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miR-8 microRNAs regulate the response to osmotic

stress in zebrafish embryos

Alex S. Flynt,' Elizabeth J. Thatcher,' Kristopher Burkewitz,? Nan Li,' Yinzi Liv," and James G. Patton'

'Department of Biological Sciences and “Department of Pharmacology, Vanderbilt University, Nashville, TN 37235

icroRNAs (miRNAs) are highly conserved smalll

RNAs that act as translational regulators of

gene expression, exerting their influence by se-
lectively targeting mRNAs bearing complementary se-
quence elements. These RNAs function in diverse aspects
of animal development and physiology. Because of an
ability to act as rapid responders at the level of transla-
tion, miRNAs may also influence stress response. In this
study, we show that the miR-8 family of miRNAs regulates
osmoregulation in zebrafish embryos. lonocytes, which are
a specialized cell type scattered throughout the epidermis,

Introduction

MicroRNAs (miRNAs) are a class of small (~22 nt) noncoding
RNAs that negatively regulate gene expression (Reinhart et al.,
2000; Lagos-Quintana et al., 2001). Functional miRNAs are
derived from larger precursors that mature through sequential
nuclear and cytoplasmic cleavages performed by the RNase III
enzymes Drosha and Dicer, respectively (Bernstein et al., 2001;
Ketting et al., 2001; Lee et al., 2002, 2003). The longer primary
miRNA transcripts contain hairpin folds that are recognized and
excised by a Drosha-containing complex and are required for
nuclear export and final maturation by Dicer in the cytoplasm
(Lee et al., 2003). Normally, one strand of the fully processed
22-nt double-stranded miRNA is incorporated into the RNA-
induced silencing complex, a multisubunit complex that asso-
ciates with polyribosomes and is responsible for inhibiting
translation of associated mRNAs (Tuschl et al., 1999; Zamore
et al., 2000; Ishizuka et al., 2002; Okamura et al., 2004).
miRNAs target specific mRNAs for down-regulation, usu-
ally by pairing imperfectly to miRNA recognition elements
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are responsible for pH and ion homeostasis during early
development before gill formation. The highly conserved
miR-8 family is expressed in ionocytes and enables pre-
cise control of ion transport by modulating the expression
of Nherf1, which is a regulator of apical trafficking of
transmembrane ion transporters. Ultimately, disruption of
miR-8 family member function leads to an inability to
respond to osmotic stress and blocks the ability to prop-
erly traffic and/or cluster transmembrane glycoproteins
at the apical surface of ionocytes.

(MREs) in 3" untranslated regions (UTRs; Lai, 2002; Enright
et al., 2003; Lewis et al., 2003; Brennecke et al., 2005). Higher
eukaryotic genomes encode anywhere from hundreds to thou-
sands of miRNAs to enable precise control of gene expression
(Kloosterman and Plasterk, 2006). Understanding and identifying
the exact genes regulated by specific miRNAs remain a difficult
problem. The prediction of miRNA targets through genome-
wide analysis of 3’ UTR sequences is complicated by imperfect
complementarity between most miRNAs and their targets.
Therefore, reporter assays and direct functional tests are re-
quired to verify prediction algorithms.

The expression patterns of multiple miRNAs have been de-
scribed in different organisms, tissues, and developmental time
points (Miska et al., 2004; Sempere et al., 2004; Giraldez et al.,
2005; Thatcher et al., 2007). In vertebrate embryos, particularly
zebrafish, temporal expression patterns have been complemented
by in situ localization using locked nucleic acid (LNA) oligo-
nucleotides to hybridize to mature miRNA sequences (Wienholds
et al., 2005; Kloosterman et al., 2006a,b). These analyses have
revealed a striking variety of expression patterns of different
miRNAs during early vertebrate development. The sequences of
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many miRNAs are conserved, showing similar expression pat-
terns, genomic organization, and copy numbers, suggesting that
the use of genetically tractable organisms such as zebrafish could
yield insight into the role of miRNAs in humans and their poten-
tial role in physiology and disease.

One such conserved family of miRNAs is the miR-8 fam-
ily, which has five members in vertebrates. These miRNAs (miR-
200a, miR-200b, miR-200c, miR-141, and miR-429) are very
similar in sequence, particularly at their 5" ends, and appear to
have descended from miR-8 in insects (Ambros, 2003; Griffiths-
Jones, 2004; Griffiths-Jones et al., 2006). All vertebrates encode
miR-8 homologues arranged identically in two polycistrons and,
at least in zebrafish, show identical tissue specificity in nasal
epithelia, neuromasts, the pronephros, and a subset of epidermal
cells (Wienholds et al., 2005).

Although the aforementioned tissues may seem quite dis-
tinct, they all are composed of cells that can be readily stained
with dyes that are reported to mostly target mitochondria-rich
cells (MRCs). In this study, we focused on ionocytes, which are
cells that are interspersed among keratinocytes in the skin of de-
veloping zebrafish embryos. Functionally, these cells mimic inter-
calated cells in the mammalian distal nephron and collecting
duct that function to regulate ion flux (Hsiao et al., 2007; Janicke
et al., 2007). We show that in zebrafish, these cells express miR-8
family miRNAs that participate in osmoregulation through the
targeting of nherfl. Nherfl was originally shown to regulate the
activity of NHE3 in renal brush border cells (Weinman et al.,
2000), but it also controls apical presentation and trafficking of
membrane proteins such as ion transporters and receptors (Lin
et al., 2006; Hsiao et al., 2007; Janicke et al., 2007). Disruption
of miR-8 miRNAs results in zebrafish embryos deficient in
responding to osmotic stress and incapable of properly main-
taining ion and acid base homeostasis.

Results

miR-8 family miRNAs are expressed

in ionocytes

In situ hybridization experiments using LNA probes comple-
mentary to miR-200a and miR-200b have shown that these
miRNAs are expressed in several tissues in zebrafish embryos,
including nasal epithelium, neuromasts, the pronephros, and
scattered epithelial cells (Wienholds et al., 2005). Interestingly,
these same tissues can be stained with fluorescent dyes that are
thought to preferentially target MRCs (Jonz and Nurse, 2006).
One of these stains is the styryl dye DASPEI, which is cell per-
meable, accumulates in mitochondria, and allows staining and
visualization in live embryos (Fig. 1 A; Harris et al., 2003).
Structures stained by DASPEI that also show an accumulation
of miR-200b include neuromasts, the pronephros, and dispersed
epithelial cells (Fig. 1, B-D’). The dispersed epidermal cells
that express miR-200b resemble ionocytes based on their ovoid
cell morphology and their location in the epidermis (Fig. 1, D
and D’; Jonz and Nurse, 2006; Lin et al., 2006). There are at
least two different populations of ionocytes present in the skin
of zebrafish embryos that can be differentiated based on the ex-
pression of H" ATPases (H* pump-rich cells [HRCs]) or Na*-K*
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ATPases (Na*-K* pump-rich cells [NRCs]; Lin et al., 2006;
Esaki et al., 2007). HRCs can be differentiated from NRCs by
their strong affinity to the lectin Con A (Lin et al., 2006). HRCs
are responsible for the accumulation of Na*, whereas NRCs are
thought to participate in regulating appropriate levels of K™ and
Na*, with a subset responsible for the uptake of Ca** (Esaki
et al., 2007; Janicke et al., 2007). To determine whether the epi-
dermal cells in zebrafish skin that express miR-200b are iono-
cytes and, if so, which subclass of ionocytes, we localized
miR-200b by fluorescent in situ hybridization in embryos
stained with both MitoTracker red and Con A before fixation.
MitoTracker red behaves similarly to DASPEI, accumulating as
a fluorescent marker of mitochondria that can be visualized in
living embryos (Esaki et al., 2007). However, unlike DASPEI,
the dye exhibits a much narrower emission spectra and becomes
covalently attached to mitochondrial proteins through thiol con-
jugation. Thus, MitoTracker red staining persists after fixation
of embryos, allowing colabeling experiments. Triple labeling
demonstrated that miR-200b is expressed in MitoTracker red—
positive, Con A—positive cells, indicating that these cells are
ionocytes of the HRC subtype (Fig. 1, E-E'"").

Morpholino knockdown of miR-8 family
members

miR-200b is a member of a larger family of miRNAs named for
the founder miRNA in Drosophila melanogaster, miR-8 (Aravin
et al., 2003; Chen et al., 2005b). Although all members of the
miR-8 family share a high degree of sequence similarity, modest
changes have occurred during the diversification of this miRNA
family. The alignment of hairpin precursor sequences shows the
relatedness of the members (Fig. 2 A). Focusing on the mature
sequences, miR-200b and miR-200c are identical, as are miR-200a
and miR-141 (Fig. 2 B). The 5’ end of the founder miRNA,
miR-8, is most similar to miR-200b, miR-200c, and miR-429
(Fig. 2 B). This region is referred to as the seed sequence and
plays an important role in target pairing (Lewis et al., 2003).

Antisense technology has been widely used to interfere
with miRNA function (Krutzfeldt et al., 2006). In zebrafish, anti-
sense morpholino oligonucleotides have been used to inhibit
miRNA function for up to 72 h postfertilization (hpf; Flynt et al.,
2007; Kloosterman et al., 2007). To target the miR-8 family in
zebrafish, we designed two sets of antisense morpholinos. The
first set is complementary to the mature sequence of miR-200b
(BM°") and the mature sequence of miR-200a (AM°'; Fig. 2 C).
A second control set was prepared that consists of morpholinos
complementary to the seed and loop regions of both miR-200b
(BM°?) and miR-200a (AM°?). Both sets are designed to effec-
tively target members of the miR-8 family.

To determine the effectiveness of the morpholinos alone
and in combination, we performed Northern blotting against
miR-200 family members with RNA extracted from 36-hpf em-
bryos that were injected at the single-cell stage with different
combinations of morpholinos (Fig. 2 D). The greatest knock-
down was achieved through injection of either the AM°" + BM©!
(ABMO") or AMO? 4 BMO2 (ABMO?) combination of morpholinos.
Injection of single morpholinos or a scrambled morpholino did
not result in significant decreases in miRNA levels except for
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miR-200 is expressed in MRCs. (A) Live imaging of 3-dpf zebrafish embryos incubated in the mitochondrial stain DASPEI. DASPEI preferentially

labels the nasal epithelium, neuromasts, epidermal cells, and the pronephros, as indicated. (B) DASPEI staining of a single neuromast. (B) In situ hybridiza-
tion was performed on zebrafish embryos at 36 hpf with LNA antisense oligonucleotides complementary to miR-200b. Localization was performed using
NBT/BCIP color development. (C) DASPEI staining of the pronephros. (C’) miR-200b in situ localization shows expression in the pronephros. (D) DASPEI
staining in epidermal cells overlying the yolk in 36-hpf zebrafish embryos. (D) miR-200b in situ localization in epidermal cells. Arrows point to miR-200b
expression. (E) MitoTracker red staining of epidermal cells. (E’) Fluorescence signal derived from Cy3-labeled antidigoxigenin antibodies bound to LNA
probes hybridized to miR-200b. (E”) Signal from FITC-conjugated Con A bound to glycoproteins on the apical membrane of HRC ionocytes. (E'"') Merge

of MitoTracker red, miR-200b in situ, and FITC-Con A signals.

BM°? (Fig. 2 D). Even though detectable levels of miR-8 family
members were still observed when combinations of morpholi-
nos were used, the resulting decreases were sufficient to gener-
ate phenotypic effects on ionocyte function (see next section).

Next, we sought to determine the effects of knockdown of the
miR-8 family on zebrafish development. Injection of the ABM®"
and ABM®? combinations did not result in detectable defects in
gross zebrafish embryo morphology at 36 hpf. Uninjected con-
trol (UIC) embryos and those injected with the ABM°! or ABM®*
combination were virtually indistinguishable when examined

under either light microscopy (not depicted) or after DASPEI

staining (Fig. 3, A—C). Thus, at this time point and with this
level of knockdown, there was no apparent defect in either over-
all development or in the specification of mitochondria-rich
ionocytes. Because normal morphology and cell specification
appeared intact, we next sought to test whether the miR-8 fam-
ily functions to regulate the physiology of ionocytes.

To test whether the miR-8 family regulates ionocyte
function, we subjected embryos injected with the ABM°' or
ABM©? combination to osmotic stress. Injected morphants were
allowed to develop in 1x Danieau buffer for the first 24 h
of embryogenesis, after which they were transferred to high-
salt buffer (10x Danieau buffer) for 24 h followed by a final
transfer to distilled water. The transitions between dramatically
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Figure 2. Knockdown of miR-8 miRNAs by morpholino inhibition. (A) Phylogeny of zebrafish miR-8 family by alignment of miRNA precursor hairpin
sequences. (B) Alignment of mature miRNA sequences from the miR-8 family in zebrafish. Identical nucleotides are shown in yellow, with those matching
the founding member in Drosophila (dme-miR-8) indicated with asterisks. (C) Design of targeting antisense morpholino oligonucleotides against mature
miR-200b (miR-200bM°"), mature miR-200a (miR-200cM°"), and the loop sequences from miR-200b (miR-200b6"°?) and miR-200a (miR-200aM°?). (D) Expres-
sion of miR-200 family members at 36 hpf after injection of morpholinos into single<cell zebrafish embryos. RNA was isolated from embryos (injected as
indicated), and Northern blots were probed with an oligonucleotide against miR-200b. Based on the hybridization conditions and because of the sequence
similarity between the different family members, the resulting signals indicate the levels of all miR-200 family members, not just miR-200b. The numbers
below the blot represent the ratio of miR-200b levels to U6 levels using densitometry.

different salt concentrations induced severe osmotic stress,
and the morphological effects of such stress were documented
24 and 48 h after the final transfer to distilled water (Fig. 3,
D-H). Consistent with the idea that the miR-8 family func-
tions to regulate the physiology of ionocytes, zebrafish em-
bryos injected with either the ABMC! or the ABM®? combination
exhibited increased sensitivity to osmotic stress, displaying
significantly increased edema compared with UIC embryos,
both in severity and frequency (Fig. 3, C, D, and E). Interest-
ingly, when UIC or ABM°'- or ABM%%injected embryos were
transferred to distilled water after equilibrating for 24 h in 1x
buffer (i.e., no exposure to high salt), no observable defects
were detected (unpublished data). Similarly, neither UIC em-
bryos nor ABM®! morphants raised continuously at high salt
exhibited obvious developmental defects (unpublished data).
This suggests that the reduction in the levels of miR-8 family
members results in an inability to manage fluctuations that in-
duce extreme osmotic stress and is consistent with a role for
miR-8 family members in ionocyte physiology.

JCB « VOLUME 185 « NUMBER 1 « 2008

The miR-8 family participates in the
regulation of Na* accumulation in ionocytes
Next, we sought to determine whether changes in ion homeosta-
sis could be observed in control and morphant embryos. To ex-
amine the accumulation of Na® in HRC ionocytes, we used
Sodium green, which emits fluorescence in correlation with in-
creasing Na* concentration (Esaki et al., 2007). As with DAS-
PEI and MitoTracker red, Sodium green is cell permeable and
can be used to stain live embryos. After a 60-min incubation of
embryos in the presence of Sodium green, Na* accumulation in
ionocytes was readily observed using fluorescence microscopy
(Fig. 4). We used a combination of Sodium green and Mito-
Tracker red to visualize ionocytes in normal zebrafish embryos
at three different pHs in 1x buffer (Fig. 4, A-C). The combina-
tion of dyes allowed verification that the Sodium green fluores-
cence was indeed derived from ionocytes. The accumulation of
Na® in zebrafish embryos depended on the pH of the culture
water, with embryos raised at low pH exhibiting the greatest ac-
cumulation (Fig. 4 A). This is because Na® accumulation in



g

@
(=]

=23
(=]

»
(=]

n
(=]

o

Percent of embryos with edema

uic AB"°'A

BM02

Figure 3. Loss of miR-8 miRNAs affects os-
mofic stress response. (A-C) DASPEI staining
to show morphology of zebrafish embryos in
UIC and ABMO™. and ABM®Zinjected embryos.
(D and E) 36 hpf, embryos subjected to osmotic
stress were either unaffected (D) or exhibited
edema (E). The arrow indicates swelling of the
epicardium, which is typical of edema. (F-H)
Severity of edema in UIC and ABM®' and
ABMO2 morphants at 4 dpf. (I) Percentage UIC
or ABMOL or ABMOZjnjected embryos exhibit-
ing edema at 3 and 4 dpf. Statistically signifi-
cant differences were determined by ANOVA
and are indicated by asterisks (a = 0.5); error
bars show SEM.
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3 dpf

HRCs depends on the function of Na*/H* exchangers (NHEs)
and, therefore, is linked to H* efflux (Esaki et al., 2007; Horng
et al., 2007). These antiporters are important for ion movement
and pH homeostasis in several different organisms (Claiborne
et al., 2002). Interestingly, acidosis increases localization of
NHEs at the apical membranes of mammalian renal cells, which,
in turn, leads to enhanced rates of Na*/H* exchange (Claiborne
et al., 2002). A similar phenomenon is apparently occurring in
zebrafish HRCs, in which the need for increased acid secretion
is balanced by Na" accumulation. This is evident from the in-
creased number of Sodium green—positive cells at decreasing
pH (Fig. 4, A-C).

Next, we sought to determine whether a change in Na*
accumulation could be observed in embryos injected with ei-
ther the ABM®' or ABM°? combination. Decreased Na* accu-
mulation was observed under both conditions (Fig. 4, D-F and
Fig. S1). The change in Na* accumulation was most pro-
nounced when comparing the ABM®' or ABM°* morphants with
UICs at pH 5.0 (Fig. 4, A and D, and Fig. S1 and see Fig. 6 E).
These results are consistent with a role for the miR-8 family
in regulating ion homeostasis in ionocytes. For subsequent

4 dpf

experiments, we focused on the observed differences at pH 5.0
before visualization of labeled embryos, and we only exam-
ined ABM°! morphants because both sets of morpholinos gave
similar or identical results.

nherf1 is a target of the miR-8 family

To better understand how the miR-8 family influences the phys-
iology and function of ionocytes, we sought to identify miR-8
target genes that could be responsible for regulating Na* accu-
mulation. A variety of algorithms have been created to predict
the targets of specific miRNAs based on sequence complemen-
tarity, sequence context, and conservation across species (Lewis
et al., 2003; Chen et al., 2005a; Grimson et al., 2007). One of
the predicted targets for both miR-200a and miR-200b is
slc9a3r2 (located on chromosome 12 bp 30,682,734-30,726,868),
which is also known as Nherf1 (Chen et al., 2005b). This gene
encodes a phosphoprotein containing two N-terminal PDZ do-
mains that interacts with a variety of membrane-associated
partners, including NHEs and other ion transporters (Yun et al.,
1997; Murthy et al., 1998; Lederer et al., 2003; Morales et al.,
2007; Wheeler et al., 2007). The C-terminal domain of Nherf1
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Figure 4.

interacts with the cytoskeletal proteins merlin, ezrin, radixin,
and moesin, enabling Nherf1 to serve as an adapter molecule
linking membrane proteins to cytoskeletal actin filaments
(Fig. 5 A; Weinman et al., 2000; Morales et al., 2007). There
are multiple mammalian Na*/H" exchange regulatory factor
isoforms that are similar in domain structure but associate
with different partners and exhibit tissue-specific expression
patterns (Yun et al., 1997; Weinman et al., 2000). Like mam-
mals, zebrafish possess multiple Na*/H* exchange regulatory
factor isoforms, most of which are uncharacterized. nherfI is
expressed in several regions of the brain, pronephros, and epi-
dermis (Thisse et al., 2001). In addition to being an excellent
candidate based on the regulation of Na® accumulation by
Nherfl, the MREs in the nherfl 3' UTR are exceptionally
strong, matching the current criteria described for efficient
targeting by miRNAs (Fig. 5 B). These criteria include nearby
adenine uracil-rich elements and targeting by tightly coex-
pressed miRNAs, which is consistent with the nherfl 3" UTR
structure and the polycistronic arrangement of miR-8 family
members (Fig. S2; Grimson et al., 2007).

As a first test of whether nherf1 is targeted by the miR-8
family, we constructed a GFP reporter bearing the entire 3’
UTR of nherfI as well as reporters containing deletions of one
or both MREs (Fig. 5, C and D). Synthetic mRNAs prepared
from these reporters were injected into single-cell embryos in
the presence or absence of miR-200b or the ABM! morpholinos.
By simple examination of the GFP levels in injected embryos

Loss of miR-8 miRNAs blocks Na* accumulation in ionocytes. (A-C) Live wild-type zebrafish embryos were incubated with Sodium green (green)
and MitoTracker red (red) at pH 5.0, pH 7.0, or pH 10.0. Na* accumulation is indicated by green-stained cells. (D-F) Live embryos injected with A
were visualized by Sodium green and MitoTracker red at three pHs as in A-C.

BMO]

at 1 d postfertilization (dpf), it is clear that embryos coinjected
with the full-length GFP nherfl 3' UTR mRNA and miR-200b
resulted in down-regulation of GFP levels when compared with
a specific GFP construct alone (Fig. 5 C). Only modest silenc-
ing could be observed in embryos coinjected with miR-200b
and reporters that had only a single MRE (nherfl AMRE] and
nherfl AMRE2). No silencing was observed when both MREs
were deleted (nherfl AMREL and 2). The increase in fluores-
cence upon injection of the entire nherfl 3' UTR and the ABM
morpholinos shows the effect of knockdown of endogenous
levels of the miR-8 family and also serves as a specificity
control. For all injections, detection of GFP protein levels via
Western blotting of embryo lysates confirmed the trends of
GFP fluorescence (Fig. 5). Together, the results are consistent
with targeting of nherfl by miR-8 family members.

If nherfl is indeed a target of miR-8 family members, the defect
in Na accumulation in the ABM°! morphants should be rescued by
direct repression of nherfl. Nherf1 has been shown to be a nega-
tive regulator of NHE activity by promoting phosphorylation and
subsequent internalization of NHEs (Yun et al., 1997; Murthy
et al., 1998). To repress nherfl, we designed a morpholino com-
plementary to the translation start site of nherfI (nherfI™°). These
morphants exhibited mild edema (similar to Fig. 3, E and G), sug-
gesting compromised osmoregulation (not depicted). Thus, we
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Figure 5. nherfl is a target of the miR-8 family. (A) Diagram indicating the domain structure of Nherf1. The ORF is indicated by blue boxes, and the
3’ UTR is shown in orange. Conserved protein domains, PDZ-1, PDZ-2, and the ERM-binding domain (ERMbd), are indicated by red boxes. The location of a
phosphorylated residue is indicated by the red circle. Positions of the miR-8 family MREs are as indicated. (B) miR-8 family MREs predicted by the miRanda
algorithm. The nherfl mRNA is shown in black, and miR-200a and miR-200b sequences are shown in green and blue, respectively. (C) Single-cell embryos
were injected with mRNAs derived from GFP reporters lacking a UTR (—UTR), fused to the fulllength nherf1 UTR (nherf1), or mutant versions of the nherf]
UTR lacking individual MREs (nherfl AMRE1 and nherfl AMRE2) or both MREs (nherf] AMRET and 2). Single-cell embryos were injected in the presence
or absence of exogenous miR-200b or the ABMC" morpholinos. Fluorescence levels were examined at 1 dpf, and clusters of embryos were photographed.
(D) Embryo lysates were prepared from embryos treated as in C, and GFP protein levels were determined by Western blotting.

monitored Na* accumulation in ionocytes with Sodium green and morphants because of a lack of repression by the miR-8 family,
MitoTracker red in embryos injected with the ABM®' combina- repression of nherfl by the nherfI™° allowed restoration of Na*
tion, the nherfI™°, or all three morpholinos (Fig. 6, A-D). Con- accumulation in ABM®' morphants (Fig. 6, B and D). To verify
sistent with nherfl expression being up-regulated in ABM this result, we quantified Sodium green fluorescence (Fig. 6 E).

microRNAs REGULATE OSMOTIC STRESS IN ZEBRAFISH ¢ Flynt et al. 121
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The mean pixel intensity at 488 nm was determined for individual
ionocytes and divided by the local background to determine the
fold increase in Na* accumulation. This analysis showed no sig-
nificant differences in Na* accumulation between UIC and
nherfIM°- and ABM°'+ nherfIM°- injected embryos. In contrast,
Na* accumulation in ABM°-injected embryos was significantly
decreased. These results are consistent with targeting of nherfI
by miR-8 miRNAs in HRC ionocytes.

Figure 6. Rescue of Na* accumulation defects in ABMC!
morphants by repression of nherf1. (A-D) Visualization of
Sodium green (green) and MitoTracker red (red) in UIC,
ABMOLinjected embryos, nherf1M°-injected embryos, and
ABMOand nherf1MO-coinjected embryos was performed
on live embryos incubated at pH 5. (E) Quantification of
Sodium green fluorescence levels from embryos injected
in A-D. Mean fluorescence was divided by local back-
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Besides PKA regulation of Na accumulation, Nherf1 has also
been shown to regulate the trafficking and membrane localiza-
tion of a variety of proteins, including ion channels, G protein—
coupled receptors, and other glycosylated transmembrane
proteins (Voltz et al., 2001; Morales et al., 2007; Theisen et al.,
2007). To test whether defects in membrane localization occur

ground. Statistical significance determined by ANOVA at
a < 0.05 is indicated by the asterisk; n = 20 from five dif-
ferent embryos from three independent experiments. Error
bars represent SEM.




in ABM°! morphants, we examined ionocytes after staining with
FITC-conjugated Con A (FITC—Con A). Embryos were incu-
bated briefly with FITC—Con A, and apical membranes of HRCs
were examined using fluorescent microscopy. Immediate visu-
alization of ionocyte membranes after Con A staining showed
little difference between UIC embryos and ABM°' morphants
(unpublished data). However, after 1 h, considerable differences
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in Con A distribution were observed (Fig. 7, A and B). In control
embryos, Con A distribution was mostly localized to apical
membranes of HRC ionocytes in dense, clustered structures. In
contrast, a radical redistribution of Con A-labeled glycoproteins
was observed in ABM°! morphants. In addition to a more punc-
tate appearance, the apical character of these ionocytes was dis-
rupted, and increased levels of internalized FITC—Con A signals
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Figure 7. Loss of miR-8 miRNAs alters apical membrane trafficking. (A-D) FITC-Con A (green) and MitoTracker red (red) staining was performed to
examine the apical membranes of H* pump-rich ionocytes. Con A staining in UIC, ABMClinjected embryos, nherf1™°.injected embryos, and ABM°'- and
nherf1MO-coinjected embryos. Live embryos were imaged with each panel showing a view of cells on the surface of the yolk sac and the inset showing a
side view of the z stack with apical basal localization of Con A staining. (E and F) Mean number of ungrouped (E) or internalized (F) foci of Con A staining
from embryos in A-D. Error bars represent SEM. Statistical significance is indicated by the asterisks and was determined by ANOVA at « < 0.05 (n = 14
for UIC, n = 11 for ABM®", n = 13 for nherfI™°, and n = 10 for nherf1M°+ ABM'). Data were gathered from three independent experiments.

mvicroRNAs REGULATE OSMOTIC STRESS IN ZEBRAFISH « Flynt et al.

123



124

could be observed along the z axis. This is consistent with a role
for Nherf1 in controlling membrane trafficking and internaliza-
tion of specific receptors (Yun et al., 1997). To ensure that the
defect was specific, we again used the nherfI™° to determine
whether repression of elevated nherfl expression in the ABM!
morphants could rescue the change in localization of Con A—
labeled glycoproteins (Fig. 7, C and D). As shown in the previous
section, repression of nherfl expression rescued the altera-
tion of Con A localization seen when miR-8 function was
blocked. To quantify the differences in distribution of Con A
localization, we counted the number of FITC-Con A-labeled
foci using two criteria. The first was whether the staining re-
sulted in foci that were either clustered or ungrouped, and the
second was whether there was an increase in the number of
internalized Con A—labeled foci along the z axis toward the ba-
solateral surface. As shown, the ABM°! morphants showed sta-
tistically significant increases in both measurements (Fig. 7, E
and F). This is consistent with a role for the miR-8 family in
regulating membrane dynamics and trafficking of transmem-
brane proteins through regulation of Nherfl.

Discussion

miR-8 family miRNAs regulate nherf1 in
zebrafish ionocytes

In this study, we demonstrate a role for the miR-8 family of
miRNAs in zebrafish osmoregulation. These miRNAs modulate
the expression of nherfI, which plays a role in regulating Na*/H*
exchange activity. Nherfl negatively regulates NHE3 in a cAMP-
dependent manner by recruiting activated PKA to phosphorylate
NHE3 (Weinman et al., 2000). Phosphorylation results in the
internalization of NHE3, thereby down-regulating ion exchange
across the membrane. Interestingly, cAMP production is coupled
to a variety of stress responses. Among these are hypertonicity,
hypotonicity, and acidosis, all of which increase cAMP levels
several fold (Disthabanchong et al., 2002; Orlic et al., 2002; Sheikh-
Hamad and Gustin, 2004). Increased cAMP levels are thought
to play an important role in the response to osmotic stress by ab-
rogating the negative effects of stress-responsive genes whose
activation can induce apoptosis (Pascual-Ahuir et al., 2001; Saran
et al., 2002; d’ Anglemont de Tassigny et al., 2004). If cAMP
levels are elevated in ionocytes experiencing osmotic stress, this
should (through a Nherfl-dependent mechanism) result in the
inhibition of Na*/H* exchange activity. This would be a deleteri-
ous outcome because NHE activity is required to balance Na*
accumulation and H* efflux as well as for the retention of Na* in
hypotonic solution. The miR-8 family may function to amelio-
rate cAMP-mediated inhibition of NHEs during stress. This
would allow Na*/H" exchange to occur independently of protec-
tive cAMP elevation.

We have also shown that regulation of nherfl by the
miR-8 family is responsible for maintaining the apical charac-
ter of ionocytes. The apical domains of ionocytes were re-
vealed using FITC—Con A staining. Although the exact identity
of the specific zebrafish glycoproteins that are recognized by
Con A remains to be determined, the overall resemblance of
the ionocytes studied in these experiments to mammalian renal
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brush border cells is striking (Tyska et al., 2005). In brush border
cells, Nherfl has been shown to be recruited to apical mem-
branes by overexpression of podocalyxin, which is an obligate
apical glycoprotein (Nielsen et al., 2007). Because of the large
number of apical glycoproteins on the membranes of HRC iono-
cytes, Nherf1 may be constitutively recruited to the membranes
of these cells. This would necessitate attenuation of nherfl
expression to permit NHE activity in these cells. In zebrafish,
neuromasts and the nasal epithelium are also strongly labeled
by Con A (unpublished data). Down-regulation of nherfl may
be essential for the appropriate presentation of specific glyco-
proteins on the apical membranes of these cell types.

nherf1 is predicted to be a target of
miR-200b in mammals

The miRanda algorithm predicts that miR-200b should target both
zebrafish and mammalian nherfl (John et al., 2004). In mammals,
miR-200b is expressed in the colon, kidney, prostate, pancreas, and
thymus, all of which contain polarized secretory cells (Beauchamp
et al., 2007). In the colon and kidney, Nherf1 is known to be an
active participant in the regulation of many ion transporters in ad-
dition to Na*/H" exchange (Stemmer-Rachamimov et al., 2001).
Both of these organs contain brush border membranes that are re-
active to Con A staining (Tyska et al., 2005; Nielsen et al., 2007). If
miR-200b regulation of nherfI in the colon and kidney has effects
similar to our observations in zebrafish ionocytes, it will be critical
to determine whether expression of miR-200b is restricted to spe-
cific cell types within these organs. Nherf1 expression in the colon
is restricted, suggesting precise regulation of expression between
cell types, potentially through the activity of miR-200b in these tis-
sues (Stemmer-Rachamimov et al., 2001). Additionally, the cells of
both the prostate and pancreas, which express miR-200b, are highly
secretory and similarly reactive to Con A, requiring apical localiza-
tion of multiple membrane proteins (Gheri et al., 1997; Arenas
et al., 1999). It is also noteworthy that Nherf1 is up-regulated in
proliferative endometrium compared with secretory endometrium
(Stemmer-Rachamimov et al., 2001). Down-regulation of nherfI
by miR-200b may be essential for secretory epithelial cells to adjust
their physiology toward a permanently differentiated state. Indeed,
increased expression of Nherfl has been observed in breast and
liver cancer cells (Stemmer-Rachamimoyv et al., 2001).

Recently, miR-8 family members were shown to play a
role in terminal olfactory differentiation in zebrafish (Choi et al.,
2008). In this study, we did not observe defects in ionocyte dif-
ferentiation in the absence of miR-8 family members, with the
caveat that our knockdowns were not complete. Nevertheless,
we observed a striking effect on ionocyte physiology, suggest-
ing these miRNAs may have cell type—specific functions and
that miR-8 family members may play key roles both during de-
velopment and after terminal differentiation. It will be interest-
ing to determine whether Nherfl is expressed during olfactory
differentiation and whether targeting by miR-8 family members
affects membrane trafficking of olfactory receptors.

Other studies have shown a role for the miR-8 family in pro-
moting epithelial fate in mammalian cells (Bracken et al., 2008;
Burk et al., 2008; Gregory et al., 2008; Korpal et al., 2008). These
miRNAs operate in a genetic bistable loop configuration with



ZEB1 and ZEB2 transcription factors. We did not see a loss of
ionocytes when inhibiting the miR-8 family. If ionocytes were los-
ing their epithelial character, one might expect them to be extruded
from the epidermis. It will be interesting to investigate whether
these miRNAs take on such a function during later development.

miRNAs and stress

The function of the miR-8 family may be required for mounting
appropriate stress responses in mammalian cells, as we have
shown in zebrafish. During our efforts to describe the role of the
miR-8 family in zebrafish, we attempted to determine whether the
expression of miR-200b changes in response to salt concentration
or pH. The results of these experiments demonstrated little altera-
tion in the level of miR-8 family expression in whole embryo
RNA extracts, at least at the time points tested. However, this
may be caused by a lack of sensitivity when comparing whole
embryos with ionocytes, especially given the high expression lev-
els observed in nasal epithelium.

Originally, miRNAs were found to regulate developmental
timing in worms, and a role for miRNAs in development is a con-
tinuous theme, translating into other phyla (Bartel and Chen,
2004). However, miRNAs have been found to have diverse func-
tions beyond regulating development. Experiments in Drosophila
uncovered a role for miR- 14 in fat metabolism and stress (Xu et al.,
2003), and miRNAs have been shown to play a role in triggering
cardiac hypertrophy in response to stress (van Rooij et al., 2006).
Additionally, the activity of CAT-1 (cationic amino acid trans-
porter 1) is controlled by miR-122 in response to nutrient star-
vation (Bhattacharyya et al., 2006). The expression of a subset of
miRNAS also appears to be up-regulated by p53 in response to onco-
genic stress (He et al., 2007; Raver-Shapira et al., 2007). When
coupled to our findings related to osmotic stress, a clear theme
emerges in which a major function of miRNAs is to regulate the
response to a variety of cellular stresses (Leung and Sharp, 2007).

Subcellular localization of Argonaute proteins, the effectors
of RNA-induced silencing complexes and binding partners of
miRNAs, shows localization with cytoplasmic foci called process-
ing bodies (Zamore et al., 2000; Carmell et al., 2002; Hutvagner
and Zamore, 2002; Liu et al., 2005). Argonaute proteins also ac-
cumulate in a stress-dependent manner in separate cytoplasmic
foci called stress granules (SGs; Leung et al., 2006). Interest-
ingly, miRNAs localize to SGs and have been shown to dynami-
cally accumulate and dissociate from SGs in a stress-dependent
manner. The unique mechanism of miRNA-mediated gene regu-
lation may be used as a method of effecting rapid changes in
gene expression, particularly during stress. Regulation of nherfI
by the miR-8 family serves as a particularly crucial stress re-
sponse in that it links extracellular events to membrane traffick-
ing, enabling sensitive and precise control of gene expression
caused by changes in environmental cues and stresses.

Materials and methods

Live imaging of zebrafish embryos

Embryos were raised in egg water (0.03% Instant Ocean marine salt mix)
for the initial 24 h of development (Esaki et al., 2007). After 24 h, embryos
were transferred to 1x Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM
MgSQy, 0.6 mM Ca[NOs],, and 10 mM Hepes; Solnica-Krezel et al.,

1994). The pH of the solution was controlled by buffering Hepes before the
addition of component salts. For fluorescent staining, embryos were incu-
bated in 1x Danieau buffer containing 0.25 nM DASPEI (Molecular Imag-
ing; Harris et al., 2003), 0.5 pM MitoTracker deep red 633, or 10 pM
Sodium green (Invitrogen; Esaki et al., 2007). Embryos were rinsed briefly
three times and mounted in 1x Danieau buffer. Fluorescent staining was vi-
sualized by using a 40x objective on a laser-scanning microscope (LSM
510 Meta; Carl Zeiss, Inc.). Images were processed, and Z projections
were made with LSM 510 software (Carl Zeiss, Inc.) before import into
Photoshop (Adobe) for orientation and cropping. Fig. ST was achieved
using the same conditions on a confocal microscope (FV-1000; Olympus)
with FV10-ASW 1.6 software (Olympus). All image acquisition was per-
formed at room temperature. Quantification of Na* accumulation in iono-
cytes was accomplished using Image) software (National Institutes of
Health). Z projections of images of Sodium green fluorescence were im-
ported into Image). The mean intensity of fluorescent ionocytes was calcu-
lated and divided by local background to vyield fold fluorescence of
ionocyte/background (Figs. 1, 4, and 5) or with a dissecting microscope
(MZFIIl; Leica; Figs. T A and 3).

In situ hybridization and Northern blots

Detection of mature miR-200b was accomplished by in situ hybridization
using a digoxigenin-labeled LNA oligonucleotide, 5'-TCATCATTACCAG-
GCAGTATTA-3" (Wienholds et al., 2005; Kloosterman et al., 2006b).
Visualization of miR-200b expression was performed after nitro blue
tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) color de-
velopment. Embryos were mounted in 50% glycerol and photographed in
color with a 20x objective in Fig. 1 (B’, C’, and D’). miR-200b localization
was detected by in situ hybridization using a digoxigenin-labeled LNA
probe and Cy3-labeled antidigoxigenin secondary antibodies (Jackson
ImmunoResearch Laboratories). Images of embryos stained by NBT/BCIP
were acquired by using a compound microscope (Axiophot; Carl Zeiss,
Inc.) and a digital camera (Axiocam; Carl Zeiss, Inc.). Images were
acquired with Axiovision software (Carl Zeiss, Inc.) and imported into Photo-
shop for orientation. Northern blotting was performed as described previ-
ously (Sempere et al., 2003; Flynt et al., 2007).

Microinjection

Fertilized single-cell zebrafish embryos were injected with 1-nl volumes.
Morpholino oligonucleotides were injected as follows per embryo: 2 ng
AMO! 51 ACATCGTTACCAGACAGTGTTA-3', 2 ng BMO! 5" TCATCATTAC-
CAGGCAGTATTIA-3’, 2 ng AMO2 5 .GACAAAAGATTGTGACAGAC-
CATTG-3', 2 ng BMO2 5" TGAAAAAGATTATGACGGACCATTA3’, and 1 ng
nherfIM°! 5".CCTGAGGTCGCTGGACATTTT-3'. 40 pg in vitro-synthesized,
capped mRNA encoding either GFP without a UTR (—UTR) or GFP fused to
the nherfl UTR (GFPnherfUTR) were injected alone or with 200 pg syn-
thetic miR-200b into embryos.

Induction of osmotic stress

Embryos were raised in 1x egg water for the initial 24 h of development
before transfer into 10x Danieau buffer. After 24 h, embryos were trans-
ferred to distilled water by multiple brief washes. The percentage of em-
bryos exhibiting edema after transfer to distilled water was calculated after
24 and 48 h. Paired Student's t tests were performed to determine statisti-
cal differences between embryos exhibiting edema. Images acquired with
the MZFIIl dissecting microscope using an Axiocam digital camera were
captured with Axiovision software.

GFP reporter analyses

Reporter analyses and Western blotting were performed as described pre-
viously (Flynt et al., 2007). To generate the nherf] GFP reporter, the GFP
ORF was fused to the 3’ UTR sequence of zebrafish nherf1. The nherf1 UTR
was cloned from zebrafish embryo RNA extracts using oligo (dT) primed
reverse transcription followed by PCR amplification with gene-specific
primers (5-GCCTCCTGCGTGC-3" and 5-GACTTTTCATAATATTTAATAA-
CAAAAATCAT-3'). Internal deletions of the nherf1 3" UTR were created us-
ing the QuikChange Site-Directed Mutagenesis kit (Agilent Technologies)
withthe following primers: Nherf1-MRE 1 forward, 5-GATTAGAAAACCCTT-
TACGTTCTGCTTGAGATTTTCC-3’; Nherf1-MRE1 reverse, 5'-GGAAAATCT-
CAAGCAGAACGTAAAGGGTTTTCTAATC-3";  Nherf1-MRE2  forward,
5'-GTATATTTTCTTGCTTCGCTTTGACCCTTCAAGAGCGAG-3'; and Nherf1-
MREZ2 reverse, 5'-CTCGCTCTTGAAGGGTCAAAGCGAAGCAAGAAAAT-
ATAC-3'. Images were acquired with an MZFIIl dissecting microscope
equipped with a fluorescent laser using a cooled mono 12-bit camera
(Retiga 1300; Qlmaging) with QCapture 3.1.1 software (Qlmaging) and
were imported into Photoshop for orientation and cropping.
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Con A labeling

Embryos were incubated for 30 min in 1x Danieau buffer containing Mito-
Tracker red. 50 pg/ml FITC-conjugated Con A was then added for an ad-
ditional 10 min (Esaki et al., 2007). Excess Con A was removed by several
brief washes in 1x Danieau buffer. After 1 h, embryos were mounted in 1x
Danieau buffer, and FITC-Con A-labeled cells were visualized by fluores-
cent confocal microscopy using a 100x objective on an LSM 510 laser-
scanning confocal microscope. The mean number of unclustered and
internalized Con A foci was determined by examining Z stacks. In both
assays, statistical differences between UIC and embryos injected with ABM®,
nherf1M°, and nherf1M® + ABMC were determined by analysis of variance

(ANOVA) at « < 0.05.

Online supplemental material

Fig. ST shows that loss of miR-8 miRNAs blocks Na* accumulation in
ionocytes. Fig. S2 shows the genomic organization of zebrafish miR-8
miRNAs. Online supplemental material is available at http://www.jcb

.org/cgi/content/full/jcb.200807026,/DC1.
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