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Fig. 4. Loss of Tmema88a results in profound cardiomyopathy.

(A) Brightfield images of representative control (MO“™ and tmem8&8a
(MO8 morphants at 48 hpf. Arrowhead indicates pericardial edema.
(B,C) Higher magnification of craniocardiac tissues in control and
tmem88a morphants. Brain (br), eye (e), yolk (y), heart (hrt, arrowheads)
and blood (bl, arrow) are indicated. (D,E) Fluorescent images of control
and tmem88a morphant hearts observed in the tg(myl!7:eGFP)
background. Ventricle (v) and atrium (a) are indicated. n>50 embryos
analyzed per panel. Scale bars: 0.1 mm in B-E.

phenotype, confirming the specificity of the tmem88a knockdown
(supplementary material Fig. S4B). Morphologically, the tmem88a-
related cardiac phenotype was first evident in 2-day-old embryos. At
28 hpf, control and tmem88a morphants were indistinguishable
(supplementary material Fig. S5). However, by 48 hpfthe tmem88a
morphants had shortened trunks, reduced cranial features and
pericardial edema (Fig. 4A). Closer examination revealed a lack of
blood, a translucent heart-string and slowed heart rate (Fig. 4B,C;
supplementary material Fig. S6).

Morphants were generated in the tg(myl7:eGFP) background,
which expresses cardiomyocyte-specific eGFP. At 72 hpf, control

hearts were fully looped, with adjacently positioned cardiac
chambers of comparable size (Fig. 4D). By contrast, Tmem§88a-
deficient hearts were linear, and the cardiac chambers were reduced
in size (Fig. 4E). These defects persisted until 7 days post-
fertilization, at which point the embryos died. Similar cardiac
defects, along with the absence of blood, were observed in
p53M214K mutants injected with tmem88a MOs (supplementary
material Fig. S7), indicating that Tmem§88a is required specifically
for proper cardiogenesis and blood formation. We note that the
cranial and truncal abnormalities were less pronounced in these
embryos, so that partial off-target effects cannot be ruled out for
those phenotypes.

Loss of Tmem88a causes hypocellularization of
the heart

Cardiogenesis is an elaborate process that requires CP specification,
cardiomyocyte differentiation, proliferation and morphogenesis.
Cardiomyopathies can arise from failure at any of these stages. To
better understand the requirement of Tmem88a for heart
development, we analyzed heart cellularity in control and tmem88a
morphants, derived from the tg(myl7:DsRed2-nuc) line, which
expresses nuclear cardiomyocyte-specific DsRed2. At 51 hpf,
embryonic hearts were dissected, immunostained and imaged to
quantify cardiomyocyte cell numbers (Fig. 5A,B). Atrial,
ventricular and total cardiomyocytes were counted (Fig. 5C).
Depletion of Tmem88a causes a 30% reduction in total
cardiomyocyte number. Atrial cardiomyocytes decrease by 20% and
ventricular cells by 40%. The vertical length of the cardiac
chambers was also measured (Fig. SD). Morphant hearts were, on
average, 30% shorter than those of controls.

Tmem88a regulates CP specification

The heart defects observed in tmem88a morphants could result from
aberrations in CP specification, proliferation or cardiomyocyte
differentiation. To assess cardiomyocyte differentiation, WISH was
performed for differentiation markers in tmem88a and control
morphants. atrial myosin heavy chain (amhc; myh6 — Zebrafish
Information Network) and ventricular myosin heavy chain (vmhc)
were used to monitor atrial and ventricular development,
respectively. At the 23-somite stage, control embryos showed the
wild-type expression patterns of both markers (Fig. 6A,B). By
contrast, tmem88a morphants had disrupted amhc and vmhc
transcript patterns (Fig. 6C,D). The area of vmhc staining was
reduced by 35%, and amhc staining was decreased by 45%

Fig. 5. Tmem88a-deficient hearts are small and
hypocellular. (A B) Representative confocal images of
control and tmem88a morphant hearts dissected from
51 hpf zebrafish embryos. Morphants were generated
in the tg(myl7:DsRed2-nuc) background. Left panels
show immunohistochemistry for DsRed?2 labeling of
cardiomyocyte nuclei (CMs). Middle panels show 546
antibody labeling of atrial cells. Right panels show
merge. Atrium (a) and ventricle (v) are indicated.

(C) Atrial (a), ventricular (v) and total (T) cardiomyocyte
numbers. (D) Atrial, ventricular and total cardiac
chamber length. n=6 hearts quantified per condition.
*P<0.05, **P<0.01; error bars indicate s.d.
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(Fig. 6E,F). Relative expression analysis, as measured by qPCR,
confirmed the reduction of both markers in Tmem8&8a-depleted
embryos (Fig. 6G,H).

To determine whether the changes in differentiation marker
expression were a consequence of defective CP specification, WISH
was performed for the CP marker nkx2.5. As before, the rostral tip
of the notochord was used as a landmark for orienting the normal
nkx2.5 expression domains. At the 8-somite stage, control
morphants displayed the expected bilateral nkx2.5 expression
pattern (Fig. 7A). By contrast, identically staged tmem88a
morphants had a significant reduction in the nkx2.5" domains
(Fig. 7B). Using area measurements, we established that the nkx2.5"
CP field was 60% smaller in tmem88a morphants than in controls
(Fig. 7C). Relative expression analysis of nkx2.5 by qPCR
confirmed this reduction (Fig. 7D).

Since impaired CP specification might result from a more general
mesodermal defect or loss of ALPM, we assessed the integrity of the
ALPM in tmem88a morphants. Genes expressed throughout the
ALPM include gata4, gata5 and thx20 (Schoenebeck et al., 2007,
Waxman et al., 2008). WISH revealed that the gata4 expression
pattern was identical in control and tmem88a morphants (Fig. 7E,F).
In particular, the posterior boundary of the gata4” domains was
located in the same position, as determined by measuring the
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Fig. 6. Tmem88a depletion reduces the expression of
cardiomyocyte differentiation markers. Zebrafish embryos
were analyzed at the 23-somite stage. (A-D) WISH for
ventricular cardiomyocyte marker (vmhc) and atrial
cardiomyocyte marker (amhc) in control (A,B) and tmem88a
(C,D) morphants. n>20 embryos analyzed per condition.

(EF) Relative vmhc* and amhc™ areas in control (Ctrl) and
tmem88a (T88a) morphants. (G,H) Relative expression levels of
vmhc and amhc assessed by gPCR. Measurements are
normalized to control; n=10 embryos measured per condition.
*¥P<0.01; error bars indicate s.d.

Ctrl T88a

distance from this boundary to the notochord tip, regardless of MO
injection (Fig. 7G). Moreover, the relative expression level of gata4
was unchanged in tmem88a morphants compared with controls
(Fig. 7H). Given that the ALPM is unperturbed in Tmemg88a-
depleted embryos, the loss of nkx2.5 expression implies that these
embryos have a primary defect in CP specification.

Reduced CP specification in tmem88a morphants
is not caused by increased apoptosis, decreased
cell proliferation or fate conversion to the
hematovascular or forelimb lineages

To establish whether the impaired CP specification in tmem88a
morphants is due to defective cell cycle dynamics, apoptosis and
cell proliferation assays were performed. Increased apoptosis was
observed in the developing brain of fmem88a morphants compared
with control embryos (data not shown). By contrast, no difference
in apoptosis or cell proliferation was detected in the cardiogenic
ALPM of control and tmem88a morphants (Fig. 8A-F).

The possibility of cell fate conversion was also considered. The
heart develops in association with the hematovascular and forelimb
organ fields (Schoenebeck et al., 2007; Van Handel et al., 2012;
Waxman et al., 2008). During normal development, these non-
cardiac domains limit the range of CP expansion. Moreover,

A nkx2.5/ntl B } nkx25/ntl C 129 = D 12 ud
).,-r $ 100 L%' 1.0
g 80 E‘ 08
‘ < 60 0.6
¥ 15}
& o 40 - o 04
N ‘; g 20 E 0.2
Ctrl T88a 0 0.0
MO MO Ctrl  T88a ctl  T88a
E§ gatadintl F 3 gatad/ntl G ns H o, ns
L & —_ — ) —
3 £ 40 + & 10
- o ¥ Q w
5 \ . ’ Q g — 08
“ . A ‘? s [}
4 4 X L B 60 T o6
"?' - ' k 3 40 E 0.4
S — T 4 S 02
Ctrl T88a >} 0.0
MO MO 0 :

ctl  T88a Gl T88a

Fig. 7. Loss of Tmem88a reduces the CP fields. Zebrafish embryos were analyzed at the 8-somite stage. (A,B) WISH for nkx2.5 (box) and nt/in
representative control and tmem88a morphants. (C) Relative nkx2.5" areas in control and tmem88a morphants. (D) nkx2.5 relative expression levels as
assessed by qPCR. (E,F) WISH for gata4 and ntl in representative control and tmem88a morphants. Arrow indicates the posterior gata4* domain
boundary. (G) Relative distance between the notochord tip and the posterior gata4* domain boundary. (H) gata4 relative expression levels by gPCR.
(A,B,E,F) Dorsal views of flatmount embryos, with anterior to the top; n>20 embryos analyzed per condition. (C,G) Measurements are normalized to
control; n=10 embryos measured per condition. **P<0.01; ns, not significant; error bars indicate s.d.
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overexpression of the hematovascular transcription factor sc/ (tall
— Zebrafish Information Network) has been shown to convert
precardiac mesoderm into blood and endothelium (Schoenebeck et
al., 2007), indicating that fate conversion between neighboring
organ fields is possible. To establish whether reduction in CP
specification in tmem88a morphants is due to concomitant
expansion of either hematovascular or forelimb tissues, we
performed WISH for sc/ and thx5. Neither the blood nor forelimb
field was expanded in tmem88a morphants (Fig. 8G-J), indicating
that the Tmem§88a-related CP deficiency does not result from fate
conversion to these lineages.

The requirement for appropriate Tmem88a levels
is limited to cardiac and erythromyeloid
precursors

Since the expression pattern of tmem88a in 8-somite stage embryos
extends in the lateral mesoderm beyond the CP fields, we examined
whether this gene is implicated in the development of other
mesodermal tissues. WISH for the axial mesoderm marker ntl,
paraxial mesoderm marker myod (myodl — Zebrafish Information
Network), intermediate mesoderm marker pax2a and
hematovascular marker sc/ indicated that the expression pattern of
these genes was indistinguishable in tmem88a and control
morphants (supplementary material Fig. S8A-H). However, the
erythroid marker gatal was essentially undetectable in 75% of
tmem88a morphants (supplementary material Fig. S8LJ). Analysis
of additional hematopoietic and vascular markers showed that
transcripts for gatal and the myeloid regulatory gene pul (spilb —
Zebrafish Information Network) are reduced in tmem88a morphants
compared with control embryos (supplementary material Fig. S§K).
These findings are consistent with a recent publication documenting
the requirement of Tmem§88a in erythromyeloid development
(Cannon et al., 2013). The selective loss of gatal and pul
expression in 8-somite stage morphants indicates an early role for
Tmem88a in erythromyeloid precursor specification and/or blood
lineage commitment downstream of the stem/progenitor regulatory
gene scl.

WNT signaling negatively correlates with
Tmem88a levels

Hematopoietic and cardiac development are regulated by WNT
signaling. In both cases, a precisely timed sequence of WNT
activation and inhibition is required for lineage commitment (Naito et
al., 2006; Ueno et al., 2007). For instance, CP specification depends
on WNT activity at or around gastrulation followed by WNT

- T88a
MO

Fig. 8. Loss of CPs in tmem88a morphants is not
caused by increased apoptosis, decreased cell
% proliferation or fate conversion to the
hematovascular or forelimb lineages. Dorsal views
of representative flatmount preparations of 8-somite
(A-H) and 23-somite (I,J) control and tmem88a
morphants, with anterior to the top (n>20 embryos
analyzed per condition). (A,B) WISH for nkx2.5 and ntl,
showing the cardiogenic mesoderm (arrowheads).
(C,D) Apoptosis detection by TMR-Red. (E,F) Phospho-
Histone H3 antibody staining for cell proliferation.
(G,H) WISH for the hematovascular marker sc/and for
ntl. Arrow indicates the boundary of the anterior sc/
expression domain. (I,J) WISH for the forelimb marker
thx5.
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inhibition at the onset of somitogenesis. Interestingly, human
TMEMSS was shown to negate a WNT overexpression phenotype
when expressed in Xenopus explants (Lee et al., 2010). To establish
whether zebrafish Tmem88a negatively regulates WNT activity
during CP specification, we monitored the relative expression of a
genetically engineered WNT sensor in response to TmemS88a
expression. Using transgenic TOPdGFP reporter fish, WNT activity
(GFP) was found to be elevated in tmem88a morphants and reduced
in embryos injected with tmem88a mRNA, compared with controls
(Fig. 9A,B). Similarly, the relative expression of the WNT target gene
dkkl increased in tmem88a morphants and decreased in embryos
injected with tmem88a mRNA, compared with controls (Fig. 9C,D).
By contrast, control morphants and embryos injected with mutated
tmem88a mRNA, which encodes a truncated protein lacking the C-
terminal Val-Trp-Val motif, were unchanged for WNT-related gene
expression. Therefore, active WNT signaling negatively correlates
with Tmem88a levels during early somitogenesis.
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Fig. 9. WNT target gene expression negatively correlates with
tmema88a levels. Relative expression levels assessed by qPCR of (A,B) the
WNT sensor TOPdGFP and (C,D) the WNT target gene dkk1 in wild-type
zebrafish embryos (WT), in embryos injected with control (Ctrl) or
tmem88a (T88a) MO, and in embryos injected with mutated tmem8&8a
mMRNA (At88a) or wild-type tmem88a mRNA (t88a). *P<0.05, **P<0.01; ns,
not significant; error bars indicate s.d.
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Fig. 10. CP formation is repressed by forced expression of
wild-type but not mutant tmem88a, and this phenotype is
rescued by enhancing early WNT signaling. (A-E) WISH for
nkx2.5 (box) and ntl in representative 8-somite stage

@ uninjected control zebrafish embryos (A, Ctrl), embryos
injected with wild-type tmem88a mRNA (B, 88a RNA), embryos
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Overexpression of tmem88a disrupts CP formation
in a WNT-dependent manner

To evaluate whether the correlation between Tmem§88a levels and
WNT activity is significant to cardiogenesis, functional interactions
were tested in the context of CP specification. Since CP
specification requires the sequential activation and inhibition of
WNT signaling, inappropriate modulation of the pathway should
interfere with CP formation. For example, forced inhibition of WNT
signaling by dkkl overexpression prior to 3.5 hpf reduces nkx2.5
expression in 8-somite stage embryos (Ueno et al., 2007). Similarly,
forced expression of Tmem88a by microinjection of mRNA caused
a significant reduction in the nkx2.5 expression pattern compared
with wild-type controls (Fig. 10A,B) or control embryos injected
with mutated tmem88a mRNA (Fig. 10C). By 48 hpf, embryos
injected with wild-type tmem88a mRNA developed a discernable
cardiomyopathy, whereas control embryos had morphologically
normal hearts (supplementary material Fig. S9).

We reasoned that if the CP deficiency associated with tmem88a
overexpression results from reduced levels of WNT signaling,
forced WNT induction should rescue this phenotype. Rescue was
attempted by injecting tmem88a mRNA into tg(hsp70l:-wnt8-eGFP)
embryos, which carry a heat-shock-inducible wnt8§ gene. Control
and injected embryos were heat shocked at 3 hpf for 30 minutes and
analyzed for nkx2.5 expression at the 8-somite stage of
development. Early induction of wnt8 in wild-type embryos resulted
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injected with mutated tmem88a mRNA (C, A88a), heat-
shocked uninjected control embryos (D, Ctrl+wnt8), and heat-
shocked embryos that had been injected with wild-type
tmem88a mRNA (E, 88a RNA+wnt8). Heat-shock treatment
was administered to embryos at 3 hpf for 30 minutes. n>15
embryos analyzed per condition. (F) nkx2.5 relative expression
levels assessed by gPCR. **P<0.01; error bars indicate s.d.
+wnt8

in increased nkx2.5 expression (Fig. 10D), as documented
previously (Ueno et al., 2007). Interestingly, in embryos
overexpressing tmem88a, forced WNT activation largely rescued
the Tmem88a-induced CP deficiency (Fig. 10E.F). Since the
deleterious effect of tmem88a overexpression on CP specification
was reversed by increasing WNT signaling, Tmem88a and the
WNT pathway appear to be antagonistic.

WNT signaling acts co-operatively with loss of
Tmem88a to suppress CP specification

The tmem88a mRNA overexpression studies established antagonism
between Tmem88a and WNT signaling, but did not determine the
normal physiological relevance of this interaction. Expression of
tmemd88a is virtually undetectable until the end of gastrulation, a stage
that coincides with procardiogenic inhibition of WNT activity. To
establish whether tmem&8a contributes to this inhibitory regulation,
a combined MO and genetic approach was adopted. We reasoned that
if Tmem88a is required for CP specification because it represses
WNT activity, then increasing WNT signaling should sensitize
embryos to the depletion of Tmem88a. To test this hypothesis,
embryos derived from the tg(hsp70l:wnt8-eGFP) line were heat
shocked for 30-60 minutes at 75% epiboly. This developmental stage
was chosen because it follows mesoderm establishment but precedes
the emergence of nkx2.5" CPs. A 60 minute heat-shock treatment
caused significant depletion of nkx2.5 in 8-somite stage control
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Fig. 11. Limited WNT signaling sensitizes cardiogenic mesoderm to subthreshold depletion of Tmem88a. (A-D) WISH for nkx2.5 (box) and ntlin
representative 8-somite stage control morphants (Ctrl) and subthreshold tmem88a morphants (88a), without or with (+wnt8) low-level WNT activation.
Retraction of the notochord and general widening of the mesodermal plate occur in heat-shocked embryos, but independently of MO injection. Heat-
shock treatment was administered to 75% epiboly embryos for 30 minutes. n>20 embryos analyzed per panel. (E) nkx2.5" area normalized to control
values. n=10 embryos measured per condition. (F) nkx2.5 relative expression levels assessed by gPCR. *P<0.05, **P<0.01; ns, not significant; error bars

indicate s.d.
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Fig. 12. Late suppression of WNT signaling rescues CPs and cardiomyocyte numbers in tmem88a morphants. (A-D) WISH for nkx2.5 (box) and nt/
in representative 8-somite stage control (Ctrl) and tmem88a (88a) morphants, without or with (+dkk1) WNT inhibition. Retraction of the notochord
occurs in heat-shocked embryos, but independently of MO injection. Heat-shock treatment was administered to 75% epiboly embryos for 1 hour. n>20
embryos analyzed per panel. (E) nkx2.5* area normalized to control values. n=6 embryos measured per condition. (F-1) Cardiomyocyte nuclei in
representative 48-hpf embryos from the tg(my!7:DsRed2-nuc) line. n>25 embryos analyzed per panel. (J) Quantification of total cardiomyocyte (CM)
numbers. n=6 control hearts analyzed; n=9 hearts analyzed for all other conditions. (K-N) Brightfield images showing craniocardiac tissues in 48-hpf
embryos. n>50 embryos analyzed per condition. **P<0.01; ns, not significant; error bars indicate s.d.

morphants, as previously reported (Ueno et al., 2007). By contrast,
embryos treated for 30 minutes appeared identical to non-heat-
shocked controls (Fig. 11A,B). Partial depletion of Tmem88a was
accomplished using subthreshold quantities of trmem88a MO (1 ng).
These embryos had only a moderate (25%) reduction in nkx2.5
staining (Fig. 11C). A 30 minute heat-shock treatment of the partial
morphants caused a profound (60-70%) deficiency in the nkx2.5
expression domains, which was much more than the additive effect of
the individual manipulations (Fig. 11D). These findings were
quantified by measuring the area of nkx2.5 expression under each
condition, and using qPCR to determine nkx2.5 relative expression
levels (Fig. 11E,F). The synergistic repression of CP formation by
wnt8 overexpression and tmem88a depletion is consistent with a
functional interaction between WNT signaling and Tmem§88a activity.

Suppression of WNT signaling rescues the CP
deficiency in tmem88a morphants

If loss of Tmem88a leads to enhanced WNT activity that blocks CP
specification, then inhibition of WNT signaling just prior to
specification should restore CP generation in the absence of
Tmem88a. To test this idea, WNT signaling was downregulated
using the tg(hsp70l:dkkI1-eGFP) line to express the WNT inhibitor
dkkI in a temporally specific manner. Control or tmem88a morphant
embryos were heat shocked for 1 hour at 75% epiboly and CP
formation was monitored by WISH for nkx2.5. In control embryos,
WNT inhibition at this stage had no effect on the generation of
nascent CPs (Fig. 12A,B). By contrast, the CP domains were
rescued in 80% of the heat-shocked tmem88a morphants
(Fig. 12C,D). These embryos had, on average, a 42% expansion of

the nkx2.5" territories compared with non-heat-shocked tmem&8a
morphants, as quantified by area measurements and nkx2.5 relative
expression levels (Fig. 12E; supplementary material Fig. S10).

In addition to rescuing CP specification, dkkl overexpression
resulted in complete recovery of total cardiomyocyte number in
tmem88a morphants. Heat-shocked and non-heat-shocked control
embryos had equivalent numbers of cardiomyocytes at 48 hpf
(Fig. 12F,G). The 46% cardiomyocyte deficiency measured in
tmem88a morphants was rescued upon dkkl overexpression
(Fig. 12H-J). Cardiac morphology remained abnormal in these
embryos, suggesting a separate or fine-tuned role for Tmem88a
in morphogenesis. However, the rescue by dkkl expression
was sufficient to cause a marked overall improvement in the
gross craniocardiac morphology of the tmem88a morphants
(Fig. 12K-N).

The WNT-dependent reversal of CP and cardiomyocyte loss in
tmem88a morphants further supports a model whereby Tmem88a
negatively modulates WNT signaling to create a permissive
environment for cardiac progenitor specification, following an
earlier WNT-dependent phase of cardiac mesoderm commitment.

DISCUSSION

Transcription factors and signaling pathways are important
components of the cardiogenic network that drives CP specification,
but the molecular details of the cross-regulation and balance among
cues to ensure normal numbers of CPs remain largely unknown.
WNT activation has previously been associated with reduced GATA
factor expression (Afouda et al., 2008; Martin et al., 2010). In this
study, we implicate GATA factors in limiting WNT signaling. We
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identify tmem88a as a GATA-dependent gene that is required for
the specification of normal numbers of cardiomyocytes. Either
excessive or reduced tmem88a expression results in the disruption
of nkx2.5" CP field size. Timed activation or inhibition of the WNT
pathway rescues the tmem88a overexpression or loss-of-function
phenotype, respectively. These observations provide strong
evidence for a functional interaction between Tmem§88a and the
WNT pathway that is responsible, at least in part, for appropriate CP
specification.

Given the major effect of tmem88a knockdown on CP
specification, as measured by nkx2.5 expression, it is somewhat
surprising that later indicators of cardiac development, including
differentiation markers and cardiomyocyte numbers, although
altered significantly, were not more affected in tmem88a
morphants. Since our morphant model is not null, one caveat is
the transient nature of the tmem88a MO and potential recovery of
Tmem88a levels. However, given the limited developmental
window of action, this explanation seems unlikely. Another
possibility is that neighboring cell populations compensate for the
loss of nkx2.5" CPs in the developing morphants. Lineage-tracing
studies have shown that gata4™ nkx2.5~ head mesenchyme
progenitors, positioned anterior to the nkx2.5" CPs, can replace
ablated CPs in 18-somite stage or younger embryos (Serbedzija
et al., 1998). Since the gata4® ALPM is intact in tmem88a
morphants, these head mesenchyme progenitors might
compensate and partially rescue the post-specification stages of
cardiogenesis. Since tissue-specific markers for these cells are not
available, the size of the head mesenchyme progenitor field cannot
be quantified using WISH, and lineage-tracing experiments will be
needed to test this hypothesis. Another unanswered question
relates to the fate, in tmem88a morphants, of the gata4™ cells that
are normally cardiogenic. We did not observe increased cell death
or decreased cell proliferation in or near the nkx2.5° ALPM of
tmem88a morphants. Nor was there any expansion in the
hematovascular or forelimb fields that are normally adjacent to
the precardiac mesoderm. Again, with the development of
appropriate reporter lines, lineage-tracing experiments might help
to identify the fate of the cells that fail to express nkx2.5 in
embryos lacking Tmem8&8a function.

Tmem88a is the second small transmembrane protein of
unknown function (TMEM) to be implicated in cardiogenesis.
Recent forward genetic screens identified Tmem?2 as a protein
involved in cardiomyocyte migration and atrioventricular canal
formation (Smith et al., 2011; Totong et al., 2011). Tmem2 was
shown to act by negatively modulating BMP signaling. Although
Tmem2 and Tmem88a share no homology, they are both
transmembrane proteins that inhibit important signaling pathways,
most likely by sequestering key pathway components at the
plasma membrane. Our findings suggest that Tmem§88a is much
less effective at WNT repression than Dkkl, a soluble WNT
inhibitor. The effect of Tmem2 on BMP activation also seems
moderate (Smith et al., 2011; Totong et al., 2011). TMEM proteins
might therefore constitute a novel regulatory layer that is
responsible for the fine-tuning of major signaling cascades in
cardiogenesis.

Although we identified tmem88a as a regulator of CP
specification, this gene is also involved in the development of
erythromyeloid tissue. Cannon et al. recently showed that erythroid
and myeloid cell numbers are significantly decreased in tmem88a
morphants at 48 hpf, compared with wild-type embryos (Cannon et
al., 2013). We observed that 8-somite stage tmem88a morphants
had markedly reduced expression levels of the erythroid progenitor

marker gatal and the myeloid progenitor marker pul. Thus,
Tmem88a is likely to be required for the specification or
differentiation of a common erythromyeloid precursor cell.
Interestingly, dkkl overexpression did not rescue the blood
deficiency in tmem88a morphants, and so the mechanism of action
of Tmem88a in hematopoietic development remains unclear.
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