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Advantage	
  of	
  zebrafish	


•  Many	
  eggs	
  :	
  100-­‐300	
  eggs	
  /	
  pair	
  

•  Rapid	
  development	
  :	
  Embryos	
  hatch	
  in	
  72	
  hours	
  

•  Muscular	
  dystrophic	
  phenotype	
  is	
  easily	
  detected	
  by	
  birefringence	
  

•  Small	
  compounds	
  penetrate	
  into	
  zebrafish	
  embryos	


was prevented by raising sof embryos in anaesthetic between 20 and
72 hpf, indicating that normal activity is sufficient to precipitate
degeneration in the mutant and that muscle load is an essential
component of the sof phenotype.

Remarkably, despite a myopathology as severe as in the other, lethal
dystrophic mutants, many sof larvae were able to recover completely
and were viable. When expressed relative to wild-type sibling rates of
survival, 64% (n=109) of homozygotes survived to maturity under
standard rearing conditions and were fertile, swam normally and were
indistinguishable from wild-type siblings. To test whether survival
correlated with phenotypic severity, mildly and severely affected
cohorts of sof mutant larvae were raised separately. Both groups
survived at frequencies similar to that of the overall mutant sample
(mild, 71%, n=21; severe, 66%, n=18), suggesting that viability of sof
mutants was not restricted to mildly affected larvae.

The vertical myoseptum in sof mutants has an
abnormal ultrastructure
The muscle detachment apparent in sof mutants implied a failure of
the anchorage of fibre ends to the embryonic MTJ at the vertical
myoseptum. In order to look for direct evidence of a defective MTJ
to explain this detachment, transmission electron microscopy was
carried out on sections of 72 hpf sof mutant and sibling embryos
(Fig. 3). The vertical myoseptum of wild-type siblings had a
uniform, well-organised appearance with a layered structure visible
at higher magnification (Fig. 3A,C). By contrast, even in regions
where the fibres were intact, the mutant myoseptum appeared
grossly distorted, with an irregular thickness and numerous blisters
within the extracellular matrix (Fig. 3B, arrowheads). Multiple short
processes branching off the myoseptum were also noticeable (Fig.
3B, arrows). A higher magnification view revealed that the surface
of the mutant myoseptum was rough and disorganised compared
with the wild type (Fig. 3C,D). The overall appearance of the
vertical myoseptum suggested that the underlying defect in sof
resided in the junctional extracellular matrix.

softm272a has a mutation in the zebrafish lamb2
gene
To investigate the molecular basis of the phenotype, meiotic mapping
of the sof mutation was carried out using standard approaches (Geisler,
2002). Linkage analysis defined a region on Chromosome 23 between

SSLP markers z13424 (31.6 cM; 2 recombinants out of 94 meioses)
and z31657 (33.9 cM; 11 recombinants out of 94 meioses) and a non-
recombinant marker was found (z31489, 32.2 cM; 0 out of 770
meioses), indicating tight linkage to the sof mutation (Fig. 4A). An
inspection of the region surrounding z31489 in the Ensembl genome
assembly (Zv7; http://www.ensembl.org) revealed duplicate genes
that were strong candidates for the mutation. One gene, lamb2
(ENSDARG00000002084), encoded a predicted protein with
significant similarity to human laminin β2 (LAMB2; 59% identity).
The other candidate was the predicted gene ENSDARG00000033950,
which encoded a protein 49% identical to lamb2. This second gene,
lamb2l, was situated in the same relative location as human LAMB2-
like, a pseudogene, which is adjacent and upstream of LAMB2 (Durkin
et al., 1999). The gene order in this region is conserved between
human and zebrafish (Fig. 4B). This implies an ancestral tandem
duplication and subsequent inactivation of LAMB2-like in the
mammalian lineage.
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Fig. 1. Muscle degeneration in the dystrophic mutants softm272a,
cafteg15a and sapta222a. Birefringence images comparing the loss of
striated muscle in mutant embryos at 72 hpf, viewed through a
polarising filter as dark patches on the trunk. The distribution and
severity of muscle lesions in sof are broadly similar to caf and sap, while
wild-type embryos (WT) display no loss of birefringency.

Fig. 2. Muscle degeneration in sof mutants results from
detachment of myofibres from the vertical myoseptum. Lateral
views of wild-type muscle (A,C,E) show fibres spanning the somite
between adjacent myosepta, whereas in sof mutants (B,D,F), lesions
rapidly develop. (A,B) Whole-mount immunohistochemistry using an
antibody against slow myosin demonstrates that, although slow fibres
develop normally in sof embryos, by 30 hpf fibres have already
detached from the myoseptum. (C-F) DIC images of axial muscle. By 72
hpf, the sof embryo appears severely damaged, with numerous
detached fibres scarring the myotome. A magnified view of a single
detached fibre (F) shows the characteristic invaginated membrane
(arrows) and retraction groove (arrowhead). (G) Retraction of a single
fibre (arrowhead), from left of frame to right, in a 72 hpf sof embryo.
Still images taken from Movie 1 in the supplementary material, with
elapsed time indicated in seconds.
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Drug	
  screening	
  in	
  zebrafish	
  model	
  of	
  FSHD	
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  1	

How	
  expression	
  of	
  DUX4	
  causes	
  FSHD-­‐like	
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  zebrafish	
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  2	

To	
  establish	
  DUX4-­‐transgenic	
  fish	




Chemical screens of Dystrophin 
Deficient Zebrafish  

for Functional Modifier  
 



Chemical screening of small molecules  
using dystrophin null fish 

Purpose: 

Screening for effective chemicals to rescue the muscle phenotype



Methods:

1. Sapje and Sapje-like fish (heterozygous fish +/-)

               (+/-) X (+/-)

         +/+       +/-       -/-

        25%      50%     25 %

2. Chemical treatment with 2.4 µg/ml from 1 to 4 dpf

            Chemical library: Prestwick Collection            1120

§  Chemicals are already approved by the FDA for treating disease

§  The mechanism for drug action of the compounds is already known. 



3. Birefringence assay

      At 4 dpf, all fish were examined by birefringence and the number 

of affected fish were counted. 


•  25%       non effective

•  less than 25%           effective for decreasing affected fish




Observation of muscle by Birefringence 

Polarizing filter 


Anesthetized fish


Polarizing filter 


Dissecting scope


Wild type fish


Sapje fish (DMD model fish)




20 fish 
 20 fish


Examples of effective and ineffective chemicals 



5 affected fish /20 fish (25%) 
 1 affected fish /20 fish (5%) 


Non-effective
 Effective 


Examples of effective and ineffective chemicals 



No. Chemical name Chemical library

#1 Epirizole Prestwick collection 1
#2 Homochlorcyclizine Prestwick collection 1
#3 Conessine Prestwick collection 1
#4 Aminophylline Prestwick collection 1
#5 Equilin Prestwick collection 1
#6 Pentetic acid Prestwick collection 1
#7 Proscillaridin A Prestwick collection 1
#8 Nitromide NINDS 2 Compound library 
#9 Propantheline bromide NINDS 2 Compound library 
#10 Androsterone acetate NINDS 2 Compound library 
#11 Crassin acetate NINDS 2 Compound library 
#12 Pomiferin NINDS 2 Compound library 
#13 Cerulenin ICCB Known Bioactives Library
#14 9a,11b-Prostaglandin F2 ICCB Known Bioactives Library

Candidate chemicals from our screens 



Het (+/-) X Het (+/-) 

Day 4 embryos -10 /cage  
1.  Treatment with individual chemicals (2.5 µg/ml) 
2.  Non treatment 
3.  Wild type  
 
Culture fish from day 4 to day 30 in triplicate 

Survival fish for 30 days 
• Number of surviving fish 
• Genotyping 
• IHC  

75% 25% 

Affected Fish with Chemicals #1-7 



Some chemicals increase the life span  
of dystrophin null fish 



Final	
  goal	


Drug	
  screening	
  in	
  zebrafish	
  model	
  of	
  FSHD	
  	


Aim	
  1	

How	
  expression	
  of	
  DUX4	
  causes	
  FSHD-­‐like	
  
phenotype	
  in	
  zebrafish	


Aim	
  2	

To	
  establish	
  DUX4-­‐transgenic	
  fish	




1.	
  Cloning	
  of	
  human	
  DUX4	
 2.	
  Synthesize	
  DUX4	
  mRNA	
  in	
  vitro	


3.	
  Injec\on	
  into	
  zebrafish	
  embryos	


10,	
  0.5,	
  0.2,	
  0.1	
  pg	
  mRNA	
  	
  	
  	
  
per	
  embryo	


pCS2(+)	
  vector	


EcoRI	
 XhoI	


V5	
Human	
  DUX4	


V5	
DUX4-­‐s	


homeobox	


V5	
DUX4-­‐fl	


1359	
  nt	


568	
  nt	


V5	
HOX1mut	


1359	
  nt	




Only	
  1/1000	
  cells	
  from	
  FSHD	
  pa\ent	
  express	
  DUX4-­‐fl	


What	
  will	
  happen	
  if	
  we	
  inject	
  DUX4	
  less	
  than	
  0.5	
  pg?	




Day	
  4	
  	
  
0.5,	
  0.2,	
  0.1	
  pg	
  /	
  embryo	


N	
  =	
  150-­‐200	
  	
  embryos	




§  Low	
  levels	
  of	
  DUX4-­‐fl	
  resulted	
  in	
  asymmetric	
  abnormali\es	
  of	
  the	
  eyes,	
  ears	
  
and	
  fins	
  in	
  a	
  dose-­‐dependent	
  manner	
  	
  

§  Along	
  with	
  muscular	
  dystrophy,	
  FSHD	
  pa\ents	
  experience	
  hearing	
  loss	
  and	
  
re\nal	
  vasculopathy	
  

§  Is	
  asymmetry	
  caused	
  by	
  localiza\on	
  of	
  DUX4-­‐expressing	
  cells	
  to	
  one	
  side?	
  
	
  

Eye	
  

Fin	
  

WT	
  
otolith	
  

Abnormal	
  
otolith	
  



uninjected 

DUX4-fl 0.1 pg 

DUX4-fl 0.2 pg 

Birefringence	
  was	
  mildly	
  affected	
  in	
  injected	
  fish	


Head	
 Tail	




Conclusions	


•  Very	
  small	
  amount	
  of	
  DUX4-­‐fl	
  (1	
  x	
  105	
  molecules)	
  
caused	
  abnormal	
  phenotypes	
  on	
  the	
  eyes,	
  face,	
  
and	
  fin	
  muscles	
  in	
  zebrafish	
  	


•  DUX4-­‐fl	
  perturbed	
  myogenesis	
  of	
  face	
  and	
  fin	
  
muscles	
  in	
  an	
  asymmetrical	
  manner.	


•  Zebrafish	
  can	
  start	
  to	
  model	
  features	
  of	
  FSHD.	




Final	
  goal	


Drug	
  screening	
  in	
  zebrafish	
  model	
  of	
  FSHD	
  	


Aim	
  1	

How	
  expression	
  of	
  DUX4	
  causes	
  FSHD-­‐like	
  
phenotype	
  in	
  zebrafish	


Aim	
  2	

To	
  establish	
  DUX4-­‐transgenic	
  fish	




Only	
  1/1000	
  cells	
  from	
  FSHD	
  pa\ent	
  express	
  DUX4-­‐fl	


We	
  need	
  to	
  express	
  DUX4-­‐fl	
  in	
  a	
  small	
  percent	
  of	
  cells.	


Aim	
  2:	
  	
  Genera\on	
  of	
  DUX4	
  Tg	
  fish	
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To characterize ubi-driven CreERt2 function, we crossed
ubi:creERt2 males (to circumvent maternal CreERt2 contribution and
assure all CreERt2 derives from de novo expression) to lmo2:loxP-
dsRed-loxP-EGFP (lmo2:Switch) females (Wang et al., 2008) (Fig.
5A). lmo2 promoter-driven transgenes start to express from 10-12
hpf in hematopoietic and endothelial precursors (Wang et al., 2008;
Zhu et al., 2005). When incubated with 5 �M 4-OHT starting from
shield stage, ubi:creERt2; lmo2:loxP-dsRed-loxP-EGFP double-
positive embryos express strong and mosaic EGFP in the
vasculature and hematopoietic system by 24 hpf (Fig. 5B-E), thus
revealing 4-OHT dependent CreERt2 activity. These crosses
revealed that ubi-derived CreERt2 is absolutely 4-OHT dependent
for its activity, as ubi:creERt2; lmo2:loxP-dsRed-loxP-EGFP
double-positive embryos never showed any detectable GFP
expression by fluorescence when treated with ethanol solvent
control (Fig. 5F-I). Strikingly, fluorophore-expressing cells were
always single-positive for either EGFP or mCherry (Fig. 5C-E),
suggesting that 4-OHT activity, and thus the probability of CreERt2-
mediated loxP recombination events, fades during the time window
between induction at shield stage and onset of lmo2 switch
expression.

To independently test ubi:creERt2 functionality, we crossed
ubi:creERt2 males to females carrying the previously reported
fusion promoter-driven eab2:[EGFP-T-mCherry] (FlEX) (Fig.
5J). Prior to recombination, FlEX broadly expresses EGFP and
has been proposed to be ubiquitous (Boniface et al., 2009).
CreERt2 activation with 4-OHT at shield stage triggered
highly mosaic and strong mCherry expression in double-
transgenic embryos as observed 3 days post fertilisation (dpf)
(Fig. 5K,L), whereas ethanol solvent control-treated embryos
never produced detectable mCherry expression during the
observation period (Fig. 5K,L). Together, these experiments
establish that ubi promoter-driven CreERt2 recombines loxP site-
flanked transgenes specifically upon 4-OHT addition in zebrafish
embryos.

Lineage tracing with ubi:Switch
We noted in our ubi:creERt2 experiments (Fig. 5 and see above)
different degrees of switch construct expression mosaicism despite
early 4-OHT induction at shield stage. This suggests that either: (1)
ubi-driven CreERt2 is not efficiently excising the tested loxP switch;
or (2) the loxP switch transgenes have integrated in suboptimal
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Fig. 5. Tg(–3.5ubi:creERt2;cmlc2-EGFP) provides 4-
OHT-inducible ubiquitous Cre activity. Asterisks
indicate cmlc2-EGFP expression in the heart, which
segregates with the ubi:creERt2 transgene. (A)�Schematic
of the ubi:creERt2 transgene and lmo2:lox-dsRed-lox-
EGFP (lmo2:Switch) reporter cross shown in panels (B-I).
Black arrows indicate transcription start positions,
yellow boxes are non-coding 5! and 3! UTR/polyA
sequences, blue arrow heads indicate loxP sites.
(B-I)�Images depict the posterior region of live
ubi:creERt2; lmo2:Switch double-positive zebrafish
embryos at approximately 24 hpf, with insets showing
cmlc2:EGFP expression to confirm presence of both
transgenes. Embryos were induced at shield stage
(6 hpf) with 5��M 4-OHT (B-E) or ethanol (EtOH) carrier
(F-I). mCherry expression marks lmo2:Switch-expressing
cells in endothelial cell populations of the tail and head
(C,G), whereas EGFP reveals specific 4-OHT dependent
loxP cassette excision from lmo2:Switch by Cre (D,E),
which did not occur in ethanol controls (H,I).
(J)�Schematic of the ubi:creERt2 transgene and
Tg(eab2:[EGFP-T-mCherry]) (FlEX) reporter cross shown
in K and L. Note that FlEX is driven by a compound
ef1�:�-actin2 promoter fragment which drives a bi-
directional Terminator (T)-separated EGFP/mCherry
cassette that inverts to enable mCherry expression after
Cre-mediated recombination (Boniface et al., 2009).
(K,L)�Live ubi:creERt2; FlEX double-positive zebrafish
embryos at approximately 3 dpf. The embryo on top
was treated with 5��M 4-OHT at shield stage, whereas
the embryo at the bottom was treated with ethanol
carrier control. EGFP fluorescence indicates default FlEX
reporter expression (K), whereas mCherry fluorescence
(L) reveals successful Cre-mediated loxP recombination,
which inverts the EGFP-T-mCherry cassette in FlEX and
triggers mCherry expression.

169TECHNICAL PAPER RESEARCH ARTICLE

INTRODUCTION
A ubiquitous promoter/enhancer to drive transgenes is a key
component of a complete transgenesis toolkit in any model
organism. Enhancer trap screening in the mouse previously
identified the Rosa26 locus, which became the current gold
standard for ubiquitous transgene expression and for Cre/loxP-
based lineage tracing at all stages of development and in all adult
tissues (Friedrich and Soriano, 1991; Soriano, 1999; Zambrowicz
et al., 1997). The lack of a homologous tool in zebrafish has
particularly limited the full potential of Cre/loxP-based lineage-
tracing approaches that complement the powerful imaging
possibilities and genetic malleability of the model system. As
genomic knock-in methods for zebrafish are currently missing, a
broadly applicable ubiquitous transgene control element needs to
be accessible in simple cloning vectors. Strong candidates for
ubiquitous zebrafish promoters/enhancers are thus control regions
of genes encoding factors required in fundamental cellular
processes.

Several native zebrafish as well as exogenous control elements
have been previously deemed ubiquitous in vivo and
successfully applied in genetic experiments; these include the
zebrafish h2afx, tbp, versions of the �-actin control elements
(Burket et al., 2008; Gillette-Ferguson et al., 2003; Higashijima
et al., 1997; Kwan et al., 2007), and the Xenopus laevis-derived
elongation factor 1a promoter (XlEef1a1) (Johnson and Krieg,
1994; Kawakami et al., 2004). Each of these promoter fragments
has shortcomings in different developmental stages and cell

types. A common problem is their progressive inactivation
during the course of development, particularly in parts of the
nervous system, the fin fold, hematopoietic cell populations, or
even ubiquitously in all tissues. For example, the commonly
applied XlEef1a1 reportedly only expresses strongly during
gastrulation and midsomitogenesis before being restricted to
specific cell types, although prolonged expression has been
reported for isolated transgenes (Collins et al., 2010; Hans et al.,
2009). The �-actin promoter fragments do retain expression in
adults, yet show no significant activity in erythrocytes or fins, or
several other cell types (Burket et al., 2008; Traver et al., 2003).
This likely reflects specialization of differentiating cells,
potential cell-type-specific requirements for basic molecular
mechanisms controlling translation or chromatin maintenance, as
well as transgene dependence on the genomic integration
context.

Lineage-tracing transgenes using currently available transgene
promoters in zebrafish therefore do not allow complete cell-fate
tracing to all descendant tissues nor lineage analysis over prolonged
time periods. Furthermore, the extensive creation of loxP cassette-
based transgenes requires a reproducible and reliable driver
element with broad cloning compatibility. Seminal work by Hans
et al. (Hans et al., 2009) established the functionality of tamoxifen
(TAM)-inducible CreERt2-mediated loxP recombination (Feil et al.,
1996; Feil et al., 1997) in zebrafish. The fast uptake and action of
the active TAM metabolite 4-hydroxytamoxifen (4-OHT) triggers
dose-dependent CreERt2-mediated loxP excision events within 2-4
hours of administration (Hans et al., 2009). As the drug is easily
applied through simple addition to the embryo medium, 4-OHT-
inducible CreERt2 is a desirable tool for studying zebrafish
development. However, to reliably and flexibly trace loxP excision
events in cell-lineage experiments at all stages of development, or
to trigger Gal4 and other genetic modifiers using tissue-specific
CreERt2 sources, a ubiquitously expressed loxP switch construct
driver is eagerly needed (Blackburn and Langenau, 2010; Hans et
al., 2009).
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SUMMARY
Molecular genetics approaches in zebrafish research are hampered by the lack of a ubiquitous transgene driver element that is
active at all developmental stages. Here, we report the isolation and characterization of the zebrafish ubiquitin (ubi) promoter,
which drives constitutive transgene expression during all developmental stages and analyzed adult organs. Notably, ubi expresses
in all blood cell lineages, and we demonstrate the application of ubi-driven fluorophore transgenics in hematopoietic
transplantation experiments to assess true multilineage potential of engrafted cells. We further generated transgenic zebrafish
that express ubiquitous 4-hydroxytamoxifen-controlled Cre recombinase activity from a ubi:creERt2 transgene, as well as ubi:loxP-
EGFP-loxP-mCherry (ubi:Switch) transgenics and show their use as a constitutive fluorescent lineage tracing reagent. The ubi
promoter and the transgenic lines presented here thus provide a broad resource and important advancement for transgenic
applications in zebrafish.
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Ubiquitous transgene expression and Cre-based
recombination driven by the ubiquitin promoter in zebrafish
Christian Mosimann1,2,3, Charles K. Kaufman4, Pulin Li1,2,3, Emily K. Pugach1,2,3, Owen J. Tamplin1,2,3 and
Leonard I. Zon1,2,3,4,*

loxP	
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  pro	
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CreERt2	


Tamoxifen	
  
(4-­‐OHT)	


loxP	
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Tamoxifen-­‐inducible	
  Cre-­‐loxP	
  system	




§  Currently	
  no	
  widely	
  accepted	
  animal	
  model	
  of	
  FSHD	
  
§  Regula\ng	
  expression	
  levels	
  of	
  DUX4	
  is	
  key	
  to	
  crea\ng	
  a	
  successful	
  FSHD	
  animal	
  model	
  
§  We	
  generated	
  an	
  inducible	
  DUX4	
  transgenic	
  zebrafish	
  using	
  a	
  tamoxifen-­‐controlled	
  	
  
	
  	
  	
  	
  	
  	
  	
  CreERt2-­‐loxP	
  system	
  
§  Enables	
  	
  regula\on	
  of	
  the	
  dosage	
  and	
  \ming	
  of	
  DUX4	
  expression	
  

A	
  transgenic	
  zebrafish	
  model	
  of	
  FSHD	
  



Wildtype	
   DUX4	
  DUX4	
  

•  Approximately	
  1	
  in	
  1000	
  myonuclei	
  are	
  DUX4	
  posi\ve	
  in	
  
primary	
  human	
  cultures	
  

•  Evidence	
  of	
  disorganized	
  myofibers	
  by	
  day	
  3	
  of	
  DUX4	
  
induc\on	
  in	
  our	
  transgenic	
  model	
  

Mosaic	
  expression	
  of	
  DUX4	
  in	
  our	
  transgenic	
  model	
  mirrors	
  low	
  DUX4	
  
expression	
  in	
  human	
  cells	
  	
  	
  

Block	
  et	
  al.	
  2013	
  Hum	
  Mol	
  Gen	
  



•  Automated	
  system	
  to	
  track	
  movement	
  of	
  zebrafish	
  larvae	
  
•  Enables	
  high-­‐throughput	
  func\onal	
  screening	
  
	
  
	
  
	
  

Does	
  altered	
  muscle	
  structure	
  in	
  DUX4	
  fish	
  affect	
  its	
  func7on?	
  

vs	
  

Distance	
  	
  

DUX4-­‐mCherry	
   DUX4-­‐mCherry	
  

Mylz:EGFP	
  Mylz:EGFP	
  



p	
  =	
  6.05358E-­‐06	
  	
  n	
  =	
  57	
  n	
  =	
  42	
  

DUX4	
  transgenic	
  fish	
  significantly	
  swim	
  less	
  than	
  control	
  in	
  a	
  
15	
  minute	
  assay	
  	
  



Conclusions	
  
Ø  Both	
  our	
  injec\on	
  and	
  transgenic	
  model	
  of	
  DUX4	
  result	
  in	
  a	
  

muscular	
  dystrophy	
  phenotype	
  
Ø  Despite	
  the	
  primate-­‐specific	
  origins	
  of	
  DUX4,	
  our	
  zebrafish	
  

model	
  is	
  able	
  to	
  mimic	
  FSHD	
  pa\ent	
  phenotypes	
  
Ø  This	
  suggests	
  that	
  misexpression	
  of	
  DUX4	
  results	
  in	
  a	
  toxic	
  

disease	
  pathway	
  that	
  is	
  conserved	
  across	
  vertebrates	
  
Ø We	
  can	
  use	
  these	
  fish	
  to	
  find	
  important	
  targets	
  of	
  DUX4	
  
Ø  Future	
  work	
  will	
  be	
  to	
  use	
  our	
  transgenic	
  model	
  for	
  drug	
  

screening	
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Several	
  fish	
  lines	
  with	
  different	
  promoters	
  to	
  test	
  varying	
  levels	
  and	
  Wssue	
  
specific	
  expression	
  of	
  DUX4	
  



DUX4	
  ‘severe’	
  

Transgenic	
  inducWon	
  of	
  DUX4	
  is	
  linked	
  to	
  a	
  spectrum	
  of	
  abnormal	
  birefringence	
  phenotypes	
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DUX4	
  ‘Mild’	
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