction in Gdnf
expression under Notch2 activation further supports the de-
creased activity of the complex.

Canonical Notch signals are mediated by the Hes/Hesr fam-
ily members, which suppress the target genes.?? These family
members either sequester positive basic helix-loop-helix tran-
scription factors that bind to consensus sequences (E boxes) in
the target promoters or actively repress the target genes by
binding to different consensus sequences (N boxes or C sites)
and recruiting the histone deacetylase (HDAC) complex.
Among the family genes, Hesr] and Hesr3 were upregulated
under Notch2 activation. In addition, multiple potential N
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boxes and C sites exist in the proximal promoter of Pax2 but
not in that of Hox11 (data not shown), and neither of these
promoters contains E boxes. Therefore, we propose that
Notch2 activates Hesrl/Hesr3, which could suppress Pax2 pos-
sibly by recruiting the HDAC complex, which in turn leads to
Six2 reduction. Alternatively, Hesr proteins may directly in-
hibit Six2 expression, either by modulating the activity of the
Pax2/Eyal/Hox11 complex or independently of the complex.
It is also possible that the Notch2-mediated increase in Wnt4
secondarily affects the expression of Six2, although Hesr pro-
teins are considered to be repressors, and Hesr-dependent
‘Wnt4 activation has not been reported. To clarify these issues,
it will be necessary to examine the binding sites of Hesr pro-
teins and the possible interactions between Hesr proteins and
the Pax2/Eyal/Hox11 complex, as well as to cross the activated
Notch2 mice with Wnt4 or Hesr mutant mice.

Because Notch2 deficiency results in the absence of the
proximal nephrons, endogenous Notch2 is critical for proxi-
mal nephron development, either by cell fate specification of
the progenitors toward the proximal nephron or by stabilizing
the proximal fate determined by other mechanisms. Although
the former possibility is attractive, considering the lateral inhi-
bition mechanisms of Notch in a variety of biologic processes,
the latter is suggested because the initial proximodistal axis is
still established under Notch2 deficiency, which is likely to be
mediated by Lim1-dependent mechanisms.'®2¢ Qur observa-
tions that Notch2 activation did not lead to proximal fate spec-
ification further support this hypothesis. In the mutant mice,
Notch2 activation was observed from E11.5 and was detected
in all of the mesenchyme-derived epithelia at E14.5. Nonethe-
less, proximal tubules were not overrepresented. In contrast,
Notchl deletion in the metanephric mesenchyme does not pro-
duce any specific phenotypes, whereas Notchl activation
causes overproduction of proximal tubules and reductions in
kidney size.'® Cheng et al.'® suggested that Notchl may be a
weaker activator of the target promoters of Notch2, possibly
owing to differences in their tertiary structures, and that the
level of endogenous Notch1 could be below the threshold re-
quired to activate Notch2 targets. In their experiments, Notch!
was inserted into the Rosa26 locus, and the same Six2Cre
mouse strain was used. Therefore, our data indicate that even
in the overexpressed state, Notchl and Notch2 may emit over-
lapping yet different signals in the nephron progenitors. How-
ever, side-by-side comparisons are required to exclude any in-
fluences of the genetic background.

Nephrons are generated from the metanephric mesen-
chyme by successive activation of Wnt4 and Notch2. Wnt4 is
required for the mesenchymal-to-epithelial transition,
whereas Notch2 plays a role in the development of the proximal
nephron epithelia.>?” Our observation that Notch2 activation
leads to W4 upregulation suggests the existence of a positive
feedback loop (Figure 6G). Once Notch2 is activated, the feed-
back loop augments Wnt4 expression, which accelerates dif-
ferentiation and inhibits reversion to the undifferentiated
state. Therefore, we propose that Notch2 stabilizes, rather
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than specifies, the nephron fate by shutting down the undif-
ferentiated progenitor program once directed toward the
differentiation pathway. It is important to note that Notch
functions are highly context dependent. Although our data
support a molecular model of dysregulated Notch2 in
nephron progenitors, different mechanisms may apply to
endogenous Notch2 signaling in cells that are committed to
an epithelial fate. Notch2 overexpression in these nascent
epithelial cells would address this point.

For regenerative medicine, it is desirable to be able to manip-
ulate the cell fate specification of progenitors. However, our data
suggest that premature Notch2 activation in the nephron progen-
itors does not serve this purpose. Instead, Notch2 signals could be
used to stabilize the cell fate once specified. Therefore, the timing
of Notch2 activation would be critical. Delayed activation of
Notch2 by crossing R26Notch2 mice with Six2CreER or Wnt4Cre
mice would provide information for solving this problem, as well
as augmenting our understanding of kidney development.!! In
addition, podocyte-specific Notch2 activation should be investi-
gated, because Notch1 activation in this cell type leads to protein-
uria and glomerulosclerosis. 2829

CONCISE METHODS

Gene Targeting and Generation of Mutant Mice
The Notch2 fragment used for the experiment encompasses amino

acids 1701 to 2470 and does not contain the transmembrane domain
or §3 cleavage site but does contain the intact transactivation domain
and C-terminal PEST sequences.?® The Flag-tagged intracellular do-
main of Notch2 was digested with Sall and Notl and inserted into the
Sall-Notl sites of pBigT,?' a vector containing an adenovirus splice
acceptor sequence followed by a PGK-neo cassette and a tpA stop
sequence flanked by two loxP sites. The resulting plasmid was digested
with Pacl and Ascl to release the entire floxed neo-tpA and Notch2
assembly, which was inserted into the Pacl and Ascl sites of a modified
PRosa26-1 vector containing two homologous sequences to the Ro-
sa26locus flanking the inserted sequence.?! The resulting plasmid was
linearized and used for electroporation. E14.1 ES cells (2 X 107) were
electroporated with 50 ug of the targeting vector and allowed to grow
on neomycin-resistant mouse embryonic fibroblasts in the presence
of G418 (300 wg/ml). Successful targeting of 2 of 120 clones was con-
firmed by Southern blot analysis using genomic DNA digested with
EcoRI. Primers (5'-AGG CGC CCG ATA GAA TAA AT-3' and 5'-
ACT CTT CCC CTC CCC CTA CT-3") were used to generate a
607-bp 5" probe (probe A; Figure 1A), which detected a 15.6-kb band
for the wild-type sequence and a 4.3-kb band for the targeted se-
quence. Finally, the targeted ES clones were used to generate chimeric
mice at the Center for Animal Resources and Development, Kum-
amoto University. All animal experiments were performed in accor-
dance with institutional guidelines and ethics review committees.

Mouse Genotyping
Mice carrying the R26Notch2 allele were genotyped with primers for

Neo (forward primer Neo F, 5'-AAG GGA CTG GCT GCT ATT
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GG-3’ and reverse primer Neo R, 5'-ATA TCA CGG GTA GCC AAC
GC-3") and Rosa26 (forward primer Rosa26 F, 5'-GAG TTC TCT
GCT GCC TCC TG-3' and reverse primer Rosa26 R, 5'-CCG ACA
AAA CCG AAA ATCTG-3"). Mice carrying the Cre allele were geno-
typed with forward primer Cre 1 (5'-AGG TTC GTT CAC TCA TGG
A-3") and reverse primer Cre 2 (5'-TCG ACC AGT TTA GTT ACC
C-3"). PCR amplifications were performed under identical conditions
using GoTaq DNA polymerase (Promega) with denaturation at 95°C
for 5 minutes, followed by 35 cycles of 95°C for 30 seconds, 58°C for
60 seconds, and 72°C for 30 seconds, and a final extension at 72°C for
7 minutes. The PCR products were analyzed by electrophoresis in a
1.2% agarose gel and visualized by ethidium bromide staining.

In situ Hybridization and Immunostaining
Histologic examinations were performed as described previously.?3!

Mice were fixed in 10% formalin, embedded in paraffin, and cut into
6-pum sections. In sity hybridization was performed using an automated
Discovery System (Ventana) according to the manufacturer’s protocols.
The probes for Wnt4,> Eyal,?? and Hesr1 and Hesr3* were described in
the cited papers. Templates for other probes were generated by RT-PCR
and sequenced. Immunostaining was carried out automatically using a
BlueMap or DABmap kit and the automated Discovery System (Ven-
tana) or manually for immunofluorescence staining. The following pri-
mary antibodies were used: anti-Pax2 (Covance); anti-Six2;3* anti-
Sall13%3¢ (PPMX Perseus Proteomics); anti-cytokeratin (Sigma); anti-
laminin (Sigma); and anti-DDDDK tag (Abcam).

Quantitative RT-PCR of the E11.5 Kidney
RNA was isolated from the dissected kidneys on both sides using an

RNeasy Plus Micro Kit (Qiagen), and then reverse transcribed with
random primers and Superscript III (Invitrogen). Quantitative PCR
was carried out using a real-time PCR System (Applied Biosystems)
and Thunderbird SYBR qPCR Mix (Toyobo). Two-step standard cy-
cling conditions and sequence-specific primers were used (Supple-
mentary Table 1). We analyzed the dissociation curves after each re-
action to assess the specificity of the quantification. All of the samples
were normalized by the B-actin expression using the relative standard
curve method. We carried out three independent experiments, and
representative data are shown.
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The kidney develops through reciprocal interactions between two
precursor tissues: the metanephric mesenchyme and the ureteric
bud. We previously demonstrated that the zinc finger protein Sall1
is essential for ureteric bud attraction toward the mesenchyme.
Here, we show that Kif26b, a kinesin family gene, is a downstream
target of Sall7 and that disruption of this gene causes kidney agen-
esis because of impaired ureteric bud attraction. In the Kif26b-nuill
metanephros, compact adhesion between mesenchymal cells adja-
cent to the ureteric buds and the polarized distribution of integrin
o8 were impaired, resulting in failed maintenance of Gdnf, a critical
ureteric bud attractant. Overexpression of Kif26b in vitro caused
increased cell adhesion through interactions with nonmuscle myo-
sin. Thus, Kif26b is essential for kidney development because it
regulates the adhesion of mesenchymal cells in contact with
ureteric buds.

kinesin | Gdnf | kidney development | metanephric mesenchyme | Sall1

I n the developing kidney, the metanephric mesenchyme secretes
glial cell line-derived neurotrophic factor (GDNF), which
induces the budding of ureteric buds from the Wolffian duct.
Upon contact with ureteric buds, adjacent metanephric mesen-
chymal cells condense around the tips of the ureteric buds.
Concomitantly, integrin a8 expressed in the mesenchyme is po-
larized on the cell surface facing the ureteric buds. Integrin o8
interacts with its ligand nephronectin expressed on the surface of
the ureteric bud epithelia. This interaction is essential for the
maintenance, but not the initiation, of Gdnf expression in the
mesenchyme and for further attraction of ureteric buds, although
the precise mechanisms remain unknown. Thus, genetic ablation
of nephronectin or integrin o8 results in the failure of Gdnf
maintenance and kidney agenesis (1, 2). Subsequently, Wnt9b
secreted from the ureteric buds induces Wnt4 expression in the
mesenchyme (3). Wnt4 functions in a cell-autonomous manner to
transform the mesenchyme to epithelia, which differentiate into
each segment of nephrons, including the glomerulus, proximal
tubule, Henle’s loop, and distal tubule (4). This Wnt4-mediated
differentiation is antagonized by the transcription factor Six2 that
functions to maintain nephron progenitors (5, 6).

We previously reported that the nuclear zinc-finger protein
Salll is essential for ureteric bud attraction in kidney development
and that metanephric mesenchymal cells that highly express Salll
contain multipotent nephron progenitors (7, 8). To examine the
molecular pathways regulated by Salll, we searched for genes that
are predominantly expressed in Salll-positive mesenchymal cells
by cDNA microarray analysis using Sa/l7-GFP knock-in mice (9).
Here, we describe that Kif26b, a kinesin family gene, acts down-
stream of Salll and regulates the adhesion of mesenchymal cells
surrounding ureteric buds, providing insights into the mechanisms
of kidney development.
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Results

Kif26b Is Expressed in the Metanephric Mesenchyme During Nephro-
genesis. Mouse full-length Kif26b encodes a 2,112-aa protein
that shows 87% amino acid homology with human KIF26B and
has a well conserved motor domain (96% identical to human
KIF26B) in the N terminus (GenBank accession no. AB355846).
Kinesins constitute a large family of intracellular motor proteins,
some of which transport cargos along microtubules. Forty-five
members have so far been identified in mice and humans, and
are involved in many processes such as organelle transport,
intraflagellar transport, and cell signaling (10). The functions
of Kif26b, which is classified into the kinesin-11 family, remain
unknown (11).

We first examined Kif26b expression in the embryonic kidney
by in situ hybridization. Kif26b was detected in the metanephric
mesenchyme at embryonic day (E) 10.5 (Fig. 14). After E11.5,
its expression was observed in mesenchymal cells surrounding
the tips of ureteric buds in the metanephroi (Fig. 1 B and C). At
E14.5, Kif26b was strongly expressed in the nephrogenic zone
(Fig. 1D, arrowheads) where the nephron progenitor marker Six2
was also detected (Fig. 1E). Notably, among the Salll-positive
domains, Kif26b signals were only present in the uncommitted
mesenchyme and absent from more differentiated structures
including renal vesicles and comma-shaped bodies (Fig. 1F, ar-
row). Immunostaining showed that Kif26b protein was localized
in the cytosol of mesenchymal cells (Fig. 1G). Furthermore, the
expression of Kif26b was markedly reduced in Salll-null meta-
nephroi, suggesting that Kif26b is a genetic downstream target of
Salll in the metanephric mesenchyme (Fig. 1 H and I, and Fig,
514). Indeed, multiple Salll-binding consensus sequences were
found in the Kif26b promoter (12), and a biotinylated oligonu-
cleotide probe of this region, but not a mutated one, precipitated
endogenous Salll protein in newborn kidney lysates (Fig. 1J and
Fig. $18). Chromatin immunoprecipitation (ChIP) using an anti-
Salll antibody also confirmed Salll binding to the Kif26b pro-
moter (Fig. 1K). Furthermore, overexpression of Salll enhanced
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Fig. 1. Expression of Kif26b in the metanephric mesenchyme. (A-F) Trans-
verse sections through the metanephric regions of mouse embryos at E10.5
(A), E11.5 (B), and E14.5 (C-F) stained by in situ hybridization for Kif26b
(A-D), Six2 (E), and Sall1 (F). Arrowheads, mesenchymal cells; arrow, comma-
shaped body; UB, ureteric bud. (Scale bars, 100 pm.) {(G) Cytosolic localization
of endogenous Kif26b protein. Sections of embryonic kidneys at E11.5 were
immunostained with an anti-Kif26b antibody (red). Nuclei were visualized by
DAPI staining. (Scale bar, 100 pm.) (H and /) Reduced Kif26b expression in the
Sall1-null mesenchyme (/) at E11.5 compared with the wild-type mesen-
chyme (H), as evaluated by immunostaining for Kif26b. (Scale bars, 100 pm.)
(/) Binding of endogenous Salll protein to the promoter sequences of
Kif26b. Newborn kidney lysates were incubated with a biotinylated oligo-
nucleotide probe, pulled down with streptavidin beads, and immunoblotted
with an anti-Sall1 antibody. (K) ChIP analysis using embryonic kidney lysates
and the anti-Sall1 antibody. The pulled down DNA was amplified for the
Kif26b promoter sequences. (L) Activation of the Kif26b promoter activity by
Sall1. (M) Kif26b expression in the limb buds and central nervous system,
as evaluated by whole-mount in situ hybridization of Kif26b at E11.5. FL,
forelimb; HL, hindlimb. (N) Whole-mount X-gal staining of a Kif26b-lacZ
mouse at E11.5.

the activity of a luciferase construct fused to the Kif26b promoter
(Fig. 1L). Thus, Kif26b is expressed in the metanephric mesen-
chyme and is a direct downstream target of Salll. Kif26b was also
detected in other parts of the embryos such as the limb buds and
central nervous system (Fig. 1 M and N).

Kif26b Ablation Causes Kidney Agenesis Owing to Impaired Ureteric
Bud Invasion into the Metanephric Mesenchyme. To examine
whether Kif26b has a functional role in kidney development, we
used gene targeting to generate Kif26b-deficient mice (Fig. S2).
Heterozygous mice were viable and fertile, and offspring were
born at the expected Mendelian frequency. However, Kif26b™"~
mice died within 24 h after birth. At birth, 22 of 33 (66.7%)

Uchiyama et al.

mutant mice showed bilateral kidney agenesis, 9 (27.3%) showed
unilateral kidney agenesis and hypoplasia on the other side, and
2 (6.0%) had bilateral small kidneys (Fig. 24). The remaining
kidneys were significantly reduced in size, and the mesenchyme in
the cortical nephrogenic zone had almost disappeared (Fig. 2B).
The development of other organs was apparently normal. Al-
though Kif26b-null kidneys showed no histological differences
from wild-type kidneys until E10.5 (Fig. 2 C and D), ureteric bud
attraction was impaired after E11.0 (Fig. 2 E and F). In the
mutant embryos, the ureteric buds were attracted close to the
mesenchyme but failed to invade and branch into the mesen-
chyme (Fig. 2 G toJ), and the kidney disappeared by E14.5 (Fig. 2
K and L). The mesenchymal cells underwent apoptotic cell death
at E12.5, as shown by cleaved caspase-3 staining (Fig. 2 M and N).
Bilateral ureteric attraction failure was observed in 7 of 11
(63.6%) mutant embryos at E11.0-11.5, while the remaining
mutant embryos showed invasion of the ureteric bud on one side
(2 of 11, 18.2%) or both sides (2 of 11, 18.2%), although to lesser
extents compared with the wild-type embryos. These frequencies
were fairly well correlated with those of the renal abnormalities in
the newborn mice. Therefore, Kif26b is essential for ureteric bud
attraction and could be one of the major functional molecules

B

A/

Fig. 2. Kidney agenesis and impaired ureteric bud attraction in Kif26b-null
mutants. (A) Urogenital tissues from wild-type (Left) and Kif26b-null (Center
and Right) newborn mice. ad, adrenal gland; k, kidney; te, testis; bl, bladder.
Asterisk, blind-ended ureter. (B) Hematoxylin and eosin staining of a wild-type
kidney and a mutant remnant kidney in newborn mice. Square bracket, mes-
enchyme in the cortical nephrogenic zone. (Scale bars, 100 pm.) (C-L) Failure of
ureteric bud attraction under Kif26b deficiency. Wild-type and Kif26b-null
embryonic kidneys were stained with hematoxylin and eosin. Arrowheads,
metanephric mesenchyme; arrows, ureteric buds; gd, gonad; asterisk, remnant
kidney. (M and N) Cleaved caspase-3-positive cells (arrowhead) in the Sall1-
positive mesenchyme in Kif26b-null embryos at E12.5. Sections were immu-
nostained for Sall1 (red) and cleaved caspase-3 (green). (Scale bars, 100 pm.)
(O-R) Intact potency for epithelial conversion of the Kif26b-null mesenchyme.
Metanephric mesenchyme was cultured on 3T3 cells expressing Wnt4. The
samples shown in Q and R were stained with an anti-E-cadherin antibody and
DAPIL. (Scale bars, 100 pm.) (5-V) Metanephric mesenchyme was cultured on
L-cells expressing Wnt9. The samples shown in U and V were stained with an
anti-E-cadherin antibody and DAPI. (Scale bars, 100 pm.)
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acting downstream of Salll, because Sa//I-null mice also show
impaired ureteric bud attraction (7).

To examine whether the developmental potency of the mes-
enchyme after ureteric bud attraction was impaired in the ab-
sence of Kif26b, the mutant mesenchyme was separated from the
ureteric buds and cultured on 3T3 feeder cells expressing Wnt4,
a potent inducer of the mesenchyme-to-epithelial transition (13,
14). Almost all of the wild-type (11 of 11) (Fig. 20) and mutant
(6 of 7) (Fig. 2P) mesenchymes formed tubular structures within
3 days, and epithelial conversion was confirmed by E-cadherin
staining (Fig. 2 O and R). Because Wnt9b is an initial inducer
secreted from the ureteric buds (3), we also confirmed the mes-
enchyme-to-epithelial transition in wild-type (5 of 5) and mutant
(4 of 4) mesenchymes using feeder cells expressing Wnt9b (Fig. 2
S-V). Thus, the Kif20b-deficient mesenchyme retains its potency
for epithelial conversion, but the failure of ureteric bud attraction
probably causes subsequent defects in kidney development.

Kif26b Is Essential for the Maintenance of GDNF. GDNF is a major
ureteric bud attractant. Gdnf was not properly maintained in the
Kif26b-null mesenchyme at E11.5 (Fig. 34), although its initial
expression was intact until E10.75 (Fig. 3B). Phosphorylation of
ERK and expression of Wht11, which are both induced in ureteric
tips by GDNF signaling (15), were also reduced (Fig. 34). In
contrast, Wnt9b was still expressed in the ureteric bud stalks (Fig.
34). The Gdnf reduction was not caused by loss of mesenchymal
cells, because we did not observe increased apoptosis evaluated by
cleaved caspase-3 staining (Fig. $34). Moreover, Kif26b™'~Gdnf ™~
mice showed more severe kidney phenotypes than Kif26b™'~ or

O
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Fig. 3. Impaired condensation and Gdnf maintenance in the Kif26b-null
mesenchyme. (A) Reduced expression of Gdnf and downstream signaling
events in Kif26b mutant embryos at E11.5. Sections at E11.5 were stained by
in situ hybridization for Gdnf and Wnt11, or immunostained for p-ERK (red)
and pan-cytokeratin (green). Wnt9b is still expressed in the ureteric bud
stalks. MM, metanephric mesenchyme; UB, ureteric bud; WD, Wolffian duct.
(Black scale bars, 100 pm; white scale bars, 20 pm.) (B and C) Altered integrin
a8 localization in the Kif26b-null metanephric mesenchyme. Sections at
E10.75 (B) or E11.0 (C) were stained with hematoxylin and eosin, stained by
in situ hybridization for Gdnf and Eya1, or immunostained for integrin a8,
nephronectin (Npnt), and laminin. Integrin o8 is detected at the interface
between the mesenchyme and the ureteric bud (arrowhead) in the wild-type
embryos, but not in the mutant embryos. Integrin o8 is also reduced in the
mutant mesenchyme adjacent to the ureteric buds. (Scale bars, 100 pm.) (D)
Impaired condensation of the Kif26b-null mesenchyme at E10.75. Sections
were stained with hematoxylin and eosin or immunostained for integrin a8
(red) or N-cadherin (green) for metanephric regions. Black arrowheads, co-
lumnar mesenchymal cells adjacent to ureteric buds; white arrowheads,
lateral expression of N-cadherin in condensed mesenchymal cells. Nuclei
were visualized by DAPI staining. (Scale bars, 10 pm.)
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Gdnf*'~ mice (Table 1), indicating there was a genetic link between
Kif26b and the Gdnf pathway. Therefore, failure of Gdnf mainte-
nance in the mutant embryos is likely to explain the phenotypic
abnormalities in the ureteric bud attraction.

Kif26b Is Essential for the Adhesion and Polarization of Mesenchymal
Cells Surrounding Ureteric Buds. Gdnf initiation is regulated by
several transcription factors such as Pax2 and Eyal, while Gdnf is
maintained by interactions between the mesenchyme and the
ureteric buds including the integrin a8-mediated pathway (2).
Indeed, Pax2 and Eyal were expressed in the mutant meta-
nephric mesenchyme (Fig. 3B and Fig. $35). In contrast, integrin
a8 expression in mesenchymal cells adjacent to ureteric buds, as
well as that clearly detected at the interface between the mes-
enchyme and the ureteric buds in wild-type embryos, was not
observed in the mutant embryos at E10.75 when Gdnf was still
expressed (Fig. 3B). Reduced integrin a8 expression in the mu-
tant mesenchyme was more apparent at E11.0 (Fig. 3C). The
integrin a8 ligand nephronectin and a basement protein laminin
displayed no obvious differences between wild-type and mutant
embryos (Fig. 3B). Double-staining for Salll and integrin a8 also
confirmed that integrin a8 was reduced at the ureteric bud/
mesenchyme junction when the mesenchyme was in contact with
the ureteric bud (Fig. $3C). Therefore, integrin a8 reduction is
unlikely to be secondary to the lack of ureteric bud invasion. The
reduced ERK phosphorylation observed in the mutant mesen-
chyme (Fig. 34) could imply impaired integrin signaling in this
population. A reduction of integrin o8 in the mesenchyme close
to the ureteric buds was also observed in Kif26b mutant embryos
with milder phenotypes, in which the ureteric buds invaded into
the mesenchyme to some extent (¥ig. $32). Thus, mutant mes-
enchymal cells that make contact with the ureteric bud tips were
unable to establish the polarized localization of integrin oS,
which probably led to the failure of Gdnf maintenance.

The mesenchymal cells adjacent to the ureteric buds were
tightly cohered laterally and exhibited columnar alignment in the
wild-type embryo, representing the initial histological indication
of an interaction between the mesenchyme and the ureteric buds
(Fig. 3D, black arrowheads). These mesenchymal cells showed
a polarized distribution of integrin o8 on the basal side facing the
ureteric buds (Fig. 3D). Basolateral N-cadherin staining also
revealed that there was a strip of mesenchymal cells that exhibi-
ted columnar shapes along the ureteric bud tips in the wild-type
embryo (Fig. 3D, white arrowheads). However, this condensation
was not apparent in Kif26b-null mesenchymal cells adjacent to the
ureteric bud tips (Fig. 3D). Therefore, mesenchymal cells that
directly contact the ureteric buds could lose their basolateral in-
tegrity in the absence of Kif26b.

Similar abnormalities, including impaired integrin «8 and
N-cadherin staining, were observed in the Salll-deficient mes-
enchyme (Fig. S1C). Therefore, Kif26b could play a major
functional role downstream of Salll.

Table 1. Exacerbation of kidney phenotypes in compound
mutant mice for Kif26b and Gdnf

Kidney phenotypes

Genotype Normal Hypoplasia Agenesis Total
Kift'~ 50 (100) 0(0) 0 (0) 50 (100)
Gdnf*"~ 39 (75.0) 4(1.7) 9 (17.3) 52 (100)
Kif”~Gdnf*'~ 24 (46.2) 15 (28.8)* 13 (25.0) 52 (100)

The kidney phenotypes were analyzed at postnatal day 0. The data rep-
resent the number (percentage).
*P < 0.01, Kif"~Gdnf*"~ mice vs. Gdnf*~ mice by the y? test.

Uchiyama et al.
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Kif26b Affects Cell Adhesion via an Interaction with Nonmuscle
Myosin Heavy Chain IIl. To more closely study the role of Kif26b
in the morphological changes of mesenchymal cells, we generated
three independent human embryonic kidney (HEK) 293 cell lines
overexpressing Flag-tagged Kif26b in a tetracycline-dependent
manner. Each clone aggregated dramatically within 24 h in the
presence of tetracycline (Fig. 44 and Fig. S44). The cells showed
enhanced calcium-dependent cell-cell adhesion, as assessed by
dissociation assays (Fig. 4B). Indeed, knockdown of N-cadherin
by a siRNA reduced the aggregation of Kif26b-overexpressing
cells (Fig. 4C and Fig. 84 ¢ and D). There were no significant
changes in the expression levels of Gdnf and other transcription
factors related to kidney development (Fig. S54). The GDNF

Thus, N-cadherin-dependent cell-cell adhesion is likely to be
a primary event caused by Kif26b.

Many Kif proteins containing N-terminal motor domains in-
teract with other molecules through their C-terminal regions
(10). Indeed, cell aggregation was not observed when Kif26b
lacking the C-terminal region (Kif26bAC) was overexpressed in
a tetracycline-dependent manner (Fig. 44). The induction of the
truncated proteins was more robust than that of the full-length
protein, but the cells still exhibited no morphological changes
(Fig. 84 4 and B). Thus, we performed a pull-down assay using
the GST-tagged C-terminal region of Kif26b, followed by mass
spectrometry (Fig. 4D). Among the candidates, nonmuscle my-
osin heavy chain type IIB (NMHC IIB; MYH10) was confirmed
as an interacting protein by coimmunoprecipitation experiments

concentration was not increased in the supernatants (Fig. S558). (Fig. 4E). Immunoprecipitation of MYH10 with deletion con-
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Fig. 4. Enhanced aggregation and cell adhesion by Kif26b overexpression. (4) Increased cell aggregation by Flag-tagged Kif26b overexpression. HEK293 cells
were cultured for 48 h with or without tetracycline. No morphological changes are observed after overexpression of Kif26b lacking a C-terminal region
(Kif26bAC). (B) Increased calcium-dependent cell adhesion after Kif26b overexpression. Cells were incubated with (TC treatment) or without (TE treatment)
calcium. Dissociation of the cells is represented by the index Nyc/Ntg, where Nyc and Nyg are the numbers of cell clusters after the TC and TE treatments,
respectively. (C) Reduced aggregation by N-cadherin knockdown with a siRNA. Knockdown of N-cadherin was confirmed by immunoblotting. (D) GST pull-
down complexes were analyzed by SDS/PAGE and silver staining. The arrow indicates the band for MYH10. (E) Interaction of Kif26b and MYH10. Immu-
noprecipitation was performed using HEK293 cells expressing tetracycline-inducible Flag-tagged Kif26b. (F) Deletion constructs of Kif26b and interaction of
the C-terminal region of Kif26b and MYH10. Flag-MYH10 is coprecipitated with myc-tagged Kif26b. (G) Interaction of endogenous Kif26b and MYH10.
MYH10 is coprecipitated with Kif26b from newborn mouse kidney lysates. (H) Effect of the NMHC Il inhibitor blebbistatin on cell aggregation induced by
tetracycline. Microscopic images of HEK293 cells incubated with and without tetracycline and blebbistatin for 24 h are shown.

Uchiyama et al. PNAS | May 18,2010 | vol. 107 | no.20 | 9243

129




structs of Kif26b also confirmed the specific interaction of the
C-terminal region of Kif26b and MYH10 (Fig. 4F). The en-
dogenous association of Kif26b and MYH10 was further con-
firmed using newborn kidney lysates (Fig. 4G and Fig. S64).
MYH10 was not only expressed in the mesenchyme but also in
the ureteric buds, whereas Kif26b expression was specific to the
mesenchyme (Fig. 568), indicating an overlap of the expression
domains of these two proteins. Furthermore, a specific NMHC II
inhibitor, blebbistatin, inhibited the effect of Kif26b-dependent
cell aggregation (Fig. 4H). These results suggest that Kif26b
could regulate cell adhesion by interacting with NMHC II. Be-
cause accumulating evidence suggests that NMHC II augments
cell adhesion by regulating actin filaments and cadherins (16), we
propose that Kif26b may enhance the interaction of NMHC 11
and actin, thereby stabilizing the cell-cell adhesion of mesen-
chymal cells in the developing kidney.

Kif26b Is Not Required for the Function of Cilia. Finally, because
another kinesin protein, Kif3, is involved in the transport of cilia
components in the embryonic kidney, we examined the effect of
Kif26b on cilia (17, 18). Impairment of cilia formation in renal
tubules leads to polycystic kidney diseases (19). Cilia also play
important roles in signaling pathways including Shh (20), which
is required for kidney development (21). However, when we
overexpressed Kif26b in MDCK cells that had well developed
cilia on their surface, Kif26b was localized in the cytosol, and not
in the cilia (Fig. S74). Cilia were also detected in the meta-
nephric mesenchyme in both wild-type and Kif26b-deficient mice
(Fig. $7B). Furthermore, when we genetically reduced the Kif26b
alleles from heterozygous mice for Shh or its downstream
effecter Gli3, the mice displayed no renal phenotypes (Fig. $7C).
Therefore, Kif26b is unlikely to be involved in either cilia for-
mation or Shh signaling.

Discussion

We have shown that Kif26b, a kinesin family gene, is essential for
embryonic kidney development. Kif26b plays an important role
in the compact adhesion between mesenchymal cells adjacent to
the ureteric buds, possibly by interacting with nonmuscle myosin.
This could lead to the establishment of the basolateral integrity
of the mesenchyme and the polarized expression of integrin o8,
which maintains the Gdnf expression required for further ure-
teric bud attraction.

Recently, it was reported that another kinesin-11 member,
Kif26a, negatively regulates Gdnf-Ret signaling by binding to
Grb2 in Ret-expressing enteric neurons (22). However, Kif26a is
not expressed in the developing kidney. In addition, Kif26b is
expressed in the Gdnf-expressing kidney mesenchyme, but not in
Ret-expressing ureteric buds, and eventually exerts positive
effects on Gdnf expression. Therefore, the molecular mechanism
of Kif26b is distinct from that of Kif26a.

NMHC II plays an important role in cell adhesion because it
provides tension for actin filaments, and this is required for the
proper localization of cell adhesion proteins such as cadherins
(16). MYH9-deficient embryonic stem cells and mouse embryos
exhibit a loss of cell-cell adhesion (23), while MYH10-null mice
show hydrocephalus caused by loss of cell-cell adhesion in the
cells lining the spinal canal (24). In addition, Smylp, a kinesin-11
member in Saccharomyces cerevisiae, induces a conformational
change in the class V myosin Myo2p, which enhances its in-
teraction with actin and causes cell protrusion in one direction
(25, 26). Moreover, NMHC II-actin complexes appear to facili-
tate cross-talk between N-cadherin and integrins during cardiac
development (27, 28). Therefore, we speculate that Kif26b may
enhance the interaction of NMHC II and actin, thereby stabi-
lizing the cell-cell adhesion of mesenchymal cells and the in-
teraction between the mesenchyme and ureteric buds through
integrins in the developing kidney.
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It is known that Kif3 regulates N-cadherin expression on the
cell surface by associating with KAP3, and that K4AP3-deficient
embryonic fibroblasts show impaired N-cadherin expression (29).
However, Kif26b was not detected in fibroblasts. Therefore,
Kif26b is unlikely to ubiquitously regulate N-cadherin transport.

To the best of our knowledge, this is the first report that
a kinesin deficiency can cause the lack of an entire organ. Better
understanding of the kinesin-mediated regulation in the kidney
primordia will provide unique insights into organ development.

Experimental Procedures

Cloning of Kif26b. A 5.5-kb ¢cDNA was obtained from the Mammalian Gene
Collection (National Institute of Health) but lacked a 5’ portion as judged by
a sequence comparison with the human KIF268 ¢<DNA. We found another
cDNA in the mouse database that showed homology to the 5’ portion of the
human KIF26B cDNA and the 5’ region of the mouse Kif26b genome. RT-PCR
using mouse embryos (E13.5) showed that the combined ¢cDNA existed in
vivo. The amplified fragments were sequenced and a comparison between
the resultant cDNA and the mouse genome revealed an exon/intron struc-
ture of Kif26b that was compatible with that of human K/F268.

Generation of Kif26b-Deficient Mice. A Kif26b-targeting vector was con-
structed by incorporating the 5’ 7.8-kb Kif26b genomic and 3’ 4.4-kb Kif26b
fragments. Both fragments were amplified by PCR using LA Taq (Takara) into
a vector that contained the p-galactosidase gene (/acZ), the neomycin re-
sistance (Neo’) gene (PGK-Neo), and the diphtheria toxin A subunit
(pPMC1DTA) in tandem (30) (details of the vector are available from www.ceb,
riken.go jp/arg/cassette.ntml). The targeting vector was electroporated into
TT2 ES cells, and 3 of 192 G418-resistant clones were correctly targeted, as
determined by PCR and Southern blotting analyses using 5' or 3’ probes after
Xmnl or Asel digestion, respectively. Two ES clones were used to generate
germline chimeras that were bred with C57BL/6J female mice. Mice homozy-
gous for the Kif26b-targeted allele (accession no. CDB0440K; wwwv.cdb riken.
fpfarg/mutant%20mice % 20list.htmi) were obtained by intercrossing hetero-
zygous mice. Even when Neo" was deleted by crossing the Kif26b mutant mice
with mice expressing Flp, the phenotypes and lacZ expression patterns were
identical to those of the original mutant mice. Genotyping of the offspring was
performed by PCR using a forward primer, 5'-CCATCACATGCAGAAGGCTA-3’,
and two reverse primers, 5-AGCATCGAAGGCAAACATCT-3' and 5'-
CCGTAATGGGATAGGTCACG-3', producing products of 300 bp for the wild-
type allele and 500 bp for the mutant allele. Northern blotting was performed
using 4 mg of poly(A)+ RNA from E11.5 embryos per lane. Either a 5 Sall-BamHI
1.25-kb fragment or a 3" Sphi-Nhel 1.5-kb fragment was used as a probe.

In Situ Hybridization and Immunohistochemistry. Samples were fixed in 10%
formalin and processed for paraffin-embedded sectioning. In situ hybridization
and immunostaining were performed using an automated Discovery System
(Ventana) according to the manufacturer’s protocols (31). A 5 1.2-kb Sall-
BamHI fragment or a 3’ 639-bp PCR-amplified fragment of the Kif26b cDNA
was subcloned, and transcripts were generated with T7 RNA polymerase and
DIG-RNA labeling mix (Roche). Both probes showed similar expression pat-
terns. Other probes were isolated by PCR or were described previously (32).

For fluorescence immunohistochemistry, paraffin-embedded sections were
deparaffinized and autoclaved at 121 °C for 5 min in citrate buffer (pH 6.0).
Afterincubation in blocking solution for T h at room temperature, the sections
were incubated overnight with primary antibodies at 4 °C, followed by in-
cubation with secondary antibodies conjugated with Alexa Fluor 488 or 594
(Invitrogen). For whole-mount staining, metanephric explants were fixed with
4% paraformaldehyde, blocked with 1% BSA, and incubated overnight with
primary antibodies at 4 °C, followed by incubation with secondary antibodies.
The primary antibodies used were: anti-Salll (31) (Perseus Proteomics);
anti-cleaved caspase-3 (Cell Signaling); anti-pan-cytokeratin (Sigma); anti-E-
cadherin (BD Transduction Laboratories); anti-phosphorylated Erk (Cell Sig-
naling); anti-a8 integrin (1); anti-N-cadherin (Santa Cruz Biotechnology); anti-
MYH10 (Cell Signaling or Developmental Studies Hybridoma Bank); and anti-
acetylated a-tubulin (Sigma). A polyclonal antibody against mouse neph-
ronectin was produced by immunizing rabbits with FLAG-tagged recombinant
mouse nephronectin (33). The antibody was purified by affinity chromatog-
raphy using columns of 6x His-tagged mouse nephronectin immobilized on
CNBr-activated Sepharose 4B (GE Healthcare). We generated a polyclonal anti-
Kif26b antibody by immunizing rabbits with GST-fused Kif26 protein (amino
acids 1402-2112). The specificity of the anti-Kif26b antibody was confirmed
using Kfi26b-null kidney sections.

Uchiyama et al.
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GST Pull-Down Assay and Mass Spectrometry. The C-terminal Kif26b fragment
corresponding to amino acids 1737-2112 was cloned into pGEX6P-1 (GE
Healthcare) and introduced into BL21 (DE3). GST-fused Kif26b protein
bound to Glutathione-Sepharose 4B beads (GE Healthcare) was incubated
with newborn kidney or brain samples lysed in buffer [50 mM Tris-HCl (pH
7.5), 0.5 M NadCl, 5 mM EDTA, 1% Triton X-100, 1 mM PMSF, protease in-
hibitor mixture]. The beads were then washed and boiled in SDS/PAGE
sample buffer. The eluents were analyzed by Silver Quest (Invitrogen) and
candidate bands were subjected to mass spectrometry.

Organ Culture of the Metanephric Mesenchyme. Organ culture experiments
were performed as described in refs. 7 and 8. Briefly, metanephroi were
dissected from E11.5 embryos and the ureteric buds were removed after 5
min of incubation with 0.2% collagenase (Sigma). The mesenchyme rudi-
ments were cultured on 3T3Wnt4 cells or L-Wnt3b cells at the air-fluid in-
terface on a polycarbonate filter (0.4 pm; Corning) supplied with DMEM plus
10% FCS (3, 13, 14).

Generation of Cell Lines Expressing Tetracycline-Inducible Kif26b. The Sali-Notl
fragment of Flag-tagged Kif26b was cloned into the EcoRV-Notl site of
a pcDNAS/FRT/TO vector and transfected into Flp-In T-Rex HEK293 cells (Invi-
trogen). Stable transformants were selected following the manufacturer’s
instructions. All of the isolated clones showed identical induction of Kif26b in
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the presence of tetracycline (1 pg/mL). For inducible induction of Kif26bAC,
a 3.0-kb Sall-Mlul fragment was cloned into the EcoRV site of the pcDNAS/FRT/
TO vector. For dissociation assays, the cells were treated with 0.01% trypsin in
Hepes-buffered calcium- and magnesium-free Puck’s saline (HCMF) supple-
mented with 1 mM CaCl, (TC treatment) or 1 mM EDTA (pH 7.5) (TE treatment)
for 15 min at 37 °C, respectively, followed by pipetting 10 times. The extent of
the cell dissociation was represented by the index Nt¢/Nrg, where Nrc and Nyg
were the numbers of cell clusters after the TC and TE treatments, respectively
(34). For NMHC 1l inhibition, 100 pg/mL (-)-blebbistatin (Calbiochem) and its
negative control (+)-blebbistatin (Calbiochem) were used.
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The direct reprogramming of somatic
cells to produce induced pluripotent
stem cells (iPSCs) is a prominent recent
advance in stem cell biology (Takahashi
and Yamanaka, 2006). Generation of
iPSCs without genomic integration of
extrinsic genes is highly desirable.
Initially, human dermal fibroblasts were
used to derive human iPSCs (hiPSCs)
(Takahashi et al., 2007; Yu et al., 2007).
However, recent studies have shown
that other human somatic stem cells can
be used (Aasen et al., 2008; Eminli et al.,
2009; Kim et al., 2009; Ye et al., 2009). It
is difficult to obtain human somatic stem
cells, but human terminally differentiated
circulating T cells (nTDCTCs) are readily
available from peripheral blood. Here,
we show that a combination of activated
T cell cultivation and a temperature-sensi-
tive mutated Sendai virus (SeV) that
encodes human OCT3/4, SOX2, KLF4,
and c-MYC allows the generation of
hiPSCs easily, efficiently, and safely
within a 1 month time frame.

Sampling of peripheral blood is one of
the least invasive procedures performed
routinely in clinics, and surplus peripheral
blood samples are often left unused after
clinical examinations. Among peripheral
blood mononuclear cells (PBMCs),
T cells can be readily cultured in vitro by
means of a plate-bound anti-CD3 mono-
clonal antibody and recombinant (r)IL-2
(Desai-Mehta et al., 1996), and we used
such an approach to expand hTDCTCs
from peripheral biood samples. From
1 ml of whole blood, PBMCs were sepa-
rated on a Ficoll gradient and then

cultured with plate-bound anti-CD3
monoclonal antibody and rlL-2 (Fig-
ure 1A). Although PBMC fractions contain
lymphocytes and monocytes, T cells are
selectively cultured under these condi-
tions. In culture, the number of activated
T cells increased gradually but consis-
tently. Five days after blood sampling,
the cultured cells were morphologically
identical to pure CD3-positive T cells
collected by fluorescence-activated cell
sorting (FACS) (Figure 1B). We used
a whole-PBMC culture method because
it is technically simpler than FACS, in
which the sorted cells are frequently
damaged by laser emission and the
process of single-cell sorting.

To avoid transgene integration during
iPSC generation, we used an SeV vector,
which is a minus-strand RNA virus that is
not integrated into the host genome and
is not pathogenic for humans (Li et al.,
2000). We used a temperature-sensitive
mutated SeV vector in these experiments
to reduce transgene expression and SeV
residue in generated lines. This form of
SeV vector generates weaker transgene
expression and cannot proliferate at stan-
dard culture temperatures (data not
shown). SeV can be efficiently transduced
into human T cells and can express exog-
enous genes (Okano et al., 2003). We first
introduced green fluorescent protein
(GFP) into human T cells by SeV in
a dose-dependent manner; toxicity for
the infected cells was minimal at the virus
dosages used (Figure 1C). To generate
iPSCs from hTDCTCs, we used SeV to
deliver multiple transgenes that encoded

stem cell-specific transcription factors,
such as OCT3/4, SOX2, KLF4, and
c-MYC, into cells on day 6 of culture.
Two days after gene introduction, the
cells were replated onto feeder layers of
SNL cells. On day 9, the cells were trans-
ferred to human ES cell (ESC) medium
that contained 4 ng/ml bFGF. Within 3
weeks of infection, we identified a colony
that resembled human ESCs (hESCs)
among the T cell derivatives. On day 25,
colonies that were larger and morpholog-
ically similar to hESC-like colonies were
picked (Figure 1D). Of these initial colo-
nies, which were identified by crystal
violet staining, most were positive for
alkaline phosphatase (ALP), which is
a characteristic marker of stem cells (Fig-
ure 1E). T cells that had been transfected
with SeV vectors carrying OCT3/4, SOX2,
KLF4, and c-MYC were plated onto mito-
mycin C-treated SNL feeder cells at 5 x
10* cells per 10 cm dish. Around day 25
after blood sampling, the number of
ALP-positive hESC-like colonies was
counted and approximately 50 colonies
were observed at MOI 20 (Figure 1E) (an
efficiency of 0.1%). Moreover, the effi-
ciency of iPSC colony generation was
dependent upon the dosage of virus
used for gene introduction (Figure 1F).
We named these established T cell-
derived iPSCs as “TiPS cells (TiPSCs).”
After expansion, the cloned TiPSCs dis-
played typical hESC/iPSC morphology
and had a normal karyotype (Figures
S1A and S1B available online).

To confirm that the TiPSCs had the
characteristics of typical ESC/iPSCs, we

Cell Stem Cell 7, July 2, 2010 ©2010 Elsevier Inc. 11

132



A B Human ¥ cell
Day 8
Blood sampling Replating onto SNL feeder cells

Day ¢ Day 9

Voriondiivn 2 >
(LS sntamdyreiiist RS condition loF0F e}

Day & Day 25
Gene transfer by Sendai virus Colory pick up

C GFP infroduction

MO S

MO! 20

G & H
&
10
o
w0
&
NANOG e
o
oCT3M g
SOX2 ®
KLF4 @
oMYC =
GDF3
Rext i T cell hES TPS05  TiPS 07 TIPS 18
>y
DPPA2 -
DPPA4 g E 4
.- —————- I
oo :

Figure 1. hTDCTCs-Derived iPSC Colonies

(A) Strategy used in the present study for reprogramming T cells.

(B) Morphologies of T cells derived from whole PBMCs or FACS-sorted T cells grown in the presence of
CD3 antibody and riL.2.

(C) Efficient GFP introduction by SeV in T cells transfected at an MOl of 3 or MOI of 20.

(D) Typical ESC-like iPSC colonies on day 25 after blood sampling.

(E) Examples of 10 cm dishes stained for ALP on day 25, showing numerous ALP-positive colonies of
T cells that were transfected at an MOI of 5 or MOI of 20.

(F) Numbers of ALP-positive colonies in relation to multiplicity of infection.

(G) RT-PCR analyses for the hESC marker genes NANOG, OCT3/4, SOX2, KLF4, c-MYC, GDF3, REX1,
DPPA2, and DPPA4 and the transgenes OCT3/4, SOX2, KLF4, and c-MYC.

(H) Immunofluorescence staining for piuripotency and surface markers (NANOG, OCT3/4, SSEA3, SSEA4,
TRA-1-60, and TRA-1-81) in TiPS 05, 07, and 18. Scale bars represent 500 um.

() Bisulfite sequencing analysis of the NANOG and OCT3/4 promoter regions in peripheral T cells, hESCs,
and hTiPSCs 05, 07, and 18. Each row of circles for a given amplicon represents the methylation status of
the CpG dinucleotides in one bacterial clone for that region. Open circles represent unmethylated CpGs;
closed circles represent methylated CpGs.

See also Figure S1 and Table S1.

examined stem cell marker expression.
Reverse-transcription PCR (RT-PCR)
analyses revealed that the TiPS 05, 07,
and 18 clones expressed ESC marker
transcripts for NANOG, OCT3/4, SOX2,
KLF4, c-MYC, GDF3, REX1, DPPA2, and
DPPA4. The original T cells also ex-
pressed c-MYC at a basal level, as previ-
ously reported (Douglas et al., 2001). In

the TiPSCs, the OCT3/4, SOX2, KLF4,
and ¢c-MYC transgenes were lost after
several passages (Figure 1G; Fig-
ure S1C). Immunostaining revealed that
the TiPSCs expressed the Nanog, Oct3/4,
SSEA3, SSEA4, Tra-1-60, and Tra-1-81
proteins (Figure 1H). High telomerase
activity is also an important characteristic
of iPSCs, and, appropriately, TiPSCs
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showed high levels of telomerase activity
(Figure S1D). Another signature of iPSCs
is epigenetic remodeling. We used bisul-
fite sequencing to examine the methyla-
tion status of the NANOG and OCT3/4
promoters. T cells, which do not express
NANOG or OCT3/4, showed mostly meth-
ylated CpGs in those promoters. hESCs,
which do express NANOG and OCT3/4,
showed unmethylated CpGs in those pro-
moters. As in hESCs, the CpGs in these
promoter regions were predominantly
unmethylated in the TiPSCs (Figure 1i).
These results suggest that SeV-mediated
gene transfer successfully reprograms
hTDCTCs.

Somatic recombination of T cell
receptor (TCR) genes generates a diverse
T cell repertoire that allows adaptation for
antigen responses (Krangel, 2009). To
confirm that the TiPSCs were derived
from hTDCTCs, we analyzed TCR rear-
rangements. A hallmark of the TCR-
B locus is developmentally ordered
recombination, with DB-to-Jf3 recombina-
tion preceding VB-to-DBJB recombina-
tion. We performed capillary electropho-
resis of the PCR products for the
genomic DNA of the TCR- regions. As
a positive control, we used monoclonal
T cells, which are derived from patients
with lymphocyte malignancies and show
a specific peak, because these T cells
have only a single genetic variation in their
TCR regions (Figure S2A). Peripheral
T cells from people without lymphocytic
diseases are polycional, with diverse
genetic variations in their TCR rearrange-
ments, and show a broad and low band
without a specific peak. ESCs do not have
TCR rearrangements and do not show a
specific positive peak. The TiPS 05, 07,
and 18 cell lines showed specific peaks
for DB/JP recombination. TiPS 05 showed
VB/JB2 recombination. TiPS 07 and TiPS
18 showed VB/JB1,2 recombination, albeit
with different bands (Figure 2A). TCR re-
arrangement is specific for T cell deve-
lopment, so these results confirm that
TiPSCs are derived from T cells. They
also indicate that the TiPS 05, 07, and
18 lines originated from different T cells.
We analyzed the rearrangement pattern
of 10 independent TiPSCs and confirmed
that every TiPSCs showed different rear-
rangement pattern (Figure S2A).

We also performed global gene expres-
sion analyses with DNA chips. Scatter
plot analyses revealed global gene
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Figure 2. Detail Characterizations of TiPSCs

(A) Characterization of the TCR-B rearrangement by capillary electrophoresis. The green line is derived
from the band for the JB1 gene, and blue line is derived from the band for the JB2 gene. TiPS 05 shows
rearrangements of VB/JB2 and DB/JB. TiPS 07 shows rearrangements of VB/JB1,2 and DB/JB. TiPS 18
shows rearrangements of VB/JB1,2 and DB/JB.

(B) Scatter plots comparing the global gene expression profiles of T cells and TiPS cells, dermal fibroblast-
derived iPSCs (G4) and ESCs, ESCs and TiPSCs, and dermal fibroblast-derived iPSCs (G4) and TiPSCs.
The black lines indicate 2-fold differences in gene expression levels between the paired cell populations.
The transcript expression levels are shown on a log, scale. The expression levels of NANOG, OCT3/4,
SOX2, and c-MYC are shown.

(C) Heat map analyses of hESCs, dermal fibroblast-derived iPSCs, TiPSCs, and the parental human
T cells.

(D) Gross morphology, hematoxylin and eosin-stained representative teratomas derived from TiPS 05.

expression differences between periph-
eral T cells and TiPSCs. Comparison of
hESCs and human dermal fibroblast-
derived iPSCs, hESCs, and human
TiPSCs (hTiPSCs), and dermal fibro-
blast-derived iPSCs and TiPSCs showed
high levels of similarity (Figure 2B). Heat
map analysis showed that the global
gene expression profiles were overall
similar in ESCs, dermal fibroblast-derived
iPSCs, and TiPSCs, and different from
T cells (Figure 2C). To further demonstrate
the pluripotency of hTiPSCs, they were
transplanted into the subcutaneous tissue
of severe combined immunodeficient
(SCID) mice. Six to eight weeks after
injection, each TiPSC line tested gave
rise to teratomas that contained deriva-
tives of all three germ layers (Figure 2D;
Figure S2B). We also examined the
in vitro differentiation potential of TiPSCs.
Each TiPSC line tested generated
embryoid bodies that contained deriva-
tives of all three germ layers (Figure 2E).
These results indicate that hTiPSCs are
pluripotent stem cells. Although it was re-
ported that Trp53 null murine T cells could
be reprogrammed into iPSCs (Hong et al.,
2009), we have successfully reprogrammed
wild-type human T cells. In our hands, the
efficiency of conventional retrovirus-medi-
ated gene transfer into wild-type human
T cells was very low compared to SeV
(data not shown). In our view, the efficiency
of gene transfer is a major determining
factor in successful iPSC generation.

With current technology, if iPSC-
derived mature cells are transplanted
into diseased patients, there is no good
procedure for following their progeny,
which could eventually form malignant or
benign tumors. In animal models, several
marker genes can be used to chart the
progression and consequences of iPSC-
derived mature cell transplantation, such
as GFP and luciferase. However, it is not
desirable to insert exogenous marker
genes into the genomes of hiPSCs for clin-
ical use. TiPSCs, however, already have a
traceable genetic signature through TCR
locus rearrangement. Consistent with this
idea, teratomas derived from TiPSCs had

(E) Immunofluorescence staining for Sox17 (endo-
dermal marker), «*SMA (mesodermal marker), and
Nestin (ectodermal marker) in each TiPSC-derived
differentiated cell.

(F) Characterization of the TCR-B rearrangement
for teratoma from TiPS 18.

See also Figure S2 and Table S2.
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same signature as undifferentiated TIPSCs
(Figure 2F; Figure S2C). Therefore, the
descendents of TiPSCs can be identified
by analyzing their TCR rearrangement
patterns.

In conclusion, we have developed
a minimally invasive method for hiPSC
generation without genomic integration
that uses low numbers of h TDCTCs from
peripheral blood. This method has advan-
tages for research into stem cell reprog-
ramming, TCR rearrangement, immuno-
logic disorders, and the development of
genetic markers for future applications of
regenerative medicine. TiPSCs may well
be relatively easy to useinaclinical setting.
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Note Added in Proof

A manuscript has appeared online demonstrating
isolation of iPSCs from peripheral blood, including
a single line that showed evidence for both TCR-§
and TCR-y rearrangement by PCR (Kunisato, A.,
Wakatsuki, M., Shinba, H., Ota, T., Ishida, ., and
Nagao, K. [2010]. Direct generation of induced
pluripotent stem cells from human non-mobilized
blood. Stem Cells Dev., in press. Published online
May 24, 2010. 10.1089/scd.2010.0063).
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