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channel-regulated IGF1R-PI3K-Akt signaling
regulates abnormal epithelial cell proliferation
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Calcium deficiency causes abnormal colonic growth and increases colon cancer risk with poorly understood mechanisms.
Here we elucidate a novel signaling mechanism underlying the Ca2þ deficiency-induced epithelial proliferation using a unique
animal model. The zebrafish larval yolk sac skin contains a group of Ca2þ -transporting epithelial cells known as ionocytes.
Their number and density increases dramatically when acclimated to low [Ca2þ ] environments. BrdU pulse-labeling
experiments suggest that low [Ca2þ ] stimulates pre-existing ionocytes to re-enter the cell cycle. Low [Ca2þ ] treatment results in
a robust and sustained activation of IGF1R-PI3K-Akt signaling in these cells exclusively. These ionocytes specifically express
Igfbp5a, a high-affinity and specific binding protein for insulin-like growth factors (IGFs) and the Ca2þ -selective channel Trpv5/6.
Inhibition or knockdown of Igfbp5a, IGF1 receptor, PI3K, and Akt attenuates low [Ca2þ ]-induced ionocyte proliferation. The role
of Trpv5/6 was investigated using a genetic mutant, targeted knockdown, and pharmacological inhibition. Loss-of-Trpv5/6
function or expression results in elevated pAkt levels and increased ionocyte proliferation under normal [Ca2þ ].
These increases are eliminated in the presence of an IGF1R inhibitor, suggesting that Trpv5/6 represses IGF1R-PI3K-Akt
signaling under normal [Ca2þ ]. Intriguingly, blockade of Trpv5/6 activity inhibits the low [Ca2þ ]-induced activation of Akt.
Mechanistic analyses reveal that the low [Ca2þ ]-induced IGF signaling is mediated through Trpv5/6-associated membrane
depolarization. Low extracellular [Ca2þ ] results in a similar amplification of IGF-induced PI3K-PDK1-Akt signaling in human
colon cancer cells in a TRPV6-dependent manner. These results uncover a novel and evolutionarily conserved signaling
mechanism that contributes to the abnormal epithelial proliferation associated with Ca2þ deficiency.
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Colon cancer is a leading cause of cancer deaths worldwide.
Clinical studies have shown that there is an inverse associa-
tion between dietary intake of Ca2þ and the risk of colorectal
cancer.1–3 In fact, low dietary Ca2þ has been proposed as a
risk factor for enhanced colonic epithelial growth and colon
cancer.4,5 Dietary Ca2þ deficiency results in abnormal
epithelial cell proliferation in the intestine, and dietary Ca2þ

supplementation reduces these abnormalities.4 Although
Ca2þ deficiency has been known to increase colon epithelial
growth, the cellular basis and the regulatory mechanisms are
poorly understood.

In this study, we used a unique animal model, the zebrafish
embryo/larval yolk sac skin, to elucidate the mechanisms
underlying Ca2þ deficiency-induced abnormal epithelial
growth. Fish live in aquatic habitats and must obtain Ca2þ

from food and surrounding water. A group of mitochondria-
rich epithelial cells known as Naþ -Kþ -ATPase-rich (NaR)
cells are responsible for Ca2þ uptake from the surrounding
environment.6 In the adult stage, these cells are located in the
gill filaments and the intestine. In the embryonic and larval

stages before the appearance of gills, however, NaR cells are
located on the surface of the yolk sac skin.6 These specialized
cells contain all the molecular factors for transcellular Ca2þ

transport, including Trpv5/6 (formerly known as epithelial
Ca2þ channel).6,7 Zebrafish trpv5/6 is the zebrafish ortholog
of human TRPV5 and TRPV6.8 TRPV5 and TRPV6 are the
only known Ca2þ -selective channels in the transient receptor
potential (TRP) channel family, and they have key roles in the
transcellular Ca2þ transport.9 While TRPV5 is mainly
expressed in the mammalian kidneys, TRPV6 is expressed
in the intestine.10 In contrast to the presence of a separate
TRPV5 gene and a TRPV6 gene in humans and mammals,
zebrafish have a single trpv5/6 gene, thus eliminating
concerns for possible functional redundancy and compensa-
tory mechanisms seen in mammals.8,11 In the adult stage,
zebrafish trpv5/6 mRNA is expressed in the gills and
intestine.11 In the embryonic and larval stages, trpv5/6 is
specifically expressed in NaR cells located on the surface of
the yolk sac skin.6 These unique anatomical and molecular
features make the zebrafish yolk sac skin an excellent in vivo
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model to study the function and regulation of Ca2þ -
transporting epithelium. As in the case of human colonic
epithelium, a reduction in water Ca2þ concentration ([Ca2þ ])
increases NaR cell number on the yolk sac skin in zebrafish
embryos and larvae.11 In fact, acclimation to low [Ca2þ ] has
been shown to increase ionocyte number and/or density in the
adult gills in many teleost species for more than two
decades,12,13 suggesting an evolutionarily conserved regula-
tory mechanism at work.

In our recent efforts to elucidate the developmental role of
the insulin-like growth factor (IGF) signaling system in
zebrafish, we have made the serendipitous finding that
igfbp5a, a gene encoding a high-affinity IGF-binding protein
(Igfbp), is highly expressed in a group of cells scattered over
the larval yolk sac skin.14 Its expression pattern resembles
that of trpv5/6, which is specifically expressed in NaR cells.11

IGFs are evolutionarily conserved peptides that have key
roles in regulating cell proliferation, growth, differentiation,
and survival.15 The biological actions of IGFs are mediated
through the IGF1 receptor (IGF1R). Signaling through the
IGF1R is transduced primarily by the PI3K-Akt and the MEK-
Erk cascades in zebrafish cells.16 In extracellular fluids, IGFs
are present in complexes with a family of high-affinity IGFBPs.
These IGFBPs bind to IGFs with equal or even greater
affinities than do the IGF1Rs and modulate the distribution,
stability, and biological activities of IGFs.15

The objective of this study was to test the hypothesis that
low [Ca2þ ] activates IGF signaling in NaR cells via Trpv5/6
and Igfbp5a, leading to increased NaR cell proliferation in the
larval skin. Our results suggest that Ca2þ deficiency activates
IGF signaling in NaR cells exclusively and stimulates the pre-
existing NaR cells to re-enter the cell cycle. Inhibition or
knockdown of Igfbp5a, IGF1R, PI3K, and Akt inhibits Ca2þ

deficiency-induced abnormal proliferation. We provide sev-
eral lines of evidence suggesting that while Trpv5/6 represses
IGF signaling under normal [Ca2þ ] conditions, its altered
activity under low [Ca2þ ] conditions activates IGF1R-PI3K-
Akt. We further show that reducing extracellular [Ca2þ ]
results in a similar amplification of IGF-induced PI3K-PDK1-
Akt signaling in cultured colon cancer cells. This amplification
is mediated by TRPV6.

Results

Low [Ca2þ ] acclimation increases NaR cell number and
density by reactivating a mitotic program in pre-existing
NaR cells. To determine the effect of [Ca2þ ] on NaR cell
growth, 72-hpf (hour post fertilization) zebrafish larvae were
transferred to low [Ca2þ ] (0.001 mM) and raised until
120 hpf. Acclimation to low [Ca2þ ] water resulted in a robust
increase in the density of NaR cells on the yolk sac skin
(Figures 1a and b). This effect was specific to low [Ca2þ ]
because acclimation to low [Naþ ] or low [Cl–] water had no
such effect (Figures 1a and b). Zebrafish larval yolk sac skin
contains other types of ionocytes, including Hþ -ATPase-rich
(HR) cells and Naþ /Cl– cotransporter (NCC) cells. HR cells
are involved in Naþ uptake/acid secretion, and NCC cells
are important for Cl� uptake.6 HR cells and NCC cells can
be labeled by atp6v1al mRNA and slc12a10.2 mRNA,
respectively.17,18 Acclimation to low [Ca2þ ], low [Naþ ], or

low [Cl–] did not change HR cell number (Figures 1a and b).
A modest increase was seen in NCC cell number in the low
[Ca2þ ] group, whereas low [Naþ ] or low [Cl–] had no effect
(Figures 1a and b).

To determine whether the low [Ca2þ ]-induced increase in
NaR cells is due to elevated cell proliferation, BrdU-labeling
experiments were carried out. Compared with the normal
[Ca2þ ] group, there was a robust increase in BrdU-positive
cells in the low [Ca2þ ] group (Figure 1c). Next, mitotic cells
were pulse-labeled. While only 3% of NaR cells were labeled
by BrdU in the normal [Ca2þ ] group (n¼ 30), 20% of NaR cells
were BrdU-positive in the low [Ca2þ ] group (Figure 1d)
(n¼ 161). These results suggest that low [Ca2þ ] treatment
increases NaR cell number by stimulating the proliferation of
pre-existing NaR cells.

The igfbp5a mRNA is specifically expressed in NaR cells
and its levels are correlated with NaR cell number.
As mentioned earlier, igfbp5a mRNA is expressed in a group
of cells on the yolk sac skin resembling NaR cells.14 When
subjected to low [Ca2þ ] treatment, there was a similar
degree of increase in the number of trpv5/6 mRNA-
expressing NaR cells and igfbp5a mRNA-expressing cells
(Figures 2a and b). Double-label in situ hybridization analysis
revealed that igfbp5a mRNA was detected in 99% of the
trpv5/6 mRNA-expressing cells examined (n¼ 98)
(Figure 2c). Likewise, trpv5/6 mRNA was detected in 99%
of the igfbp5a mRNA-expressing cells examined (n¼ 98).
In comparison, there was no overlap in igfbp5a mRNA and
atp6v1al mRNA-expressing HR cells (Figure 2c, n¼ 99).
Further analyses revealed that low [Ca2þ ] treatment
increased the NaR cell number in a concentration-dependent
manner (Figure 2d). Reducing water [Ca2þ ] also increased
igfbp5a mRNA levels, measured by qRT-PCR (Figure 2e),
in a concentration-dependent manner. There is a strong
correlation between the igfbp5a mRNA levels and the NaR
cell number (Figure 2f). These results suggest that igfbp5a
mRNA is co-expressed with trpv5/6 mRNA in NaR cells and
that total igfbp5a mRNA levels are a good indicator of NaR
cell number in zebrafish larvae.

Low [Ca2þ ] acclimation activates IGF1R-PI3K-Akt
signaling in NaR cells. As igfbp5a mRNA is specifically
expressed in NaR cells, and IGFs are potent mitogens for
zebrafish cells,16 we tested the idea that low [Ca2þ ]
stimulates NaR cell proliferation by activating IGF signaling
in these cells. We examined phospho-Akt (pAkt) and
phospho-Erk (pErk) because commercially available mam-
malian phospho-IGF1R antibodies did not yield specific
signals in zebrafish larvae. While few pAkt-positive cells
were detected in the normal [Ca2þ ] group (0.2 mM), reducing
[Ca2þ ] to 0.02 mM resulted in a marked increase in pAkt-
positive cells. There was an even greater increase in the
0.001 mM [Ca2þ ] group (Figure 3a). Addition of Akti-1/2 or
MK2206, two selective Akt inhibitors, abolished the pAkt
signal (see Supplementary Figure S2), confirming the
specificity of the staining. Double-staining experiments
indicated that all these pAkt-positive cells are NaR cells
because 100% of them expressed igfbp5a mRNA (Figure 3b,
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n¼ 95). The pAkt signal began to appear 30 min after larvae
were transferred to 0.001 mM [Ca2þ ] water (Figure 3c). After
48 h, the pAkt signal was observed in clustered and likely
newly divided cells (Figure 3c, see insert). To test whether
this Ca2þ deficiency-induced Akt activation is downstream of
the IGF1R, two structurally distinct IGF1R inhibitors,
BMS-75480719 and NVP-AEW54120 were used. Blockage
of the IGF1R-mediated signaling abolished pAkt signal
under low [Ca2þ ] (Figures 3d and e). Likewise, the pAkt
signal was eliminated by the addition of two distinct PI3K
inhibitors, wortmannin and LY294002 (Figures 3d and e).
However, neither SU5402 nor AG1478 had any
inhibitory effect on low [Ca2þ ]-induced Akt signaling
(Figures 3d and e), although they were effective in inhibiting
FGF receptor (Supplementary Figure S3a) and EGF

receptor signaling (Supplementary Figure S3b) at the doses
used. Furthermore, addition of EGTA, a Ca2þ chelating
agent, to normal [Ca2þ ] water, caused a similar increase in
the pAkt levels (Figure 3f), ruling out the possibility that the
observed pAkt in NaR cells was due to changes in
osmolarity.

In comparison to the robust increase in pAkt signal, low
[Ca2þ ] treatment had no notable effect on pErk levels
(Supplementary Figure S4a). While the basal pErk signal
was abolished by the addition of U0126 or PD98059 (two MEK
inhibitors), addition of the IGF1R inhibitor BMS-754807 and
NVP-AEW541 had no such effect (Supplementary Figure S4b
and S4c). These results suggest that low [Ca2þ ] has no effect
on the MEK-Erk signaling and that the basal pErk activity is
independent from the IGF1R.
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Figure 1 Low [Ca2þ ] treatment increases NaR cell number and density on the larval yolk sac by reactivating a mitotic program in pre-existing NaR cells. (a and b) Low
[Ca2þ ] treatment increases NaR cell density and number on the larval yolk sac skin. Zebrafish larvae (72 hpf) were transferred to artificial freshwater containing low [Ca2þ ],
low [Naþ ], or low [Cl� ], raised to 120 hpf, and analyzed by in situ hybridization for the indicated genes. Representative views are shown in (a). Shown here and in all following
figures are lateral views of the yolk sac region. Anterior to the left and dorsal up. Scale bar¼ 50mm. The total number of ionocytes on one side of the yolk sac was manually
counted and shown in (b). Each dot represents an individual fish. Mean±S.D., n¼ 6. Groups labeled with different letters are significantly different from each other (Po0.05).
(c) Low [Ca2þ ] treatment increases cell proliferation. Larvae (72 hpf) were transferred to artificial freshwater with the indicated [Ca2þ ]. BrdU (10 mM) was added at 96 hpf.
The larvae were raised to 120 hpf and stained using a BrdU antibody. Tr, trunk; Yo, yolk sac. (d) The mitotic cells under low [Ca2þ ] are NaR cells. 72 hpf larvae were
transferred to artificial freshwater with the indicated [Ca2þ ] and raised to 120 hpf. BrdU (10 mM) was added 30 min before sampling. The larvae were analyzed by trpv5/6
mRNA in situ hybridization (green) and BrdU staining (red)
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IGF1R-PI3K-Akt signaling is required for NaR cell
proliferation. The fact that igfbp5a mRNA is specifically
expressed in NaR cells prompted us to investigate its
potential role in the low [Ca2þ ]-induced IGF signaling in
NaR cells. For this, antisense morpholinos (MOs) were
designed, and their effectiveness and specificity in knocking
down Igfbp5a were verified (Supplementary Figure S5).
Knockdown of Igfbp5a markedly reduced low [Ca2þ ] induced
pAkt (Figures 4a and b). To confirm that zebrafish igfbp5a
indeed encodes a functional IGF binder, we constructed an
Igfbp5a-GFP expression plasmid and an Igfbp5a-Myc
plasmid and transfected them into HEK293T cells. Zebrafish
Igfbp5a was capable of binding to IGF-1 or IGF-2, albeit with
somewhat lower activity compared with human IGFBP5
(Figure 4c). These results indicate that local Igfbp5a has a
positive role in the low [Ca2þ ]-induced IGF signaling in NaR
cells, likely by binding to available IGF ligands and facilitating
their interaction with the IGF1R.

Next, we investigated whether the activated IGF1R-PI3K-
Akt signaling is required for low [Ca2þ ]-induced NaR cell
proliferation. A pharmacological approach was taken because
MO knockdown of IGF1R causes embryonic death.21

Blockage of IGF1R-mediated signaling by BMS-754807 or
NVP-AEW541 reduced the low [Ca2þ ]-induced increase in
NaR cell density in 92 and 79% of the larvae examined
(Figures 4d and e) and abolished the low [Ca2þ ]-induced

increase in igfbp5a mRNA levels (Figure 4f). Addition of
wortmannin or LY294002 reduced the low [Ca2þ ]-induced
NaR cell proliferation in 100 and 73% of the fish examined,
whereas U0126 or PD98059 had no effect (Figure 4g).
Likewise, inhibition of Akt by Akti-1/2 and MK2206 blocked
the low [Ca2þ ]-induced increase in NaR cell density
(Figure 4g) and igfbp5a mRNA levels (Figure 4h).
These results demonstrate that the activities of IGF1R,
PI3K, and Akt are required for the low [Ca2þ ]-induced NaR
cell proliferation.

Loss of Trpv5/6 results in IGF1R-PI3K-Akt activation in
NaR cells and increased NaR cell proliferation under
normal [Ca2þ ]. As the trpv5/6 gene is specifically
expressed in NaR cells, and because Trpv5/6 is a Ca2þ -
selective cation channel, we speculated that Trpv5/6 might
have a role in NaR cell proliferation. This hypothesis was
tested using the Matt-und-schlapp (mus) mutant larvae,
a trpv5/6 loss-of-function mutant zebrafish line. The mus
mutant fish had impaired Ca2þ influx and significantly lower
body Ca2þ content.8 When exposed to low [Ca2þ ], all mus
mutant larvae died, while their siblings remained viable.8

Under normal [Ca2þ ], the mus mutant larvae had a dramatic
increase in NaR cell number and pAkt-positive cells
compared with their siblings (Figures 5a–d). The increases
in Akt signaling and NaR cells are IGF1R-dependent
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(f) Correlation analysis of NaR cell number and igfbp5a mRNA levels
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because they were abolished by the addition of BMS-754807
(Figures 5a–d). The pAkt-positive cells were often clustered,
a phenotype resembling the dividing NaR cells seen in low
[Ca2þ ]-treated wild-type larvae. Indeed, BrdU-labeling
experiments showed a highly elevated NaR cell proliferation
rate. While none of the NaR cells in the sibling group were
BrdU-positive under normal [Ca2þ ] (n¼ 60), 30% of NaR
cells in the mus mutants were BrdU-positive (n¼ 98) under
normal [Ca2þ ] (Figure 5e). As an independent and com-
plementary approach, we performed MO knockdown using a
validated Trpv5/6 targeting MO.22 Compared with the
standard control MO-injected group, the Trpv5/6 targeting
MO-injected group had elevated pAkt levels and increased
NaR cell number, although the penetrance was lower
(Figures 5f and g). These results suggest that Trpv5/6
represses IGF signaling in NaR cells under normal [Ca2þ ],
and a loss of Trpv5/6 function or protein expression leads to
a hyperactivation of IGF signaling in NaR cells and increases
their proliferation under normal [Ca2þ ].

Trpv5/6 represses IGF signaling under normal [Ca2þ ]
but activates IGF signaling under low [Ca2þ ]. Next, four
commonly used TRPV5/6 inhibitors/blockers, lanthanum,
gadolinium, ruthenium red, and cadmium, were used to
further investigate the role of Trpv5/6 in regulating IGF
signaling in NaR cells under normal and low [Ca2þ ]. Addition
of these TRPV5/6 inhibitors to normal [Ca2þ ] water resulted
in an increased number of pAkt-positive cells on the yolk sac
(Figures 6a–d). This effect was most obvious with lanthanum
and gadolinium. These data, in agreement with the genetic
data described above, indicate that Trpv5/6 represses IGF
signaling in NaR cells under normal [Ca2þ ].

Unexpectedly, when these TRPV5/6 inhibitors were added
to the low [Ca2þ ] group, they all inhibited low [Ca2þ ]-induced
Akt activation (Figures 6a–d). Cadmium was the most potent
among them. In comparison, the L-type Ca2þ channel blocker
verapamil and the potassium channel blocker tetraethylam-
monium had no such effect (Supplementary Figure S6a).
Furthermore, addition of cadmium reduced the low [Ca2þ ]-
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induced increase in NaR cell density in a concentration-
dependent manner (Figure 6e), suggesting that inhibiting
Trpv5/6 activity blocks low [Ca2þ ]-induced IGF signaling and
reduces NaR cell proliferation. The specificity of these
TRPV5/6 inhibitors/blockers was confirmed using the mus
mutant larvae. While cadmium inhibited low [Ca2þ ]-induced
pAkt activation in the control group, it did not affect the
elevated pAkt levels in the mus mutant group under normal
[Ca2þ ] (Supplementary Figure S6b).

Intracellular Ca2þ /CaM-dependent signaling has been
implicated in Akt activation in cultured mammalian cells.23

We tested the possible role of intracellular Ca2þ and/or CaM
signaling in mediating the Trpv5/6 effect using the intracellular
Ca2þ chelator BAPTA-AM. Addition of BAPTA-AM to low
[Ca2þ ] water did not affect Akt activity (Figure 6f). Likewise,
addition of W7 and calmidazolium, two CaM antagonists,
failed to inhibit the low [Ca2þ ]-induced Akt activation
(Figure 6f). Trpv5/6 is a Ca2þ -selective channel with nearly
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complete inward rectification that can induce membrane
depolarization.24,25 Adding 100 mM KCl to normal [Ca2þ ]
water to evoke artificial depolarization mimicked the effect of
low [Ca2þ ] and strongly increased pAkt levels (Figure 6g).
This effect was not caused by changes in osmolarity because
addition of sorbitol or NMDG at equal molar concentrations
had no such effect (Figure 6g). The KCl-induced Akt activation
was abolished by the addition of BMS-754807 and Wortman-
nin (Figure 6g), suggesting that membrane depolarization
activates Akt signaling in an IGF1R- and PI3K-dependent
manner. If the Trpv5/6-dependent IGF signaling in NaR cells
were mediated through membrane depolarization, then
KCl treatment should reverse the inhibitory effects of
Trpv5/6 blockers. Indeed, KCl treatment reversed the inhibitory
effects of ruthenium red and cadmium on low [Ca2þ ]-induced
Akt activation (Figure 6h). These results suggest that the
Trpv5/6 activity-dependent increase in IGF signaling under low
[Ca2þ ] is likely mediated through membrane depolarization.

Low extracellular [Ca2þ ] enhances IGF signaling in
human colon cancer cells. Human Caco-2 cells were used
to test whether low extracellular [Ca2þ ] amplifies IGF
signaling in human colon cells. These colon carcinoma cells
expressed TRPV626 (Supplementary Figure S7a) and
showed increased Akt signaling in response to IGF stimula-
tion (Figure 7a). This effect is mediated through IGF1R
because it was inhibited by BMS-754807 and NVP-AEW541
(Figure 7a). FACS analysis showed that while IGF stimula-
tion resulted in a significant increase in the number of cells in
the S-phase in the low [Ca2þ ] group (Po0.001), it had no
such effect in the normal [Ca2þ ] group (Figure 7b). These
data suggest that low extracellular [Ca2þ ] enhances the
mitotic response of Caco-2 cells to IGF stimulation.

Next, we tested whether low extracellular [Ca2þ ] enhances
IGF1R-PI3K-Akt signaling. IGF-1 or IGF-2 caused a signifi-
cantly greater Akt activation in the low [Ca2þ ] group
(6.5±0.4-fold) than in the normal [Ca2þ ] group (2.8±0.6-
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fold) (Po0.001, Figure 7c). In contrast, IGF treatment caused
similar increases in the pIGF1R levels in the normal and low
[Ca2þ ] groups (Figure 7d). Furthermore, IGF treatment

caused a highly significant increase in p85 and PDK1
phosphorylation in the low [Ca2þ ] group but not in the normal
[Ca2þ ] group (Figures 7e and f and Supplementary Figure
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S7b and S7c). These data suggest that the low [Ca2þ ]-
induced amplification occurs in a step downstream of the
IGF1R but at or above PI3K.

To determine whether TRPV6 is involved in the low [Ca2þ ]-
induced amplification of IGF signaling in Caco-2 cells,
ruthenium red and cadmium were used. Co-incubation with
ruthenium red or cadmium decreased the IGF-2-induced
increase in pAkt levels in a dose-dependent manner (Figures
8a and b), while it did not inhibit IGF-induced IGF1R
phosphorylation (Figures 8c and d). The Ca2þ -sensing
receptor (CaSR), a class C G-protein-coupled receptor that
senses and is activated by high extracellular [Ca2þ ], has a
key role in maintaining Ca2þ homeostasis by regulating the
release of parathyroid hormone (PTH).27 The CaSR is
expressed in the entire digestive tract, including the colon,
and has been hypothesized to be a major driver of colon cell
differentiation under high extracellular [Ca2þ ].28 However,
addition of NPS 2143, a selective CaSR antagonist,29

to cultured Caco-2 cells did not affect IGF-induced Akt signaling
in either normal or low [Ca2þ ] conditions (Figure 8e). Likewise,
NPS 2143 treatment had no effect on Akt signaling in NaR cells
in zebrafish larvae (Figure 8f). Gene expression analysis
results showed no difference in casr mRNA levels in zebrafish
larvae raised in normal or low [Ca2þ ] water (Figure 8g). These
data argue against a role of CaSR in the low [Ca2þ ]-induced
Akt signaling in Caco-2 in vitro or NaR cells in vivo.

Discussion

Human colon cancer cells proliferate when cultured in low
extracellular [Ca2þ ] and form colonies in soft agar under low
[Ca2þ ] conditions. When the extracellular [Ca2þ ] level is
increased to 1 mM or higher, monolayer growth slows, colony
formation in soft agar is suppressed, and cells undergo
differentiation.30 High [Ca2þ ] reduces the expression of cyclin
D1, c-fos, c-myc, c-jun and other cell growth-promoting
genes, and increases the expression of genes associated
with the onset of differentiation, such as P27(Kip1),
P21(WAF1), and E-cadherin.30 Although the mechanistic
basis underlying high [Ca2þ ]-induced epithelial cell differen-
tiation is relatively well understood, how Ca2þ deficiency
leads to abnormal cell proliferation is not very clear. Using
zebrafish larval yolk sac skin as an experimental model,
the present study uncovers a previously unrecognized
signaling mechanism mediating low [Ca2þ ]-induced
abnormal epithelial proliferation. We show that low [Ca2þ ]
treatment re-activates a mitotic program in pre-existing NaR
cells. This action is specific to Ca2þ deficiency because
reducing the concentration of other major ions has no such
effect. We provide several lines of evidence suggesting that
low [Ca2þ ] treatment results in a strong and sustained
activation of the IGF signaling pathway in these epithelial
cells exclusively, which in turn stimulates these differentiated
cells to re-enter the cell cycle. We show that the trpv5/6 and
igfbp5a genes are specifically expressed in NaR cells. While
locally expressed Igfbp5a has a positive role in activating IGF
signaling by facilitating the IGF ligand and receptor binding,
Trpv5/6 serves as a crucial switch of IGF signaling in NaR
cells. Under normal [Ca2þ ], Trpv5/6 represses IGF signaling
in NaR cells and suppresses their proliferation (Figure 9).

Therefore, a loss of Trpv5/6 expression or function results in
increased IGF signaling and elevated NaR cell proliferation
under normal [Ca2þ ] environments. Under low [Ca2þ ], the
altered Trpv5/6 activity activates IGF signaling in NaR cells and
stimulates their proliferation (Figure 9). Blockage or inhibition of
Trpv5/6 channel activity abolishes low [Ca2þ ]-induced activa-
tion of IGF signaling and NaR cell proliferation. The low [Ca2þ ]-
induced and Trpv5/6 activity-dependent activation of IGF
signaling is likely mediated through membrane depolarization.
A similar mechanism was observed in human colon epithelial
cells. This model (Figure 9) provides a mechanistic explanation
for the abnormal epithelial growth associated with Ca2þ

deficiency. This model is in agreement with recent clinical
studies reporting that PI3K and pAkt are highly expressed in
colon cancer tissues.31

IGF ligands and IGF1Rs are expressed in most, if not all,
tissues in mammals and in zebrafish.32,33 How is the
ubiquitous IGF signaling system activated exclusively in
NaR cells under low [Ca2þ ] environments? Recent studies
suggest that the net biological activities of the IGF signaling
system are not only determined by the levels of IGF ligands
and receptors but also modulated by various IGFBPs.15

Studies in mammalian systems have shown that IGFBP5 has
several modes of action. In circulation, it is present in a tertiary
complex containing IGFBP5, an IGF ligand, and the acid-
labile subunit.34 This tertiary complex controls the efflux of
IGFs from the vascular space and prolongs the half-lives of
IGFs. IGFBP5 is also expressed in many fetal, neonatal, and
adult tissues and local IGFBP5 can modulate IGF activities in
an autocrine/paracrine manner15 or can have ligand-indepen-
dent action.35,36 In differentiating murine myoblasts, for
example, IGFBP5 is located on the cell surface, and its
expression is induced in the early stages during myogenesis.37

The cell surface-associated IGFBP5 binds to IGF-2 and
brings IGF-2 into close proximity of the IGF1R, thereby
enhancing IGF1R-mediated PI3K-Akt signaling activity.37

In NaR cells, locally expressed Igfbp5a likely acts in a similar
fashion to facilitate the IGF ligand–receptor interaction. While
our results support a positive role of local Igfbp5a in the low
[Ca2þ ]-induced activation of IGF signaling in NaR cells, we do
not think that Igfbp5a functions as the actual [Ca2þ ] sensor.
The reason for this is that the expression level of igfbp5a per
NaR cell is not regulated by [Ca2þ ], and that Igfbp5a does not
contain any Ca2þ -sensing EF-hand motifs. Other mecha-
nisms must exist to sense the change in water [Ca2þ ] and
trigger the activation of IGF signaling in NaR cells.

In this study, we provide genetic and pharmacological
evidence suggesting that Trpv5/6 has a critical role in
regulating IGF signaling in NaR cells. First, mus mutant
larvae, which have a loss-of-function mutation in the trpv5/6
gene,8 showed a dramatic increase in pAkt levels and
elevated NaR cell proliferation rates under normal [Ca2þ ].
The elevated Akt signaling and NaR cell proliferation in the
mus mutant larvae is IGF1R-dependent. Likewise, targeted
knockdown of Trpv5/6 increased pAkt levels and NaR cell
number under normal [Ca2þ ]. Blocking/inhibiting Trpv5/6
activity using four TRPV5/6 inhibitors/blockers all resulted in
elevated pAkt signal in NaR cells under normal [Ca2þ ]
conditions. These data suggest that Trpv5/6 represses IGF
signaling and suppresses NaR cell proliferation under normal
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[Ca2þ ]. Unexpectedly and most intriguingly, blocking/inhibiting
TRPV5/6 activity abolishes low [Ca2þ ]-induced Akt signaling
and NaR cell proliferation. This effect is unlikely caused by any
non-specific toxicity associated with chemical inhibitors
because (a) all four different TRVP5/6 inhibitors had similar
effects, while blocking the L-type Ca2þ channel and the
potassium channel had no such effect; (b) their inhibitory
effects were absent in the mus mutant larvae under normal
[Ca2þ ]; (c) their inhibitory effects were reversed by artificial
membrane depolarization. Based on these findings, we
postulate that Trpv5/6 has dual roles in regulating IGF
signaling in NaR cells. While Trpv5/6 represses IGF signaling
in NaR cells under normal [Ca2þ ], the same Trpv5/6 activates
IGF signaling in NaR cells under low [Ca2þ ].

How does the same Trpv5/6 exert these dual roles in
regulating IGF signaling under normal and low [Ca2þ ]
conditions and how are changes in [Ca2þ ] sensed and
signaled in these cells? We considered and explored several
possibilities. Changes in extracellular [Ca2þ ] are known to be
sensed by the CaSR.27 Activation of CaSR has been shown to
increase mammalian TRPV5 activity.38 This possibility was
not supported by our data. Addition of a CaSR antagonist did
not affect basal or Ca2þ deficiency-induced Akt signaling in
human Caco-2 cells or in NaR cells. We also explored the
possible involvement of intracellular Ca2þ /CaM signaling.
In zebrafish NaR cells, however, CaM antagonists and Ca2þ

chelating agent did not affect Akt activity. A recent study
reported that IGF-1 is secreted by Ca2þ -triggered exocytosis
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in mammalian olfactory bulb neurons.39 Whether low [Ca2þ ]
treatment may alter the exocytosis of IGF ligands in zebrafish
larvae or in colon cells is not known at present. However,
if such a mechanism is at work, one would expect to see
increased pIGF1R levels under low [Ca2þ ]. Our experiments
in Caco-2 cells showed that the low [Ca2þ ]-induced amplifi-
cation of signaling response to IGF-2 occurs at the levels of
p85, PDK1, and pAkt, while no such amplification was
observed in the levels of pIGF1R. Another possible mecha-
nism is the anomalous mole faction behavior of the TRPV5
and TRPV6 channels. The current amplitudes of these
channels decrease when extracellular [Ca2þ ] is lowered from
10 to 0.1 mM, but are elevated when extracellular [Ca2þ ] is
further reduced from 0.1 to 0.001 mM,25,40 suggesting that the
channel activity can be directly regulated by environmental
[Ca2þ ]. Our available data support this scenario. The
concentration of extracellular Ca2þ to induce Akt phospho-
rylation (0.02 and 0.001 mM) correlates well with that to
increase TRPV5/6 current amplitude (o0.1 mM).

Although it was initially thought that TRPV5/6 are
constitutively open based on experiments showing elevated
intracelluar free [Ca2þ ] in Ca2þ indicator dye fura-2-loaded

TRPV5-expressing HEK cells,24 it was later shown that this is
likely due to an effect of fura-2 in buffering intracelluar [Ca2þ ],
because patch-clamp recording indicated no spontaneous
channel activity.41 It is now understood that TRPV5/6
channels are negatively regulated by extracellular [Ca2þ ],
and that lowering extracellular [Ca2þ ] can increase the
channel conductance to monovalent cations such as
Naþ .24,40,42 Membrane depolarization has been shown to
activate the PI3K-Akt signaling in neuronal cells.43,44 Link
et al.45 have reported that TRPV2 activity induces membrane
depolarization during immune complex-induced phago-
cytosis. We hypothesized that the influx of Naþ through
Trvp5/6 under the low [Ca2þ ] condition may lead to
membrane depolarization, which in turn increases IGF
signaling in these cells. In this study, we tested this hypothesis
by provoking artificial membrane polarization. At present,
direct measurement of membrane potential in NaR cells is
difficult. These cells are buried underneath the pavement
cells, which are very tough to penetrate. One has to peel off
the skin and patch from the basal–lateral side, which would
destroy the skin integrity. Future efforts are needed to develop
new techniques to monitor membrane potential in NaR cells
directly or indirectly in order to further test this hypothesis.

In conclusion, we have unraveled a novel and evolutionarily
conserved signaling mechanism linking the Ca2þ -selective
cation channel, TRPV5/6, to the IGF-induced PI3K-PDK1-Akt
signaling pathway. This signaling module is activated under
Ca2þ -deficient conditions in epithelial cells exclusively.
We provide direct evidence that this signaling mechanism has a
pivotal role in Ca2þ deficiency-induced abnormal epithelial
growth. We also show that a similar signaling mechanism is
functional in human colon cancer cells. It has been docu-
mented for half a century that low [Ca2þ ] induces colon cell
proliferation in vitro and in vivo.46,47 Although several recent
studies have shown that TRPV6 overexpression is often
associated with increased cell proliferation in colon, breast,
and prostate cancers,48–50 it is not clear how an increase in
TRPV5/6 levels leads to elevated proliferation. The Ca2þ

deficiency-induced and Trpv5/6-dependent IGF signaling
unraveled by this study provides a possible mechanistic
explanation for the elevated epithelial cell proliferation in
Ca2þ deficiency. Our findings also uncover a novel role of IGF
signaling in regulating epithelial growth in zebrafish in
response to low [Ca2þ ]. Although the role of IGF signaling
in regulating normal growth and development is well
established, it has only recently become evident that the
IGF signaling pathway is often co-opted in various adaptive
responses. For example, IGF signaling is increased and has a
role in the exercise-induced skeletal muscle hypertrophy in
mammals,51 in fin regeneration upon amputation in zebra-
fish,52 and in catch-up growth during re-oxygenation in
zebrafish.53 The results of the present study, along with those
mentioned above, suggest that co-option of the ubiquitous
IGF signaling pathway in regulating plastic changes of specific
tissues in response to environmental factors may be a
common theme.

Materials and Methods
Chemicals and reagents. All chemicals and reagents were purchased from
Fisher Scientific (Pittsburgh, PA, USA) unless stated otherwise. Oligonucleotide
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Figure 9 A proposed model on how Trpv5/6 regulates IGF signaling and
epithelial growth under normal and Ca2þ -deficient conditions. Upper panel: under
normal [Ca2þ ], the activity of IGF1R-PI3K-Akt signaling in NaR cells is under the
negative regulation of Trpv5/6 and cell proliferation is kept at low levels. As a result,
there are a limited number of NaR cells on the larval yolk sac skin. Lower panel:
under low [Ca2þ ] environments, the number and density of NaR cells increase
dramatically due to elevated proliferation of pre-existing NaR cells. Low [Ca2þ ]
results in changes in Trpv5/6 activity (1). This leads to membrane depolarization (2),
which in turn leads to the amplification of IGF signaling at the levels of PI3K and Akt
(3). Local Igfbp5a facilitates the IGF ligand and receptor binding (4). The activation
of IGF1R-PI3K-Akt signaling stimulates NaR cells to re-enter the cell cycle (5),
leading to the increased NaR cell number and density
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primers, cell culture media, and supplements were purchased from Invitrogen
(Carlsbad, CA, USA). BMS-754807 and NVP-AEW541 were obtained from JiHe
Pharmaceutica (Beijing, China) and Novartis (Basel, Switzerland). Wortmannin,
LY294002, U0126, and PD98059 were purchased from Cell Signaling Technology
(Danvers, MA, USA), MK2206 and Akti-1/2 from ChemieTek (Indianapolis, IN, USA)
and EMD Chemicals (Billerica, MA, USA), SU5402 and NPS-2143 from Tocris
Bioscience (Bristol, UK), and AG1478 from Cayman Chemical (Ann Arbor, MI, USA).
EGTA, cadmium chloride, ruthenium red, lanthanum chloride, and gadolinium
chloride were purchased from Sigma-Aldrich (St Louis, MO, USA). Antibodies
against phospho-IGF1R (Tyr 1161) and IGF1Rb (C-20) were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Phospho-Akt (Ser 473), total Akt, phospho-
Erk (Thr202/Tyr204), total Erk, and total PDK1 antibodies were from Cell Signaling
Technology. Antibodies against the p85 subunit of PI3 Kinase and phosphotyrosine
(4G10) were bought from Millipore (Billerica, MA, USA). MOs were purchased from
GeneTools (Philomath, OR, USA).

Experimental animals. Wild-type zebrafish (Danio rerio) were maintained
on a 14 h light/10 h dark cycle at 28 1C and fed twice daily. Fertilized eggs were
kept at 28.5 1C and staged according to the standard method.54 N-phenylthiourea
was added (0.003% w/v) to inhibit pigmentation. Artificial freshwater with different
Ca2þ and other ion concentrations was prepared using double deionized water
generated by Milli-Q Academic System (Millipore). The nominal ion concentration
and osmolarity are shown in Supplementary Table S1. All experiments were
conducted in accordance with the guidelines approved by the University
Committee on the Use and Care of Animals, University of Michigan. Zebrafish
trpv5/6 mutant embryos were generated by crossing two identified adult fish
heterozygous for the must25927 mutation.8 Stained fish were genotyped following
the published KASPar SNP genotyping method.8

Whole-mount in situ hybridization. Single-color in situ hybridization
using digoxigenin (DIG)-labeled antisense riboprobes was carried out as reported
previously.14 Images were captured with a stereomicroscope (Leica MZ16F, Leica,
Wetzlar, Germany) equipped with a QImaging QICAM camera (QImaging, Surrey,
BC, Canada), or a compound microscope (Nikon Eclipse E600, Nikon, Tokyo,
Japan) equipped with a Photometric CoolSNAP EZ camera (Photometrics,
Tucson, AZ, USA). For double-label in situ hybridization, igfbp5a,14 trpv5/6,11 and
atp6v1al17 riboprobes were labeled with either DIG or dinitrophenol following the
published protocol.55 Fluorescent images were acquired using a Leica TCS SP5
confocal microscope with the Leica LAS AF software.

RT-PCR and quantitative real-time PCR (qRT-PCR). Total RNA was
isolated using TRIzol reagent (Invitrogen). 1mg RNA was reverse-transcribed to
cDNA using M-MLV reverse transcriptase (Invitrogen). RT-PCR was performed using
Taq DNA polymerase (New England Biolabs, Ipswich, MA, USA). qRT-PCR was
carried out using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) with an
iCycler iQ Multicolor real-time PCR detection system (Bio-Rad). The efficiency and
specificity of the qPCR were verified by standard curve and denaturing curve
analyses. The expression level of a particular gene transcript was calculated based
on the standard curve and normalized by the b-actin levels. Primers used are shown
in Supplementary Table S2.

BrdU labeling. BrdU-labeling experiments were performed by incubating
zebrafish larvae in artificial freshwater containing 10 mM BrdU (Sigma-Aldrich).
Cells incorporating BrdU were detected by immunostaining using a mouse anti-
BrdU antibody (Sigma-Aldrich) at 1 : 200 followed by Nickel-diaminobenzidine
staining or immunofluorescence. In some experiments, fish larvae were subjected
to in situ hybridization using DIG-labeled riboprobe followed by BrdU staining.

Immunostaining. Zebrafish larvae were fixed in 4% paraformaldehyde,
permeabilized in methanol, and subjected to blocking solution containing 5%
normal donkey serum. Samples were then incubated with primary antibody
overnight at 4 1C, washed, and then incubated with an anti-rabbit HRP antibody
(Jackson ImmunoResearch, West Grove, PA, USA) followed by nickel-
diaminobenzidine staining or immunofluorescence. For in situ hybridization and
immunofluorescence co-staining, samples were subjected to in situ hybridization
(omit proteinase K treatment) and then to immunostaining.

Western blot and ligand blot. The construction of the IGFBP::GFP and
IGFBP::myc expression vectors were described previously.14 Human IGFBP5

and its ligand binding domain mutant (K68N/P69Q/L70Q/L73Q/L74Q) were used
as positive and negative controls. These constructs were transiently transfected
into HEK 293 cells using Lipofectamine 2000 (Invitrogen). One day after the
transfection, cells were switched to serum-free medium containing 200 mg/ml
heparin to prevent possible degradation. Conditioned media were collected after
48 h, and analyzed by western blot using an anti-GFP antibody (Torrey Pines
Biolabs, Secaucus, NJ, USA) or an anti-myc antibody (Santa Cruz
Biotechnology). They were also subjected to ligand blot using DIG-labeled
human IGF-1 and IGF-2 as reported previously.14

Co-immunoprecipitation (IP). Immunoprecipitation was performed using
the 4G10 or anti-p85 antibodies following previously published protocol.41

The immunoprecipitated complex was analyzed by western blot using anti-p85,
anti-PDK1, and 4G10 antibodies as described above. The ratios of phosphorylated
to total protein were calculated after the images had been analyzed by
densitometry using a Fluor-S Imager (Bio-Rad) and ImageJ software.

MO injection and verification. MOs were injected into 1–2-cell stage
embryos. Two translation-blocking MOs were used to knockdown Igfbp5a
(MO1: 50-CAAACTTAGCAGCATCGTCCTACTG-30 targeting nucleotides � 10 to
15; MO2: 50-TTTGTATCGTTTAAGGTTCCCGAGT-30 targeting nucleotides
� 78 to � 54) and injected at (4 ngþ 4 ng)/embryo. A previously validated Trpv5/6
MO22 was injected at 4 ng/embryo. A standard control MO (50-CCTCTTACCT
CAGTTACAATTTATA-30) was injected at the same concentration as the test
group. To verify the efficiency and specificity of these MOs for blocking the
translation initiation complex on igfbp5a, we constructed a GFP reporter containing
partial 50 UTR and coding sequence of igfbp5a or igfbp5b. DNA fragments
containing 81 bp of 50UTR and 99 bp of coding sequence of igfbp5a, or 91 bp of 50UTR
and 99 bp of coding sequence of igfbp5b were PCR-amplified and cloned
into the pCS2-EGFP14 at BamHI/ClaI sites. Primers used are shown in
Supplementary Table S2. These reporter plasmids (250 pg) were injected into 1–2-
cell stage embryos alone or together with Igfbp5a targeting MOs or the
standard control MO.

Cell culture and flowcytometry analysis. Human colorectal adeno-
carcinoma (Caco-2) cells and embryonic kidney (HEK293) cells were cultured in
DMEM supplemented with 10% FBS, penicillin, and streptomycin in a humidified-
air atmosphere incubator containing 5% CO2 at 37 1C. To examine the effect of
[Ca2þ ], culture media with different [Ca2þ ] were prepared by adding CaCl2 to
DMEM without Ca2þ at the desired concentration. After washing three times with
these media, Caco-2 cells were incubated overnight before IGF treatment.
Cell cycle analysis was carried out using a FACS Calibur flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA) as previously described.21

Statistics. Differences among experimental groups were analyzed by one-way
ANOVA followed by Tukey’s multiple comparison test using GraphPad Prism 5
(GraphPad Software, La Jolla, CA, USA). Correlation analysis was carried out by
fitting the data to the equation Y¼ X to calculate r2 using GraphPad Prism 5
(GraphPad Software). Data shown are mean±standard deviation (S.D.).
Significance was accepted at Po0.05 or greater.
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