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Abstract
Krüppel-like factor 6 (Klf6; copeb in zebrafish) is a zinc-finger transcription factor and tumor
suppressor gene. Klf6−/− mice have defects in hematopoiesis and angiogenesis and do not form a
liver. However, the vascular abnormalities in Klf6−/− mice obfuscate its role in liver development
since these two processes are linked in mammals. We utilized zebrafish and mouse ES cells to
investigate the role of copeb in endoderm specification and hepatogenesis separate from its
function in angiogenesis. During zebrafish development, copeb expression is enriched in digestive
organs. Morpholino knockdown of copeb blocks expansion of the liver, pancreas and intestine, but
does not affect their specification, differentiation or the vascularization of the liver. Decreased
hepatocyte proliferation in copeb morphants is accompanied by upregulation of the cell cycle
inhibitor, cdkn1a, a Copeb transcriptional target. A cell autonomous role for Klf6 in endoderm and
hepatic development was investigated by manipulating Klf6 expression in mouse ES cells driven
to differentiate along the hepatic lineage. Expression of the endoderm markers Hnf3β, Gata4,
Sox17, and CxCr4 is not induced in Klf6−/− cells but is upregulated in ES cells over-expressing
Klf6. Collectively, these findings indicate that copeb/Klf6 is essential for the development of
endoderm-derived organs.
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Introduction
Hepatogenesis occurs in three phases: patterning of the endoderm to give rise to liver
primordium, differentiation of hepatoblasts and the outgrowth and morphogenesis of the
hepatic bud to form a functional liver with distinct lobes. While numerous studies have
identified genes required for the first two phases, much less is known about the genes
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required for hepatic outgrowth and morphogenesis (Chu and Sadler, 2009; Zaret, 2002;
Zhao and Duncan, 2005). The proliferation of hepatoblasts during this phase is tightly
regulated, with evidence from mouse models suggesting that both growth stimulatory and
inhibitory signals are involved; however, few experiments have tested this hypothesis
directly. It is not yet clear whether hepatoblast proliferation is regulated in a tissue specific
manner, or if the signals that control organ expansion are universal.

Klf6 belongs to the Sp1/Krüppel-like family of transcription factors, and is a potent growth
regulator and tumor suppressor gene inactivated in several human cancers (Cho et al., 2005;
DiFeo et al., 2008; Kremer-Tal et al., 2004; Narla et al., 2005a; Narla et al., 2001; Reeves et
al., 2004). KLF6 is highly conserved, with homologs expressed in a number of model
organisms, including zebrafish, (Oates et al., 2001) where it is termed the core promoter
element binding protein (copeb). The KLF family includes at least 18 members, all of which
share a highly conserved C-terminal C2H2 zinc finger DNA binding domain, whereas the
N-terminal activation domain is distinct with each Krüppel-like factor (Bieker, 2001). KLFs
regulate diverse processes including embryonic development, cell differentiation,
proliferation and apoptosis (Suske et al., 2005).

All members of the Klf family are important developmental regulators; each knockout model
to date has displayed profound developmental defects. Mouse models have revealed roles
for Klfs in varied developmental events including β-globin synthesis during erythropoiesis
(Klf1) (Nuez et al., 1995; Perkins et al., 1995), blood vessel stability (Klf2) (Kuo et al.,
1997), and epithelial barrier integrity (Klf4) (Segre et al., 1999). Recent studies in zebrafish
have shown that klf4 is essential for embryonic development, for formation of meso-
endodermally derived structures and for embryonic erythropoiesis (Gardiner et al., 2005;
Gardiner et al., 2007). Additionally, a study investigating retinal nerve regeneration in the
adult zebrafish retina identified copeb and klf7 as upregulated following injury and essential
for axon outgrowth (Veldman et al., 2007). Interestingly, several genes required for nerve
regeneration in the latter study are also required for zebrafish eye development, further
supporting a role for Klf6 in developmentally regulated growth. Thus, it is clear that Klf
transcription factors play specific and critical roles during development that correspond to
their sites of expression in the embryo.

Our previous studies in mice have shown that Klf6 is essential for embryogenesis and
suggest a role in liver development. Klf6 knockout mice do not survive past 12.5 days of
development, with markedly reduced hematopoiesis and disorganized vascularization
(Matsumoto et al., 2006). Assessment of the hematopoietic potential of Klf6−/− embryonic
stem (ES) cells further supported the role of KLF6 in hematopoiesis and vasculogenesis,
demonstrated by significantly reduced expression of the endothelial marker FLK1 and
impaired differentiation into primitive erythrocytes and macrophages in a hematopoietic
colony formation assay (Matsumoto et al., 2006). These defects result in profound anemia of
the Klf6 knockout embryos.

Although Klf6−/− embryos do not appear to have a liver (Matsumoto et al., 2006), direct
assessment of liver formation in this model is difficult, since hepatogenesis in mammals is
dependent upon vascular and hematopoietic development (Matsumoto et al., 2001; Nikolova
and Lammert, 2003). Therefore, it is unclear whether the liver defect in these mice results
directly from the loss of Klf6, or whether this effect is secondary to the abnormal endothelial
cell development and/or expansion. Two studies indicate that Klf6/Copeb is required for
growth: copeb knock-down impedes growth of zebrafish axons following injury (Veldman
et al., 2007) and depleting Klf6 in ES cells hinders proliferation (Matsumoto et al., 2006).
These data lead to the intriguing possibility that Klf6/Copeb function changes with context;
it may promote cell division during development or regeneration yet play an opposite role in
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tissue homeostasis tissues in adults, where it functions as a tumor suppressor. A role for Klf6
in liver growth is indicated by our finding that its over-expression in hepatocytes results in
post-natal liver hypoplasia (Narla et al., 2007). Thus, although it is clear that Klf6 is a
growth suppressor, alternative splicing (Narla et al., 2005a; Yea et al., 2008) and interaction
with different co-factors may change its function. Since Klf6 regulates cell division and is
implicated in both fibrosis (Ratziu et al., 1998) and cancer (Kremer-Tal et al., 2004; Yea et
al., 2008) in the adult liver, we hypothesize that it may control cell proliferation during
hepatic outgrowth in embryos.

Several features of the zebrafish make it an excellent alternative model to explore the role of
copeb in liver development (reviewed in Chu and Sadler, 2009): (i) liver budding,
morphogenesis and hepatocyte differentiation in zebrafish embryo do not require endothelial
cells (Field et al., 2003b), (ii) embryonic hematopoiesis in zebrafish does not take place in
the liver, as it does in mammals and (iii) zebrafish embryos receive enough oxygen through
diffusion to allow for relatively normal development in the absence of vasculature for
several days. iv) Zebrafish have proven useful for identification of new genes that are
required for late stages of hepatic development, including morphogenesis and outgrowth
(Chen et al., 2005; Chu and Sadler, 2009; Farooq et al., 2008; Mayer and Fishman, 2003;
Noel et al., 2008; Sadler et al., 2007). Therefore, although some aspects of hepatic
development, including hepatocyte polarization (Sakaguchi et al., 2008) and possibly
hepatic outgrowth (Korzh et al., 2008) may require vascularization, most of hepatogenesis
does not require hematopoiesis or vasculogenesis. Thus, even if copeb is required for
angiogenesis in zebrafish, we will be able to assess an independent function in the
development of the liver.

The early stages of hepatogenesis are relatively well studied, and the main players in hepatic
patterning appear to be conserved between zebrafish and mammals (Chu and Sadler, 2009;
Field et al., 2003b; Zaret, 2002). In zebrafish, the alimentary canal and its associated organs,
the liver, gallbladder, and pancreas all emerge from the gut primordium (Ober et al., 2003).
Patterning studies illustrate that liver precursors lie within the foregut endoderm, and
aggregate shortly after 24 hours post-fertilization (hpf) to form a hepatic bud as marked by
the expression of hhex and prox1, which are essential for hepatogenesis in both organisms
(Bort et al., 2006; Sosa-Pineda et al., 2000; Wallace et al., 2001). In contrast to knowledge
about liver specification, there is only a superficial understanding of the genes that govern
outgrowth and the morphogenic process that results in the formation of multiple liver lobes.
Hepatic outgrowth in all species is characterized by cell proliferation. Hepatic outgrowth
requires both mitogenic signals (Shin et al., 2007; Zaret, 2002) and active suppression of
hepatocyte apoptosis (Li et al., 1999; Rosenfeld et al., 2000; Rudolph et al., 2000). In
zebrafish, the liver bud expands from the left, crosses the midline ventrally and forms a
smaller right lobe (Field et al., 2003b) and mutants that are defective in hepatic outgrowth
demonstrate both decreased hepatocyte proliferation and increased apoptosis. To investigate
whether Klf6/copeb plays a direct role in liver development we utilized zebrafish and mouse
ES cells in which Klf6/copeb levels were manipulated. Collectively, these data indicate that
Klf6/copeb is essential for endoderm development and hepatic outgrowth.

Materials and Methods
Zebrafish maintenance, morpholino and RNA injection

Wild-type (TAB5 and TAB 14) zebrafish were maintained at 28°C under standard
laboratory conditions. Embryos collected after natural matings were maintained in egg water
(0.6g/L Crystal Sea Marine Mix, 0.1mg/L methylene blue). The Tg(fli1a:EGFP) line was
provided by J. Torres Vazquez. The LiPan Tg(fabp10:ds-Red;ela3l:EGFP;ins:RFP) line
was provided by D. Stainier and described by Korzh et al. (2008). All experiments were
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conducted in accordance with the guidelines approved by the committee on animal care at
Mount Sinai School of Medicine.

Morpholino oligonucleotides (MO) for copeb ATG (5′-tgcacattggtagaacatccattgc-’3), copeb
splice donor (5′-tcactttaaaaatcagttacctgtt-3′) and a control (5′-acctggctaaaagccgaaatggcgc-3′)
morpholino were purchased from Gene Tools, LLC (Philomath, OR). Morpholinos were
diluted in sterile water to 0.25 mM and 0.50 mM, and approximately 6-8 nl of each MO
were injected into 1-2 cell stage embryos using a Narishege IM-300 microinjector resulting
in an estimated final internal concentration of 2.0 μM and 4.0 μM, respectively. Injection
volume was estimated by determining the average number of injections needed to
completely expel 1 ul of morpholino from the injection needle.

copeb mRNA was generated using a degenerate 5′ primer in order to avoid interaction with
the copeb MO. It was prepared by first creating cDNA enriched for copeb by reverse
transcription of total RNA from 5 dpf WT embryos primed with a copeb specific primer
(copeb-5-cDNA: 5′-CACTTTCATTCAGGACCGAGTTT-3′). The copeb coding region was
PCR amplified using a 5′ degenerate primer that retains the amino acid sequence, but
incorporates 9 mis-matched bases with the copeb morpholino (copeb-dg5; 5′-
ATGGACGTCCTCCCGATGTGTAGCATTTTTCAGGAACTTCAGATC-3′) and a 3′
reverse primer (copeb-3: 5′-TCAGAGGTGCCTCTTCATGTGC-3′). The PCR product was
cloned into the pCR8 vector using Topo cloning (Invitrogen) and sequenced in full to
confirm that the mis-matched bases were the only changes. LR recombination was carried
out with the NR221 vector (Villefranc et al., 2007) using Gateway Cloning (Invitrogen).
Finally, mRNA encoding copeb was prepared using mMESSAGE mMACHINE SP6 Kit
(Ambion; AM1340) following the manufacturer’s protocol. Approximately 8 nl of mRNA
was injected into at least 150 embryos from 4 clutches at a concentration of 200ng/ul either
alone or in combination with 0.25mM copeb morpholino.

Whole mount in-situ hybridization (WISH)
The probes for gata6, hex, and prox1 were provided by the Peng laboratory, cmcl2
(Holtzinger and Evans, 2005) was provided by the Evans’ laboratory, trypsin (Biemar et al.,
2001) and intestinal fatty acid binding protein (ifapb) (Mudumana et al., 2004) was provided
by the Zon laboratory. fabp10 and insulin probes were previously described (Sadler et al.,
2007). The copeb probe covers a 941 base pair region spanning position 487 to position
1427 according to the sequence in accession number NM_201461. This sequence has
minimal similarity with other members of the Klf6 family, and shares only 31% identity
with the most closely related klf family member in zebrafish, si:dkeyp-12a9.2 (also called
“similar to Kruppel-like factor 6”) and therefore should be specific to copeb when high-
stringency washes are employed. The probe-producing plasmid was prepared by first using
PCR to amplify a 1,105 bp fragment from a pooled 1-5 dpf cDNA sample using the primers:
copeb-p3-forward: 5′-CACTTTCATTCAGGACCGAGTTT-3′, copeb-p5- reverse: 5′-
TGGAGATAAGGGCGATGGG-3′. The product was then digested with EcoRI to generate
a 941 base pair fragment that was ligated into pre-digested PGEM T-easy vector (Promega).
The correct clone was identified by sequence analysis. DIG labeled sense and antisense
RNA probes were synthesized using T7 and Sp6 RNA polymerase, respectively according to
standard protocols.

Embryos were fixed in 4% paraformaldehyde (PFA) in phosphate buffer saline (PBS) at 4°C
overnight, dehydrated in a graded series of methanol/PBS and stored in 100% methanol at
−20 °C. They were re-hydrated from methanol to PBS with 0.1% Tween (PBST) in a graded
methanol series. Embryos older than 24 hpf were bleached with solution containing 3.25%
hydrogen peroxide, 2.5% formamide, and 0.1 X SCC. The embryos were permeabilized
using Proteinase K (10 μg/ml, Roche), refixed in 4% PFA, and prehybridized in 50%
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formamide/5X SSC/0.1% Tween/20.5 mg/ml torula RNA/50ug/ml heparin for 2 hours.
Probes were added at 0.5-2 ng/ul and incubated overnight followed by two 20 minute
washes each in 2XSSCT/50%Formamide, 2XSSCT/25%Formamide, 20 minutes in 2X
SCCT, and three 30 minute washes in 0.2X SCCT. All steps were carried out at 68°C. The
embryos were blocked for 2 hours at room temperature in 5% lamb serum/PBST and
incubated with anti-DIG antibody conjugated to alkaline phosphatase (1:2000; Roche)
overnight at 4 °C. Embryos were washed with two 10 minute washes followed by three 30
minute washes in 0.5% lamb serum/PBST, and three 10 minute washes with alkaline
phosphatase (AP) buffer (100 mM Tris pH 9.5/100 mM NaCl/0.1% Tween). AP
development was carried out with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolil
phosphate in AP buffer until specific staining was observed. AP development was stopped
by washing embryos with PBST and then were fixed with 4% PFA for 30 minutes and
stored in 80% glycerol. Photographs were taken with Nikon Digital Sight DS-5M color
camera using a Nikon SMZ1500 stereoscope.

Histology, immunostaining, acridine orange staining and TUNEL staining
PFA fixed embryos were processed for paraffin sectioning and Hematoxylin and Eosin
(H&E) staining as described (Sadler et al., 2005). Proliferating cell nuclear antigen (PCNA;
Sigma) immunohistochemistry was carried out as described (Sadler et al., 2007) and the
number of PCNA positive nuclei was counted in the entire liver for 2 control fish and 3
morphants.

For whole mount immunofluorescence, PFA fixed embryos were washed with PBST, then
with PBS containing 0.2% saponin (PBS-S), and blocked with 10% lamb serum in PBS-S
for 30 minutes. Rabbit Anti-phospho-histone H3 (Santa Cruz Biotech) was diluted in
blocking buffer (1:500) and incubated overnight at 4°C. Embryos were washed with PBS-S
and incubated with 1:1000 goat anti-Rabbit Alexa 488 (Invitrogen) for 2 hours, washed with
PBS-S and stored in 80% glycerol. Staining was visualized under fluorescence on a Nikon
SMZ1500 stereoscope and images were taken with Nikon Digital Sight DS-5M black and
white camera. At least 20 fish per sample per time point were observed for each experiment,
and each experiment was repeated on 2 clutches.

Acridine orange was added to the water of live embryos at a final concentration of 5 μg/ml
for 30 minutes. At least 40 embryos for each time point were observed, and representative
embryos were imaged.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was
carried out on cryosections using the Roche In Situ Cell Death Detection Kit with
Fluorescein according to the manufactures protocol. Following TUNEL labeling, sections
were stained with 1:200 dilution of CY3-Streptavidin (Sigma) in PBST for 2 hours.
Coverslips were mounted using Vectashield Mounting Media with DAPI (Vector Labs).
Images were acquired on a Leica DM6000. ES cell culture

Klf6+/+ and Klf6−/− mouse ES cells were generated using previously described methods
(Matsumoto et al., 2006). The cells were maintained in serum-free media and differentiated
using the serum-free protocol for hepatic differentiation as described by Gouon-Evans et al.
(2006) with the following modifications. After inducing endoderm formation with 50 ng/ml
activin A at day 2, instead of flow cytometry analysis, real-time quantitative PCR (qPCR)
was used to examine when endoderm markers are highly expressed. Doxycycline-inducible
Klf6 ES cells were generated using methods previously described (Matsumoto et al., 2006).
To induce Klf6 expression, 2 μg/ml doxcycline (Sigma) was added to the culture medium at
day 1 or day 2.
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RNA extraction and real-time quantitative PCR (qPCR)
Total RNA was extracted from zebrafish embryos or ES cells using an RNeasy kit (Qiagen).
cDNAs were synthesized from 0.5 μg total RNA using Quanta Bio superscript IV. Primer
efficacy was validated through serial dilutions of cDNA samples. qPCR was performed in
triplicate using Roche Sybergreen on the Roche LightCycler. The primer sequences used are
listed in Table S1. Ct values were normalized against ribosomal protein P0 (rppo) in
zebrafish or Gapdh in ES cells, and expression was calculated by the ΔCt method. Melting
curves for each gene were analyzed to confirm homogeneity of the DNA product. The copeb
product was sequenced to confirm specificity.

Results
copeb expression is enriched in digestive organs

Copeb/Klf6 protein sequences are highly conserved between zebrafish and mammals:
human and zebrafish proteins share 75% identity overall (74% identity between zebrafish
and mouse), and 100% identity in the zinc finger and DNA binding domains (Fig S1 a). The
copeb gene is located on chromosome 24 and appears to be the closest related homolog of
mammalian KLF6 (Fig. S1 b). Another homologous gene, si:dkeyp-12a9.2 (also called
“similar to Kruppel-like factor 6”) is located on chromosome 2 and has recently been
predicted in zebrafish based on genome sequence analysis. The protein encoded by
si:dkeyp-12a9.2 is 53% identical to human KLF6 and 64% identical to zebrafish Copeb. The
highest identity is found in the 200 amino acids at the N-terminus and the first 52 amino
acids, but is highly divergent in the middle of the protein (Fig. S1 a). The existence of these
two distinct genes may reflect the genome duplication that occurred during zebrafish
evolution. Both genes are expressed in 5 dpf zebrafish larvae (Fig. 1 a and not shown),
raising the possibility that they both function in the embryo. When designing morpholinos,
probes and primers, we took efforts to assure specificity for copeb.

To define the temporal and spatial expression of copeb during zebrafish development, we
used qPCR to quantify copeb mRNA and WISH to examine its expression pattern. Using
primers that only amplified copeb, as confirmed by sequence analysis of the amplified
product (not shown), qPCR analysis revealed that copeb was highly expressed in oocytes
(60-fold higher than in embryos at 1 dpf; not shown), indicating that copeb is maternally
provided, similar to many embryonic essential genes. copeb expression increased
moderately between 2-3 dpf, and remained constant through 5 dpf (Fig. 1 a).

A genome-wide gene expression study in zebrafish identified copeb in the central nervous
system, posterior lateral line ganglion and metencephalic blood vessels (Thisse et al., 2001).
Our data confirm and expand upon these observations. A probe designed to be specific for
copeb was used in WISH with stringent hybridization and wash conditions to minimize
detection of other klf family members. Low level, ubiquitous expression was detected in
24-48 hpf embryos with higher levels in the posterior lateral line ganglion, hindbrain nuclei
and eye (Fig. 1 b-d). The widespread expression of copeb was restricted to the brain and
endodermal organs after 60 hpf, during which copeb was seen in the developing gut and the
endodermally derived swim bladder primordium (Fig. 1 e-g). In 72 and 96 hpf embryos,
copeb was enriched in the gut and at 72 hours was found at low levels in the liver bud (Fig.
1 f). By 96 hpf, copeb expression was clearly observed in the liver, gut and swim bladder
(Fig. 1 g). Moderate expression was detected in the pancreas after 72 hpf (not shown). These
data are consistent with the hypothesis that copeb functions in the developing brain and
digestive organs.

Zhao et al. Page 6

Dev Biol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



copeb morphants exhibit vascular and hepatic defects
To elucidate the function of copeb in development, morpholino oligomers were used to
target either the splicing of exon 2 to exon 3 (Fig. S3) or to the initiator ATG of the copeb
coding sequence (accession number NM_201461) to block translation of both maternal and
zygotic transcripts. There is no sequence similarity between the splice blocking morpholino
and si:dkeyp-12a9.2 (accession number XM_001920617) and the ATG-targeting
morpholino has 6 mis-matches with si:dkeyp-12a9.2. Therefore, both morpholinos are
predicted to be specific for copeb. A morpholino that is not known to be homologous to any
zebrafish transcript was used at the same concentration as the copeb morpholinos in order to
control for injection or morpholino-induced toxicity.

To select the maximal tolerable morpholino concentration, embryos were injected with 6-8
nanoliters of morpholino concentrations ranging from 0.1 mM to 1.0 mM to achieve an
approximate concentration of 1.0 μM to 8.0 μM in the embryos, and scored for mortality and
developmental abnormalities. For both morpholinos, 1.0 μM had no effect, while high
mortality was observed using 8.0 μM (not shown). Nearly 70% of embryos injected with 2.0
μM and 4.0 μM of the ATG targeting morpholino survived to 1 dpf, with no significant
mortality in the number of live embryos from 1 to 4 dpf (Fig. S2).

PCR analysis was used to establish the efficacy of the splice blocking morpholino. cDNA
prepared from phenotypically abnormal morphants and from their uninjected siblings on 1-4
dpf was amplified using primers that flank the splice site at the boundary of exon 2 and
intron 2 (Fig. S3 a). Sequence analysis of the shorter product amplified in morphants
revealed a 49 bp deletion that removed bases 630-678 of the coding sequence due to splicing
to an alternative splice site in exon 2 (Fig. S3 b). This deletion causes a frame shift that is
predicted to result in premature termination of the protein (Fig. S3 d). While the truncated
protein may retain the functional properties of the N-terminus, the zinc finger domain is
eliminated and therefore the ability to function in transcriptional regulation is likely to be
lost. Moreover, since splicing of human KLF6 alters the C-terminus and creates a dominant
negative (Narla et al., 2005b), the remaining portion of Copeb in the splice-blocked
morphants may interfere with any remaining full length protein, thus creating 2 means by
which this morpholino could block Copeb.

To examine the effect of copeb knock-down on development, we assessed the gross
morphology of embryos injected with 2.0 μM of exon 2 splice donor morpholino (splice
donor MO; Fig. 2 a). Most copeb morphants were only moderately abnormal by 24 dpf, with
slightly smaller eyes and head. After 48 hpf, these defects are more pronounced, and
pericardial edema developed in nearly all morphants. To examine the requirement for copeb
in liver development we assessed liver size in copeb splice donor morphants using the
transgenic line Tg(fabp10:RFP) that expresses RFP only in hepatocytes starting at 72 hpf
(Korzh et al., 2008). Interestingly, copeb morphants have small livers at 72 and 96 hpf, as
representative images show in Figure 2a. A similar phenotype was observed in embryos
injected with the ATG-targeting morpholino (Fig. 2b and see below).

By 60 hpf, a few ATG morphants developed a mild phenotype including slightly under
consumed yolk and smaller head and eyes (data not shown) and by 3 dpf, morphants were
small overall, developed pericardial edema, blood congestion, under consumption of yolk, as
well as micropthalmia and micrognathia (Fig. 2b). The aforementioned phenotype is
consistent with the previously reported role for copeb in development of the retinal ganglion
cell regeneration (Veldman et al., 2007). The liver also appeared small in the ATG
morphants at 72 hpf. The phenotype increased in severity on 4 dpf (Fig. 2b-c). These traits
were used to categorize morphants into three groups: normal (resembled control embryos),
moderate (had two or more of the above mentioned characteristics), and severe (grossly
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runted/underdeveloped). Figure 2c illustrates that higher morpholino concentration resulted
in a higher percentage of severely affected embryos (8.7% for 2 μM vs. 17.8% for 4 μM at 3
dpf) and that the phenotype progressed in severity, with 31.9% of the 4 μM morphants at 4
dpf scored as severely affected (Fig. 2c). A similar distribution of affected embryos was
observed at 4 dpf in the splice blocked morphants (Fig. 2d). We also observed a smaller
liver and underdeveloped gut in the moderately affected 4 dpf morphants (see below),
whereas the severely affected embryos were significantly developmentally retarded,
precluding assessment of the liver and gut. Except where otherwise noted, all experiments
were carried out using on moderately affected morphants generated from the ATG
morpholino, which targets both the maternal and the zygotic copeb.

We do not attribute the copeb morphant phenotype to off-target effects, since none of the
embryos injected with the same or 2 times higher concentrations of the control morpholino
exhibited any of these phenotypes in any experiments. Moreover, very similar phenotypes
are achieved using two different morpholinos. Using a p53 morpholino is a common control
to eliminate non-specific morpholino toxicity (Robu et al., 2007). However, given that loss
of KLF6 can directly lead to p53 upregulation, (Sirach et al., 2007), using a p53 morpholino
as a control may confound analysis of the copeb morphants. Since we do not observe the
massive brain necrosis that characterizes non-specific morpholino toxicity, we believe that
the phenotype observed in copeb morphants is specific. While we observed the inherent
variability between clutches that is characteristic of these experiments, both the survival and
the number of affected larvae on 4 dpf improved by co-injecting 2 μM copeb morpholino
with mRNA encoding zebrafish copeb (Fig. S4a-b). Importantly, the most intriguing
phenotype in the morphants – reduced size of the liver and pancreas (see below) - were
rescued by co-injecting 2 μM copeb ATG morpholino with mRNA encoding zebrafish
copeb (Fig. S4c).

Defective vasculogenesis and hematopoiesis are the most striking phenotypes of the Klf6−/−

mouse embryos (Matsumoto et al., 2006). Consistent with this finding, up to 30% of the
copeb morphants had no circulating blood on 2 dpf (data not shown), however, all
morphants had circulating blood by 3 dpf. We separated the bloodless morphants and
followed their development compared to their siblings with blood, and did not find any
difference in severity of phenotype later in development. If copeb plays a role in
vasculogenesis and hematopoiesis in zebrafish as it does in mice, then markers of a number
of blood cell lineages should be down regulated in copeb morphants. qPCR was used to
compare the expression of markers of endothelial cells (kinase insert domain receptor; kdr),
erythrocytes (hemoglobin beta embryonic-2; hbbe2), macrophages (lympocte cytosolic
plastin-1; lcp1) and granulocytes (myeoloid-specific peroxidase: mpx) in 4 dpf copeb
morphant and control embryos. We found significantly decreased expression of all these
markers, but there was no effect in the expression of kidney marker nephrosis 1 (nphs1L;
Fig. S5 a). The effect of copeb knockdown on vasculogeneis was assessed by injecting the
copeb morpholino into embryos from the Tg(fli1a:EGFP) transgenic line that expresses GFP
in endothelial cells. Although the liver was smaller in copeb morphants, the vascular
network was intact (Fig S5 b-e). These findings suggest that while copeb is required for
some aspects of hematopoiesis in mice and zebrafish, 4 dpf morphants have normal hepatic
sinusoids (Fig. 3 l) and vascular network (Fig. S5 b-e). Thus, either copeb is dispensable for
development of hepatic vasculature in zebrafish or the incomplete knock-down achieved
with the ATG morpholino may allow for vasculogenesis to occur. Regardless, these data
indicate that the phenotype of copeb is not secondary to defect in the vasculature.

copeb is required for hepatic outgrowth
The wild-type zebrafish liver bud appears at approximately 44 hpf (Chu and Sadler, 2009;
Ober et al., 2003; Wallace and Pack, 2003), and between 3 and 5 dpf undergoes rapid
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expansion during hepatic outgrowth to form the left and right liver lobes (Chu and Sadler,
2009; Field et al., 2003b; Pack et al., 1996). Embryos from the LiPan transgenic line
Tg(fabp10:RFP;ela3l:GFP) which expresses RFP in hepatocytes and GFP in the exocrine
pancreas (Korzh et al., 2008) were injected with the copeb morpholino which resulted in a
small liver in over 64% of copeb morphants on 4 dpf (Fig. 2 a and Fig. S4 c). To expand on
this observation, liver size was assessed by WISH using the specific hepatocyte marker, fatty
acid binding protein 10 (fabp10) which revealed a small liver in all morphants (Fig. 3a-c).
Importantly, the small liver phenotype was rescued by co-injecting the ATG morpholino
with copeb mRNA (Fig. S4c-d). Consistent with our finding of small liver size, qPCR
analysis showed markedly decreased expression of the liver-specific markers fabp10,
hemopexin (hpx), and transferrin-a (tfa) as well as liver-expressed genes ces2, cytochrome
P450, subfamily c, polypeptide 1 (cyp3c1), cyp2e1, microsomal triglyceride transfer protein
(mtp) in copeb morphants (Fig. 3 d), whereas the expression of other genes, such as
nephrosis 1 (Fig. S5) and insulin (Fig. 6 c) remained unchanged. While most morphants
failed to undergo expansion of the liver bud to form the right liver lobe, their undersized left
liver lobe achieved its normal crescent shape. This is notably different from the other
zebrafish mutants that have hepatogenesis defects resulting in a small liver, where the liver
consists of only a spherical left lobe (Farooq et al., 2008; Mayer and Fishman, 2003; Noel et
al., 2008; Sadler et al., 2007). These data indicate that copeb is required for the proper
formation of the liver, however, it also suggests that some aspects of hepatic morphogenesis
are unaffected in copeb morphants.

The small liver phenotype may result from either a failure of the liver bud to expand or to
undergo proper patterning or differentiation. To distinguish between these possibilities, we
examined whether the expression of genes involved in hepatic patterning and specification
was disrupted as a result of copeb knockdown. Expression of gata6 (Fig. 3 e,f), which
regulates endoderm development (Field et al., 2003b; Zhao et al., 2005) and prox1 (Fig. 3
g,h), which controls hepatic and pancreatic patterning (Sosa-Pineda et al., 2000), were
identical in morphant and control embryos at 48 hpf. This suggests that liver specification
and budding do not depend on copeb.

Although liver size was significantly reduced in morphant embryos, the morphant liver
clearly expresses a number of other genes directing hepatocyte function, indicating that
hepatocyte differentiation occurs in copeb morphants. Furthermore, histological analysis of
morphants on 3 dpf (Fig. 3 i,j) and 4 dpf (Fig. 3 k,l) demonstrated normal cellular
appearance, organization and bile duct formation. Importantly, the sinusoids of copeb
morphants contained erythrocytes (Fig. 3 l), which indicate that the reduction of
hematopoietic markers caused by loss of copeb (Fig. S5) does not completely block
formation of blood cells. Moreover, direct visualization of the hepatic vasculature using the
Tg(fli1:EGFP) transgenic line demonstrates that copeb morphants have well developed
blood vessels in the liver on 4 dpf (Fig. S5 b-e).

These data suggest that copeb is not required for hepatic patterning or differentiation. The
expansion of the liver bud begins on early 3 dpf (Chu and Sadler, 2009). The finding that
copeb morphants have normal hepatic patterning but a small liver at 72 hpf suggests that
reduced liver size in copeb morphants is attributed to a defect in hepatic outgrowth. Both
mitogenic and anti-apoptotic signals are required for hepatic outgrowth in mammals
(Rosenfeld et al., 2000; Rudolph et al., 2000; Tanaka et al., 1999) and in zebrafish (Sadler et
al., 2007). There was no evidence of increased apoptosis in the liver based on histological
evaluation of serial sections through the morphant livers (not shown). Moreover, although
morphants have a modest increase in cell death in the brain, there is no increase in cell death
in the liver on 3 and 4 dpf as measured by acridine orange staining (Fig. 4 a) and TUNEL
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staining (Fig. 4 b). This indicates that cell death does not account for the small liver
phenotype.

Two methods were used to determine whether copeb depletion causes cell proliferation
defects. First, global changes in cell division were assessed by whole mount staining for
phosphorylated Histone-H3 (pHist-H3), which marks cells in the G2/M phase of the cell
cycle. While we did observe modest increase in dying cells in the brain on 1 dpf (Fig. 4a),
pHist-H3 staining of morphants was indistinguishable from control embryos on days 1-3 of
development (Fig. 5 a), indicating that cell proliferation in the entire embryo is not
dependent on copeb. Next, we examined cell proliferation in hepatocytes using PCNA
immunostaining on serial sections of the liver from control and morphant larvae at 4 dpf, the
stage of hepatic outgrowth in which proliferation is most robust. Nearly all the cells in
zebrafish larval liver are hepatocytes (Chu and Sadler, 2009) which are clearly identifiable
by their size, shape and appearance of their nuclei. All hepatocyte nuclei in serial sections
through multiple embryos were scored for PCNA immunostaining as a marker for cells in S
and G2 of the cell cycle (Fig. 5 b,c). Nearly 50% of control hepatocytes were PCNA positive
in 4 dpf larvae whereas only ~15% of copeb morphant hepatocytes are PCNA positive (Fig.
4 c-d). These data indicate that copeb is not required for suppressing apoptosis, but is
required for hepatocyte proliferation during hepatic outgrowth.

copeb is required for growth of the pancreas and intestine
To determine whether copeb is also required for the development of other endodermally
derived organs, we examined the pancreas and intestine in copeb splice blocking and ATG
morphants in the LiPan line (Fig. S4 c) and via WISH in ATG morphants. While there was
no difference in early endodermal patterning in ATG morphants, revealed by gata6 staining
(Fig. 3 e,f), the exocrine pancreas was significantly smaller in all 4 dpf morphants (Fig.
S4c). Thus, it is possible that, as in the liver, copeb knockdown may result in a failure to
undergo maturation or expansion of other endodermal organs.

The zebrafish pancreas originates from two anlagen, the first (posterior) is initiated at
approximately 24 hpf and the second (anterior) at around 40 hpf. These two buds merge at
52 hpf to form the morphologically identifiable pancreas (Field et al., 2003a). We used four
means to evaluate whether pancreatic development is affected by copeb depletion. First, the
pancreas in live tg(ela3l:EGFP) fish (Fig. S4 c) was smaller in nearly all morphants (Fig. S4
c). Second, WISH (Fig. 6 a-e) showed that 73.9% of copeb morphants have a small pancreas
based on WISH, compared to 17.7% of control embryos (n=50, p<0.01). This degree of
variation in controls reflects the natural variation that is inherent when examining fish across
multiple clutches. Third, qPCR analysis showed that genes expressed specifically by
pancreatic acinar cells were significantly reduced in 4 dpf morphants compared to control
embryos (Fig. 6 f). Finally, histological sections revealed a small exocrine pancreas with
differentiated acinar cells (Fig. 6 g,h). In contrast, the expression of insulin, a marker of the
endocrine pancreas, was unaffected (Fig. 6 c,d). This suggests that exocrine pancreas
maturation or outgrowth requires copeb.

Using a similar approach, we found that copeb also plays a role in intestinal development. In
the zebrafish, the endoderm-intestine transition occurs at approximately 60 hpf and is
marked by the formation of columnar epithelium with highly organized brush border
microvilli and by expression of gut-specific proteins such as intestine fatty acid-binding
protein (ifabp) and alkaline phosphatase (Ng et al., 2005; Wallace and Pack, 2003). Figure 6
i-k shows that in 3 independent clutches of 4 dpf embryos, a 87% of morphant embryos
displayed a lower level of ifapb expression compared to only 10% of control embryos (total
n=50 embryos per group, p<0.01). The finding that some control embryos have a reduction
of ifabp staining reflects either minor inconsistencies in WISH staining due to technical
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reasons or the occasional developmentally abnormal embryo that is typically observed in
any given clutch. Reduced ifabp expression was also confirmed by qPCR (Fig. 6l).
Additionally, histological analysis indicated that although the intestinal columnar epithelium
developed, the gut tube in copeb morphants was small, the intestinal bulb did not expand
and villi were not observed (Fig. 6 m,n). In the liver, PCNA immunostaining on 3 and 4 dpf
was markedly decreased in the gut of the copeb morphants (not shown) and there was no
increase in apoptotic cells based on TUNEL staining (Fig. 4b). Based on these results, we
conclude that copeb plays a role in regulating endoderm organ outgrowth. In contrast, the
histological morphology of mesoderm-derived organs, such as kidney and muscle, as well as
neural tissue, appeared normal (not shown). Taken together, these data indicate that copeb is
required for liver, gut and pancreas expansion but not for the specification of these organs.
Given that Klf6 is implicated in growth control, we hypothesize that it plays a role in
proliferation of these tissues.

cdkn1a expression is up-regulated in copeb morphants
Klf6 is a tumor suppressor gene inactivated in many adult cancer tissues (Kremer-Tal et al.,
2004; Narla et al., 2001; Reeves et al., 2004), and may also act as a growth promoter during
development. This is supported by the finding that Klf6−/− ES cells proliferate 50% slower
than their wild-type counterparts (Matsumoto et al., 2006) and that digestive organ
proliferation was significantly reduced in copeb depleted zebrafish embryos. Klf6 functions
as a growth-suppressor in part by the upregulation of p21 (Narla et al., 2001), the cyclin-
dependent kinase inhibitor known as cdkn1a in zebrafish. cdkn1a expression levels were
consistently up-regulated from 1-4 dpf in copeb morphants, and strikingly induced in 2 dpf
morphants (Fig. 7a). Importantly, the increase occurs prior to the onset of the morphant
phenotype, which presents the intriguing possibility that it contributes to the defect in
proliferation observed later in the development of copeb morphants. While cdkn1a is
expressed ubiquitously throughout development, the increase is best directly observed in
copeb morphants in the hatching gland at 24 hpf (Fig. 7 b,c) by WISH. While cdkn1a may be
increased in a tissue specific manner at other stages, the high level of ubiquitous expression
makes this difficult to assess using WISH.

Klf6 is required for endoderm formation in mouse ES cells
Our zebrafish data indicates that copeb is expressed in the developing liver bud and that
copeb is required for hepatic outgrowth, however, it is not clear whether this effect is due to
a cell autonomous role of copeb in hepatocytes. To investigate whether copeb (which is
referred to as ‘Klf6’ when discussing mouse samples) serves a necessary and sufficient, cell
autonomous role for liver development in mammals, we previously developed a protocol to
drive mouse ES cells into hepatocytes in vitro (Gouon-Evans et al., 2006). As outlined in
Figure S6a, ES cells in serum-free media are first driven to form embryoid bodies (EBs). At
day 2 of differentiation, activin A was added to the EB culture to induce endoderm
formation. When endoderm markers are highly expressed, EBs are dissociated and re-
aggregated with activin A, FGF and BMP4, which induces hepatic specification. Aggregates
were plated on gelatin-coated dishes in media including cytokines and dexamethasone to
allow expansion and maturation of hepatic cells.

This protocol was used to differentiate Klf6+/+ ES cells into the hepatic lineage. As
expected, high levels of the early markers of hepatocyte differentiation were detected by
qPCR, including alpha fetoprotein (Afp) (Fig. S6 c) and transferrin (Ttr) (Fig. S6 d) at day 8,
as well as the late hepatic marker albumin (Alb) at day 12 (Fig. S6 e). The expression of Klf6
during hepatic differentiation undergoes a biphasic increase in Klf6 at day 2, prior to the
addition of activin A, and again following hepatic specification from day 6 through 12 (Fig.
S6 b).
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Given the role for copeb in zebrafish hepatogenesis, we explored whether Klf6 is required
for hepatic differentiation in vitro by comparing the capacity of Klf6+/+ and Klf6−/− ES cells
to undergo hepatic differentiation. As expected, Klf6 expression was not detected in Klf6−/−

EBs (Fig. 8 a). While the Klf6+/+ ES cells were able to differentiate into endoderm and
subsequently into the hepatic lineage, Klf6−/− ES cells did not form hepatic cells and did not
express any of the hepatic specific markers (data not shown). We hypothesized that this was
due to the failure to form endoderm, which was tested by analyzing expression of genes
marking early and late stages of endoderm formation including Hnf3β, Cxcr4, Sox17 and
Gata4. The expression of all of these genes was suppressed in the knock-out cells at all time
points (Fig. 8 b-e). These data indicate that Klf6 is necessary for endoderm formation in
vitro. To our surprise, a similar increase in p21 expression was not observed in Klf6−/− ES
cells during differentiation (Fig. S6), although their rate of proliferation was decreased (not
shown), suggesting that other factors may compensate the lack of Klf6 in regulating p21
expression in mouse ES cells.

To investigate whether increasing Klf6 expression in wild-type ES cells is sufficient to drive
endoderm differentiation, we created an ES cell line in which Klf6 expression increased by
40% with a single addition of doxycycline (Fig. 9 a). Indeed, induction of Klf6 on day 1 of
the hepatocyte differentiation protocol (Fig S5), just prior to the addition of activin, caused
the expression of endoderm maker genes Cxcr4, Sox17, and Gata4 to be increased during
the endoderm induction phase (Fig. 8 b-d). When doxycycline was added at day 2, there was
no effect on endodermal differentiation even though induction of Klf6 expression was
comparable (data not shown). This suggests that KLF6 functions in temporal-specific
manner at an early stage of endoderm formation in vitro.

Discussion
Endoderm organogenesis includes stages of cell fate specification, bud formation, cell
differentiation and organ expansion (Chu and Sadler, 2009; Zhao and Duncan, 2005). The
successful identification of genes that control the early stages of hepatogenesis has not been
matched by efforts to understand hepatic outgrowth. Outgrowth is an important
developmental process, since genes that regulate hepatic outgrowth are also critical for liver
regeneration in adults (Apte et al., 2007; Sadler et al., 2007; Tan et al., 2006; Tan et al.,
2008), indicating that the response to hepatic injury involves some of the signals that are
essential for hepatogenesis. Our data lead to the hypothesis that Klf6 is induced as an
immediate-early gene in response to liver injury in hepatic mesenchymal cells (Ratziu et al.,
1998) and is required for the outgrowth and specification of endoderm formation in mouse
ES cells in vitro.

There is little known about the signals that are required to coordinate the outgrowth phase of
hepatogenesis, although data from mice indicates that both suppression of apoptosis and
mitogenic stimulation may be essential. Studies in mice are complicated both by the
presence of hematopoiesis in the mammalian embryonic liver, and by the requirement for
endothelial cells in mammalian liver development. Therefore, mouse mutants that affect
either angiogenesis or blood development will indirectly impair liver development. Klf6 is
one such example: our previous work has shown that yolk sac vascularization does not occur
in Klf6−/− mouse embryos and that hematopoiesis is blocked in Klf6−/− embryos and ES cell
differentiation cultures, resulting in death by day 12.5 of development (Matsumoto et al.,
2006). Similarly, we report here that copeb is essential for embryogenesis in zebrafish, and
the copeb morphant phenotype partially recapitulates the phenotype observed in the Klf6−/−

mice with reduced hematopoiesis (Matsumoto et al., 2006). While hepatic outgrowth (Korzh
et al., 2008) and hepatocyte polarization (Toyoshima et al., 2008) are partially dependent on
endothelial cells, zebrafish differ from mammals (Nikolova and Lammert, 2003) as many
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aspects of zebrafish hepatogenesis are independent of hematopoiesis and endothelial cells.
Although some copeb morphants do not have normal blood flow early in development, and
markers of several hematopoietic lineages are decreased in copeb morphants, development
of hepatic vasculature does not require copeb. Therefore, the lack of endothelial cells cannot
fully explain the hepatic phenotype generated by depleting Copeb. Additionally, the small
liver on 3 and 4 dpf in copeb morphants is not attributable to defects in patterning, endoderm
development or hepatocyte proliferation. This distinguishes copeb from the prometheus
mutant, which fails to undergo liver specification (Chu and Sadler, 2009; Ober et al., 2006).
Instead, copeb is required for hepatic outgrowth as well as expansion of the exocrine
pancreas and intestine. The expression pattern of copeb corresponds well with the phenotype
displayed by copeb morphant embryos: it was enriched in endoderm-derived organs,
including liver, pancreas, intestine, and swim-bladder at 60 hpf, by which time endoderm
organ specification has already occurred (Chu and Sadler, 2009; Ober et al., 2003). This
suggests that copeb is required for cell proliferation that drives expansion of endodermally
derived organs, but loss of copeb does not induce cell death.

There are a few zebrafish models with a phenotype similar to the copeb morphants;
however, some striking differences among these indicate that copeb is part of a different
regulatory network. For example, in the nil per os mutant, underdevelopment of digestive
organs results from arrested cell differentiation (Mayer and Fishman, 2003). This is different
from the copeb morphants, where the liver, gut and pancreatic cells on 4 and 5 dpf appear to
be differentiated based on morphological characteristics and that markers of terminal
differentiation, albeit reduced, are expressed by the pancreatic and hepatic cells in copeb
morphants. Hepatic outgrowth is blocked in zebrafish embryos with depletion of genes that
play a role in chromatin remodeling including hdac (Farooq et al., 2008; Noel et al., 2008)
and uhrf1 (Sadler et al., 2007); however there is a significant amount of apoptosis in the
liver and gut of uhrf1 mutants (Sadler et al., 2007), which is not found in copeb morphants.
It is interesting that liver morphogenesis is also affected in all of the previously described
zebrafish models with defective hepatic outgrowth, which is visualized by the failure of the
small left-lobe to elongate into the characteristic crescent shape and to cross the midline to
form the right lobe. In contrast, while the liver size was drastically smaller in the copeb
morphants, their livers displayed a normal shape and crossed the midline, thereby preserving
both the left and right lobe, and suggesting that copeb functions primarily in organ
expansion and that morphogenesis and proliferation are separate developmental events.

copeb morphants most resemble def mutants, which undergo normal endoderm formation
but fail to expand the liver, gut and pancreas. The def gene regulates endoderm-derived
organ outgrowth through selective up-regulation of 113p53, a truncated isoform of p53,
which subsequently leads to the activation of p53-responsive genes such as mdm2 and
cdkn1a (Chen et al., 2005). Similarly, cdkn1a expression is up-regulated in copeb morphants
from 1 to 4 dpf. Intriguingly, in adult mammalian tissues, KLF6’s growth-suppressive
properties are mediated in part through direct transcriptional activation of CDKN1A (Narla
et al., 2007). Over expression of either Cdkn1a (Wu et al., 1996) or Klf6 (Narla et al., 2007)
in hepatocytes causes marked decrease in cell proliferation and small for size livers. Indeed,
this phenotype is reminiscent of what is observed in the copeb morphant zebrafish, but in
contrast to the activity of KLF6 in ES cells (Matsumoto et al., 2006). To our surprise,
although we observed a 50% decrease in proliferation of Klf6−/− ES cells (not shown),
Cdkn1a expression is not significantly increased. While the mechanisms underlying these
divergent effects of Copeb/KLF6 on Cdkn1a are unknown, we speculate that they result
from different repertoires of co-activators or repressors between embryonic and adult cells;
thus, Copeb/KLF6 can act as trans-activator in one context and trans-repressor in the other, a
characteristic feature of other KLF family members. It is also possible that the increase in
cdkn1a expression is not a direct result of knocking down copeb, but rather a secondary

Zhao et al. Page 13

Dev Biol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effect of a cascade of events initiated by copeb depletion. Finally, some copeb-dependent
events occurring outside of the liver may affect hepatic outgrowth in zebrafish.

While copeb contributes to the final stages of organogenesis of the liver, gut and pancreas in
vivo, it is necessary and sufficient for early endoderm formation in mouse ES cells. These
findings demonstrate that, in addition to playing a role in development of the mesoderm,
blood and endothelial cells (Matsumoto et al., 2006), Klf6/copeb also participates in
endoderm induction. Interestingly, while mesoderm induction is only delayed in Klf6−/− ES
cell (Matsumoto et al., 2006), endoderm induction is almost completely blocked. It is
possible that the defects observed in germ layer formation in Klf6−/− (Matsumoto et al.,
2006) mice may contribute to the defects we observe in both mesoderm and endoderm cell
differentiation in vitro. This may be attributed to an important technical difference between
these two studies: serum was included in the protocol for differentiating ES cells to
mesoderm, whereas this study used serum free media for endoderm and hepatic
differentiation. The elimination of serum may prevent activation of other members of the
KLF family, which could compensate for the loss of Klf6.

Technical issues may also explain the discrepancy between our in vivo data, where copeb is
required for late stages of organogenesis, and in vitro, where it is required for early
endoderm formation. In zebrafish, morpholino injection causes transient and sometimes
incomplete knock-down. The residual copeb mRNA that may be retained in morphants may
allow for endoderm specification. Additionally, it is possible that Copeb protein is
maternally provided in zebrafish, and that this supports early embryonic development even
when translation of the copeb message is blocked with the morpholino. In contrast, mutant
mouse ES cells are completely devoid of Klf6 mRNA and protein, and therefore the earliest
stage in development at which it is required provides the most evident phenotype. The most
likely explanation is that other members of the Klf family can compensate for the loss of
copeb. The copeb morpholinos do not likely target si:dkeyp-12a9.2 or any other Klf family
members and thus these could serve a redundant function with copeb in early endoderm
development in zebrafish. This underscores the benefit of using complementary model
systems to allow examination of the divergent roles played by the same gene under different
conditions.

KLF6 is a tumor suppressor gene in humans, yet it acts as a growth promoter in zebrafish
development and mouse ES cell differentiation. Similarly, divergent activities between
developing and adult tissue are displayed by other tumor suppressors. For example, Smad4/
Dpc4−/− embryos are embryonic lethal by E 7.5 and show reduced proliferation in vivo and
in vitro (Sirard et al., 1998). Similarly, zebrafish bearing a mutation in the neurofibromatosis
2 (nf2a) gene and nf2a morphants do not survive embryogenesis and develop hepatic and
biliary defects (Sadler et al., 2005). These findings form an emerging picture of how loss of
tumor suppressors may lead to growth deregulation in adult cells. Thus, as recently reported
for E2F1-3 (Chong et al., 2009), the same genes which contribute to developmentally
regulated, tissue specific proliferation or cell survival in embryos play a different role in
adults.

In summary, our findings support the role of Klf6/Copeb at several different stages of
development. In early stages of ES cell differentiation, Klf6 promotes ES-cell proliferation
and subsequently contributes to differentiation into endodermal cells. copeb is also essential
for embryonic survival and for regulating digestive organ growth/expansion in zebrafish.
These findings indicate that Klf6/copeb plays a role in liver formation that is independent of
its contribution to endothelial cell development. In aggregate, our findings reinforce the
importance of Klf6/copeb in liver development and growth, and underscore the value of
complementary studies in zebrafish and ES cell models to understand hepatogenesis.
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Figure 1. copeb expression is enriched in endoderm organs during zebrafish development
(a) Total RNA was extracted from 10 embryos taken from the same clutch on 1-5 dpf was
assessed for copeb RNA expression by qPCR relative to rppo by the ΔCt method. (b-g)
copeb expression pattern in developing zebrafish embryos examined by WISH at 24 hpf, 36
hpf (c), 48 hpf (d), 60 hpf (e) 72 hpf (f) and 96 hpf (g). Structures previously shown to
express copeb in the early embryo are labeled in b-d. Endoderm derived structures,
including the gut (brackets), liver (white arrow) and swim bladder (black arrowhead) are
labeled in e-g. Other structures expressing copeb are labeled. Scale bar = 100 microns.
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Figure 2. copeb is required for embryonic development
Live copeb splice donor morphants and copeb ATG morphants were examined on 1- 4 dpf.
(a) Live images of Tg(fabp10-RFP) embryos showed copeb slice donor morphants exhibit
pericardial, yolk sac and cephalic edema at 48 and 72 hpf and a small for size liver. All
images are taken at the same magnification; scale bar =100 μm. (b) Live images of embryos
showed a range of phenotypes of copeb ATG morpholino-injected embryos: normal
(resembling embryos injected with the control morpholino (top), moderately affected
embryos with pericardial edema, unconsumed yolk (Y) and blood congestion (middle 2
embryos) and severely affected, runted embryos (bottom). Bottom panels show the
pericardial edema (PE; black circle) in morphants. These characteristics were observed in at
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least 10 clutches of copeb ATG morphants. (c) Quantification of the percent of embryos
displaying the morphant phenotype at 72 and 96 hpf demonstrate that the phenotype
becomes more severe as a function of morpholino concentration and time. Values represent
the average of four clutches of at least 100 embryos were scored for each clutch on each
day. Error bars indicate the standard deviation of the mean. (d) copeb splice donor
morphants were quantified by phenotype and compared to uninjected controls at 96 hpf.
Data is the average of at least 50 embryos per group in 3 clutches. Error bars indicate the
standard deviation of the mean.
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Figure 3. copeb is required for achieving proper liver size but is dispensable for hepatic
patterning
(a-b) fabp10 WISH reveals that the small liver in 4 dpf copeb morphants extends across the
midline. Two representative morphants are shown. L indicates the left side of the embryo,
where the liver bud forms. (c) The number of embryos with a liver size that was less than
50% of normal was scored in 3 clutches. The total n=75 for morphants and for controls at 3
dpf n=71 for each at 4 dpf. p<0.01 when comparing morphants to controls for both time
points. (d) mRNA expression of genes implicated in hepatocyte function were determined
by qPCR in control embryos compared to copeb morphants at 4 dpf. Expression levels were
normalized to control embryos, the experiments were repeated in 3 independent clutches
using 30 embryos per sample. Errors bars show standard deviation. All genes are
significantly down-regulated (p<0.05). (e-h) WISH analysis of gata6 (e,f) and prox1 (g,h) in
control embryos (e,g) and copeb morphants (f,h) at 48 hpf. All control embryos had the
same staining pattern. The percent of copeb morphants with staining that is indistinguishable
from control embryos, as shown in the representative image, is indicated in the lower right
corner of f and g (gata6: n=41, prox1: n=70). (i-l) Serial sections of control embryos and
copeb morphants on 3 and 4 dpf were stained with H&E and the largest section through the
liver (outlined) was imaged, illustrating the reduced size of the liver. Arrows point to
sinusoids containing nucleated endothelial cells. Hepatocyte morphology is the same in 4
dpf control and copeb morphants (inset; scale bar = 40 μM).

Zhao et al. Page 22

Dev Biol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Decreased endoderm-derived organ size in copeb morphants is not due to increased cell
death
(a) Cell death was examined in live copeb ATG morphants and control embryos at 24, 48,
72 and 96 hpf by acridine orange. There was increased labeling of the head and eye in copeb
morphants at 24 hpf but virtually no staining in the control and morphants at any other time.
White arrowheads point to the liver, which does not have any acridine positive cells in either
morphants or controls. n=60 for each sample at each time point. ot=otolith. (b) No increase
in apoptosis is observed in endoderm-derived organs in 3 and 4 dpf copeb ATG morphants
compared to controls. Sections of embryos on 3 and 4 dpf were stained with Cy3-
streaptavidin to label the liver and gut epithelium, and were processed for TUNEL using
fluorescein. TUNEL positive cells (white arrow heads) are observed only in very few cells
in 3 dpf sections in the brain of copeb ATG morphants. Blue = DAPI, Red = Cy3
Strepavidin, Green = TUNEL, scale bar = 50mM.
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Figure 5. Decreased endoderm-derived organ size in copeb morphants is due to decreased
proliferation
(a) Proliferation in whole embryos was examined at 26, 56, and 74 hpf by
immunofluorescence using an antibody against phosphorylated Histone H3 (p-histone H3)
to identify cells in the G2/M phase of the cell cycle. High levels of proliferation are found in
the head, eyes and tails of both morphants and controls; n=20 for each sample at each time
point. (b-d) Hepatocyte proliferation was assessed by nuclear PCNA staining of serial
sections of the liver (outlined) in control embryos (b) and copeb morphants (c) on 4 dpf and
was quantified in (d). scale bar = 20 microns. At least 1000 hepatocytes in at least 2 control
and 3 morphant embryos were scored for each sample.
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Figure 6. copeb is required for expansion of the exocrine pancreas and intestine
Pancreatic development was assessed by WISH for trypsin (a,b) and insulin (arrowhead in
c,d) in 4 dpf uninjected controls (a,c) and copeb ATG morphants (b,d). The fabp10 probe
was included with the insulin probe as a control. Two morphants are shown to indicate the
range of phenotype. (e) The size of the exocrine pancreas was scored as either normal,
indicating a wide pancreatic head and long tail, or reduced, indicating that the trypsin
stained tissue was less than ½ what is typically observed in control fish; 73.9% of the copeb
morphants had reduced pancreas size versus 17.7% in controls (n=50, p<0.01). (f)
Expression of markers of the exocrine pancreas (trypsin and amylase) and endocrine
pancreas (insulin) were analyzed by qPCR, with rppo as a reference in 4 dpf morphant and
control larvae. The average fold change 3 clutches of morphants were determined by
normalizing to the average expression in uninjected controls. (g,h) H&E stained sagittal
sections of 4 dpf embryos through the widest part of the pancreas (outlined) illustrate a well
formed exocrine pancreas in control embryos and a significantly smaller exocrine pancreas
in copeb morphants. (i,j) WISH using ifabp as a marker of gut epithelial cells on 4 dpf
embryos revealed slight staining of only the intestinal bulb in copeb morphants. (k) 4 dpf
uninjected controls and copeb morphants processed by WISH for ifabp. Controls and
morphants from 3 clutches (n=50 for each) were scored as normal if they had staining in a
thick and curved intestinal bulb as well as staining in the distal intestine, or as decreased if
the staining was confined to the intestinal bulb and if the intestine was thin. Decreased gut
ifabp staining was observed in 10.0% of the control versus 87.1% of the morphants
(p<0.01). (l) ifabp mRNA level in 4 dpf embryos using qPCR with rppo as a reference was
averaged in 3 clutches of copeb morphants and normalized to the average expression in
controls. (m,n) H&E staining of 4 dpf embryos shows well-differentiated intestinal epithelial
cells copeb morphants, however the intestinal villi do not form.
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Figure 7. cdkl1a expression is increased in copeb morphants
(a) cdkl1a was assessed by qPCR in control or copeb morphant embryos on 1-4 dpf. Levels
were averaged from 3 experiments and normalized to the averages of controls, with errors
bars showing standard deviation. * indicates p<0.001; ** p=0.07. (b) WISH for cdkl1a in 24
hpf controls and copeb splice donor morphants shows an increase in cdkI1a expression in
the hatching gland (brackets) of morphants.
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Figure 8. Markers of definitive endoderm are not expressed in Klf6−/− ES cells
Klf6+/+ and Klf6−/− ES cells were differentiated along the endoderm linage and RNA
samples were obtained each day following activin addition to the EBs (see Figure S3). qPCR
was used to detect Klf6 (a), Hnf3b (b), Cxcr4 (c), Sox17 (d), Gata4 (e) and compared to
Gapdh as a reference. Levels were normalized to the expression in Klf6+/+ ES cells on day 2
of the differentiation protocol. Errors bars show standard deviation from three independent
experiments.
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Figure 9. Forced Klf6 expression enhances endoderm differentiation
(a) Stable ES cells expressing Klf6 under a doxycyclin inducible promoter were cultured as
EBs for 1 day, and then doxycycline was added, resulting in a 40% increase in Klf6 mRNA
assessed by qPCR, using Gapdh as a reference (a). (b-d) Expression of Cxcr4, Sox17, Gata4
were detected in cells with and without doxycycline by qPCR and normalized to the
expression level in cells without Klf6 induction (dox-). Errors bars show standard deviation
from three independent experiments.
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