ABSTRACT

Title of Dissertation: FUNCTIONAL CHARACTERIZATION OF
HEME TRANSPORTERS INNEBRAFISH

Jianbing Zhang, Doctor offftosophy, 2017

Dissertation directed by: Professor Drigbal Hamza, Department of
Animal and Avian Science

Hrgl and Mrp5 are identified &sikaryoticheme importer and exporter
respectively Two Hrgl paralogshave beemnnotatedn zebrafish genoméjrgla
(Slc48alb) andHrglb Slc48ala) with84% homologyn protein sequenceddrgla
andhrglbare widely expressed in embryonic and adult zebraffs&ast growth
assays reveal that zebrafish Hrgla and Hrglb are both capable ahtome
However,hrgla andhrglbdouble knockouti{rgl DKO) zebrafish generated by
CRISPR/Cas9 has no overt defectslifferentiation and maturatioof erythroid
cells Knockdown ofhrglain hrglbmutants owvice versadoes not impair erythroid
lineagein zebrafish embryosThese genetic results suggest thagHisnot required
for maturation and hemoglobinization of primitive erythroédls

HrglaandhrglbmRNA are upregulated in adult kidneys and spleens upon
PHZ-induced hemolysigpgether withhmox1 a downstream henuegrading
enzyme suggestindghat Hrgl is involvedn adult hemedron recyclingduring

erythrophagcytosis kidney and spleeaf adult zebrafishDAB-e n hanc e d
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iron staining reveals that iron is accumulated in macrophadhbs kidney and spleen
in adult wildtype zebrafishHowever, macrophages with posi:t
rarely found in the kidney dfrgl DKO and insteathirge amount oiron is deposited
in renal tubulessuggesting defects in hexiren recycling by kidney macrophagies
hrgl DKO underPHZ-inducedhemolysis Whole transcriptome sequeng of
MRNA extracted fronspleers and kidneg reveals massive differentially expressed
genesn hrgl DKO involved inimmune response, lipid transport, oxidati@dluction
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erythropoietic developmenSubsequent generation and characterizationrpb and
mrp9 mutants by CRISPR/Cas9 will further defitiee function of Mrp5 and Mrp9

duringzebrafish development.
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Chapter 1introduction

Heme(iron-protoporphyrin 14 is an ironcontaining porphyrin which can serveas
cofactor for \arious biological processes, suctoaggen transport, miRNA processing,
electron transfer, andrcadian clock contradt al (1, 2). Although iron isabundant on this
planet it is notreadily bioavailable to humans, renderingnideficiency anemia (IDA) as
common nutritional disordéB). Compared tanorganic iron, hemeis the most absorbable
form of iron for human nutritionhighlighting the importance of understanding hioeme is
transportechnd utilizedin our daily diet(4). Moreover, lumandietary iron only accounts for
around10 % of daily iron requirement which complemesior daily iron losgs while the
majority of iron supply com&from hemeiron recycling from clearance senescent red
blood cellsfRBCs)(5, 6). Thereforejron absorption and herign recycling contribute to
systematic irotnomeosads. One of he most evident symptoms fdefects in iron transport
and heme synthesis anemia, whiclis due taaberranproduction or function o0RBCsin the
circulating blood systert¥). RBCs contain approximateR0 % of overall iron inside the
body, which maks it particularly important to maintain organismal iron homeostakis
Thus, understating how heme is synthesizeadgffickedand recycled may shed light dme

pathology of anemia

Hemebiosynthesis
In most eukaryotes, heme is synthesized via a widely conseiglestep pathwayn
cytosol and mitochondrigequiringcoordinated substrate transport betwdgemitochondria
and cytoso[8). The first stepnitiates inthemitochondrial matrixand s cat a-l yzed by
aminolevulinic adail synthase (ALAS) to synthesigeaminolevulinic acid (ALA) from

glycineandsuccinytcoenzyme A ALA is subsequently transported outloé mitochondria

[an(q



to the cytosolfor the following four enzymatic reaction stepd:A to porphobilinogen
(PBG)catalyzedby ALA dehydratase (ALAD)PBG to an unstable polymer
hydroxymethylbilane by porphobilinogen deaminé3BGD), hydroxymethylbiane to
uropophyrinogen 111 (URDgenllIl) by uroporphyrinogen synthase (U andUROgenlll
to coproporphyrinogen Il (CPgeltl) by uroporphyrinogerdecarboxylase (UBD). CPgen
Il is thentransported into the mitochondria where cgangphyrinogen oxidase (CPOX), a
mitochondrial intermembrane space enzyme, catalyzes the formation gfquptgrinogen
IX (PPgeniX). Theinnermitochondrihmembraneenzymeprotoporphyrinogen oxidase
(PPOX) catalyzethe formation of protoporphyrin IX (PPIXjom PPgenX in the
mitochondrial matrix Onthe last stepferrochelatase (FECH) catalyzes the insertion of

ferrous iron (F&) into PPIX to form heme

Regulation of heme biosynthesis in RBCs

Tremendous amount of heme is synthesthaihg differentiation and maturation of
RBCs The efficiency of converting iron to heme in maturing erythroid cells is extremely
high, resulting in hem&on concentrations to be over 40,0@0d greater than neheme iron
in mature RBC%9, 10) One mode of tackling this large requirement for heme would be
upregulatingheme synthesis in mitochondria and thewbilizing hemeout ofthe
mitochondriafor insertion into cytoplasmiglobin tocoupk synthesisvith increasing globin
protein production In contrastit is also essential tdownregulate heme synthesis and
decrease intracellular iraontentwhen globinproduction is lowin the early stage of
erythropoietic developmensincebothfree heme and iron are toxicéoythrad cells by
inducingoxidative stressedrailure to regulaheme synthesis during erythropoiesi#
cause either irodeficient or iroroverload anemiéll).

Although there areight enzymatisteps foheme biosynthesighe ratelimiting step is

thesynthesis of ALA from glycine ansluccinylcoenzyme Acatalyzedoy ALAS (12). Two
2



forms of ALAS exist ALAS1 and ALAS2 ALAS1 is ubiquitously expressed all the
tissueq13), while ALAS2 (or ALAS-E), is exclusively expressed dieveloping erythroid
cells(14). ALAS2 is activated byhetranscription factoGATA1, a master regulator for
erythropoiesis Chip-Seganalysis using GIHER4 erythroid progenitor cell lingerived from
Gatalmutant micddentified two GATAL cis elements in the first and eighth intsowf
Alas2(15i 17). Disruption of these tw&ATAL-binding elemats abrogatesxpression of
ALAS2 andsubsequerninhibition of heme synthesis, which can be rescued by supplementing
cells withhigh concentratiosiof ALA , the product of ALAS16, 17) Anotherregulationof
ALAS?2 occurs aposttranscription level, modulated lison responsive elemeniRES) in
t h e 5 RBsinkract with iron regulatorgroteins (IRPs), linking the regulation of heme
biosynthesis in erythroid cells twon availability (18). Under iron deficient conditia IRPs
bind to IREs and inhibitlas2 mRNA translation Converselywhen intracellular iron lesl
increases, IRPs asither degraded or converted to an aconitase by a48FandAlas2
MRNA translation resumée promoteheme synthesisThe regulation of ALAS2 expression
is coordinatedith the cellular iron levalto tightly controlcellular heme content

FECH isa secondimiting enzymein the heme biosynthetic pathway ranscription of
Fechspikesduringterminalerythroid differentiation and is controlleg thetranscription
factors SR, NFE2 and GATAT19). Furthermore,tie enzymatic activity cFECHis
dependent on the ggence of irosulfur cluster §Fe 4S], againlinking iron regulationto
heme spthesig(20). Distinct erythroidspecific elemergthavebeen identified in the
promoter regiorof Fech together with erythroigpecific alternate splicing in thg Nj
noncoding regiof FechmRNA in the mouse genon{@1, 22) further underscorinthe
uniqueregulatorymechanisrafor hemesynthesisn RBCs maturation

Beside regulation of heme synthesis in erythroid cdiidig synthesis is controlled by
theHeme/BACHL1 axis,in whichheme binds tBACH1, a transcriptiorsuppressono
relieve the depression for globin gene expres&8h These regulations collectively
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coordinate the cellular iron level, heme synthesis, and globin protein expréssi@intain

heme andron homeostsis in erythroid cells

Iron acquisition during erythropoiesis

The tremendous need foon for heme synthesis during erythropoiegssndatesn
efficient pathway to uptake extracellular irorythroid cells rely on a high affinity system
composeaf transferrin(Tf) and transferrin receptor (TFRDnemolecuk of transferrin can
bind to twoferric ironatoms withanassociatiorcoefficient of 102°M at physiological pH
(24). Transferrin receptor 1 (TFR1, alsndwwnasCD71) tightly bindgo TF, permitting
developing erythroid cellso uptale ironefficiently fromthecirculation The complex of
iron-boundTF and TFRL1 is internalized by rgiter-mediated endocytosand theferric iron
is then released from T&s the endosomes acidifSince mly ferrous iron can be utilized for
erythropoietic heme synthesis, tledeased ferric iron ileduced to ferrousybSTEAP3 (six
transmembranepithelial antigen of prostareductasg(25). Theferrous iron is
transporteaut of endosomby DMT1 (divalent metal transporter 1, also known as
NRAMP2andSLC11A2)(26). The apeTF/TFR1 complex ishenrecycledbackto the cell
surface, wherapo TF dissociate from theTFR1 ande-entesthe circulation The hole
TF/TFR1 and apd F/TFR1 cycle ensusghaterythroid cellsoptimizeiron uptake from the
circulation formaximalhemoglobin productian

Non-TF iron uptakealso existsn erythroidcells, althoughthe overall evidence is not
conclusiveand postulated to bmorerelevantduring pathological conditiaof iron
overload, when serum TiE saturated biron (27). By exposing gythroid cells to &rrous
ammonium sulfate undén TF-free conditions, erythroid celfsom all develgmental stages
can uptake noif Firon and accumlateredoxactivelabile iron with generation of reactive
oxygen speciesHowever, the utilization of neitF iron for heme synthesis during

maturation of erythroid cells hamtbeenprobed It is speclated that uptake of nefF iron
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may account for ineffective erythrolesis of developingnecursors in the bone marrow with
shortenedifespan of mature RBCs in the circulation during karerload condition In vivo
study of noATF iron uptake by erythroid cells should be carried out to further delineate this
pathway.

Upon arrival inthe cytosol,iron has to be either stored or further transporteti¢o
mitochondria for utilization,iace free iron is cytotoxidue toFentonchemistry(28). Iron is
stored inthecytosol by binding to ferritivith the aid of Poly r(C)binding protein PCBP
(29). PCBP1 andPCBR2 exhibithigh affinity for ferritin in vitro andPCBP1 andts paralog
PCBP2co-immuoprecipitatavith ferritin in HEK293 cells Co-expression oPCBP1 and
PCBP2together withhuman ferritins in yeast activates mon deficiency respondey
increasingron deposition into ferritin However, knockdown of PCBRilt not PCBP2
impairediron utilization during RBCs maturatipand PCBP1 deficient mice show
microcytic anemig30).

Iron storagehas to be releasdmfore enteringnitochondria for hemer iron-sulfur
cluster synthesi While PCBR. mediatea delivery and integration of iron into ferritin,
nuclear receptor coactivator 4 (NCOMdromotes release of ferritin iron by ditag ferritin
to autophagosomdsr protein degradatio(80); NCOA4 can be immunoprecipitdwith
erythroid ferritin Binding of PCBP1 precedes NC@#erritin interaction, coinciding with
globin synthesis during erythroid maturatidhCOA4-deficientcells exhibitmassive
accumulation of iron in ferritimvith impaired hemoglobinizatiorandenhancearythroid cell
death by ferritinophagysince ferritin § an esantial source of iron for heme production
during terminal erythroid differentiation.

Upon release from ferritin, iron is then transported into mitochonahech is
mediatedoy SLC25A37 (mitoferrinl, MFRN1)a protein belonging to the family of
mitochandrial solute carrier proteindMFRNL1is expresseth the inner mitochondrial
membrane anttansportsron across mitochondrial membrar({@4). Mouse erythroblasts
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derived fromMfrn1-dificient embryonic stem cellshow a complete bloelge of iron
incorporation into hemeDefect in Mrnl results in profound hypochromamemiaand
erythroid maturation arrest owing to insufficient mitochondrial iron uptakebrafish
Deletion oftwo yeastMfrn homologs Mrs3 and Mrs4 impairs incorporation of iron into
PPIX and formation ofe-S cluster assembly, collectivetgsulting inpoor growth undelow
iron conditions Deletion ofMfrnlin mice is embryonigethalandmicewith targeted
deletion ofMfrnl in adulthematopoietic tissueshowsevere anemia owing tieficitsin
erythroblast formatioi(32).

The majority of iron for hene synthesis ithe mitochondria is acqued fromthe TF
ferritin-MFRN axisin erythroid cells Alternatepossiblepathway of iroruptakeby
mitochondria wasecently delineated & @ k i s sintaactidn betwerrdendososand
mitochondria(33). Threedimensionalirect stochastic optical reconstruction microscopy
(dSTORM)revealedhattransient interactions between irboundTF within endosomes and
mitochondraarecapable oflirecing iron into mitochondrian erythroid cells Tracing
experiment with mitochondrigpecificiron sensoRDA (rhodamine B[(2, 2-bipyridin-4-yl)
aminocarbonyl] benzyl esteconfirmed functional iron transfer froeminteracting TF
endosoméo mitochondria The motility of TRendosomes is significantly reduced npo
encounteringnitochondria, whilélocking intraendosomal iron releasedl® significantly
increasednotility of TF-endosomes and increased duratioerafosomiemitochondria

interactions



Regulation of iron uptake in RBCs

The coordhation between ironptake heme synthesiand globinprotein expression
dictates a tightly regulagd system during erythroid differentiatiofike the regulation othe
ratelimiting enzymatic step oALAS2 duiing heme synthesithe IRE/IRP systemis also
essential in controllingellular iron uptake and storage a posttranscriptional manner
Two IRPs has been identified, IRP1 and IRFBe binding of IRPs to IREsi -BTR of
Tfrl mRNA increassthe stability andstrengthesthe translation of TFR1, promoting
cellular iron uptake IRPs can also bind téREssituated n t-UiTR rediodof bothH and
L subunitsof ferritin mRNASs to inhibitferritin translation(34).

Although IRPs can regulate cellular iron level by modulating mRNA translation or
degradationthe IREbinding activityof IRPs can be alsaversely regulated by irgn
representing a typicalegativefeedback in biological process(18). Both IRP1 andRP2
are ubiquitously expresd Howeverthe mechanisgaredistinctin contrdling IRP1 and
IRP2 activity in response to cellular iron podlhe binding actiity of IRP1 is negatively
regulatedoy iron-sulfur cluster[4Fe-4S]insertion Under irors-replete conditionthe binding
of IRP1 to IREs is prevented by 4H=3 cluster assemhtiénto IRP1, which can decrease
iron uptake B destabilizing TFR1 and enhancing ferritianslation for iron storagdRP2
does not contaia Fe-S cluster and is retated by iron vigproteasomelegradationmediated
by FBXL5 (F box and leucineich repeat protein §85). In summary, the regulation of the
IRE-binding activities of IRP1 antlRP2 assures the ampriate expresion of IRP targeted

genes and cellular iron balance
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Figure 1.1 Iron metabolism in erythroid cells

Iron acquisition in erythroid cells is dependent on endocyaisis-bound FTf-Fe(lll)) via

the transferrin receptor (TFR1)ron (Fe(lll)) is importednto the cytoplasm by DMT1 after

reduction by STEAP3Pinocytosis okextracellular ferritin may also contribuieiron-uptake

in erythroid cells.lron can be stored in tHierritin (FTL) (FTL-Iron) mediated by PCBP1

and can be released from FTL promoted by NCOR#RNL1 is responsible for bringing

iron to the mitochondria for heme synthedist i s uncertain whether HAkis
transfer exists between lysosomes and the nutodtia. Iron is nserted intdPPIX by FECH

to producéheme. Iron is alsoused for FeS cluster synthesis wiithvolvement ofGLRX5.

IRP1hbinding caninhibit translation of ALAS2 to prevenhe accumulation of toxic heme

intermediates Cellular iron eflux is mediated by FPIdnd requires iron oxidation on the

extracellular side.



Heme as a regulato during erythropoiesis

Heme itself can modulate gene expressiondyatively regulatinghe transcriptional
repressor BCH1. Hemestrongly stimulategranscriptionof hemeoxygenase 1 (HQ or
HMOX1), the enzyme whichatalyzesheme degradatiorBACH1 represesHMOXL1 gene
expression by binding to multipMAF recognition elemestMARES) sites located within
HMOX1 enhancerdy formingheterodimes with anothertranscription factoMAF. Under
hemereplete condition, @émebinding to hemeregulatorymotifs within BACHL1 releassit
from theenhances. This allowsbinding of MAFNRF2 or MARNFE2 heterodimers which
functionas transcriptional activatoos HMOX1 (36). Interestingly Hmoxt mRNA
decreases durirgrythroid differentiation oMEL cells, a murine erythroleukaemia cell ljine
while hemebiosynttesisis upregulatedo make sufficient quantitiesf hemoglobin(37).
HMOX1 overexpression impairs hemoglolsynthesis, while HMOX deficiency enhances
hemoglobinization in ctiired erythroid cell$¢38). Thus,HMOX1 cancontrol the regulatory
heme pool at appropriate levels foythroid differentiation.

MARESs can also be found ittheenhancer ofhe L subunit offerritin and globin locus
control egion(LCR) (23, 39) Hemedeficiency repressprotein tanslation especially
globin synthesisby activatinghemeregulated inhibito(HRI), a stresgrotein kinasavhich
phosphorylates elF340). Phosphorylation oflF2a prevens the exchangef GDP into
GTP andnhibits globin mRNAs translationensuringglobin productiorcan becoordinated
with heme synthesiduring erythroid differentiationHRI deficient micesuffer from
hyperchromic normocytic anemeth erythroid hyperplasianderythrocytesareloaded with

multiple globin inclusiong41).



Mobilization of hemebiosynthetic intermediates during erythropoiesis

Although heme is an essential cofactor, the accumulation of free heme or its
intermediatesire cytotoxiq42). Thereforethesynthesis and transport thfese molecules
must be tightlycontrolledand tie time when the intermediates are psseg and the location
where the particular enzym@ppear for catalytic reactiohave to be coordinately regulated

ALA, product of ALAS from the first step of heme synthebiss to be transported out
of themitochondria to be utilized by ALAD ithecytosol Thistransporérwasrecently
identified to be mediated by SLC25A38patative glycineALA transporter(43). Mutation
in SLC25A38 results in mitochondria ALA deifency and cause®nsyndromic autosomal
recessive congenital sideroblastic ane(@8A). Interestingly, mutations islc25a38n
zebrafish causes phenotysasilar toCSAand the anemia phenotypes can be rescued by
glycinetogether with folate, bugurprisinglynot ALA, questioning thelirect role for
SLC25A38as an ALA transportd@4).

ABCB6, a mitochondrial aier membrae ATRdependent transporter, wasposed to
mediate the transport of CPgihfrom the cytosol tdhe mitochondria(45, 46) However,a
direct evidence of CPgdh transport by ABCB6 s lacking and the substrates transported by
ABCBS6 are stillelusive Defectsin ABCB6 is not associated with hematological defects
(47). ABCBG is dispensable for erythrojesis and localizet® the endosomal/lysosomal

compartmergand plasma membrane of erythrocytes rather ttr@amitochondria(48).

The ins and outs of leme transport

The hydrophobicity and cytotoxicity of free heme mansitite necessity of heme
trafficking pathwayg2). The finalstep of heme biosynthetic pathway ocdartheinner
mitochondria. Thushememust be exported out of the mitochonddaincorporation into

hemoproteins located in various subcellular compartn{d@)s
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Studies have shown that ABCB10 may facilitate transport of leermef the
mitochondriain eryttroid cells(50). ABCB10 is a mitochondrial ABC transporter located in
the inner mitochondrial membranABCB10 interacts with MFRNJandFECHand
stabilizes the complefo1). Expression of ABCB1O0 is highly induced during erythroid
differentiation and ABCBl@verexpression strengthens hemoglobin synthesis in erythroid
cells It has been shown that ABCBXIl mice displaydefective erythropoiesis and lack of
hemoglobinized RBCs, indicating ABCB10 is essential for erythropdiesiso (50).
However,conclusiveevidence for direct heme transport by ABCB1Gii lscking.

TheFeline leukemia virus subgroup C receptalated proteirl (FLVCR1) was
identified as a heme export?2). FLVCRL1 belongs to the family of MFS (major facilitator
superfamily) proteins which transport small solutes across membeailgated bya counter
ion gradient Overexpression ofIBVCR1 inducessignificant reduction in cellular heme
content, suggestinthatFLVCRL1 is involved in hemexport(52). FLVCR21-null mice are
embryonic lethalvith deficienciesn definitive erythropoiesis, and suffer from craniofacial
and limb deformities resnbling those of patients with diamehlhckfan anemia (DBA)
Flverl” mice develop a severe macrocytic anemia with proerythroblast maturation arrest,
suggesting that erythroid precursaray be exportng excess hemt avoid heme toxicity
(53).

Two isoforms of FLVCR has been identified, FLVCR1a and FLVCRAMhile
FLVCR1a encodes a plasma membri@alized heme transportdfl.VCR1b wasidentified
to bea mitochondrial isoformencodedrom an alternative transcription start site, resulting in
a shortened\-terminus containing a mitochondrial targeting sigdl). Thus, FLVCR1a
contributes tointercellular and=LVCR1b to intr&ellular heme transporFLVCR1ais
expressed in different hematopoietic cells and shows weak expression in the fetal liver,
pancreas and kidng®5). Ectopicaly expressing-LVCR1areduces intracellular heme level
and mediates efflux of ZnMRfluorescenheme structural analom rat renal epithelial and
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human hematopoietic K562 ce(82). FLVCR1amay export eme during
erythrophagocytosis (EPa process in whichnacrophages phagocytose senescent RBCs, as
FLVCR1ahas been showed iateract with the extracellular herénding protein
hemopexin and mediate heme expolteast 106fold more efficienin the presence of
hemopexin56). FLVCR1ahas a limited substrate range including heme, protoporphyrin IX
and coproporphyrin, but not bilirubin, the product of heme catsholFLVCR1aexpression
is increased during erythropoiesis asét its greatest duringtermediate stagaof RBCs
maturatioowhenHMOX1 expression is lowjmplying thatFLVCR1ahelps to maintain
stoichiometric amounts of heme and globin by exporixgess hemandprevering heme
toxicity to RBCs(57). Depletion ofFLVCR1bin HelLa cells results in accumulation of
mitochondrial heme, indicating that ¥*CR1b may play a rte in heme export from the
mitochondria(54). Therefore, the embryonic lethality BEVCR1 knockout micemaybe
dueto lack of heme export froitme mitochondria by FLVCR1pas mice lackingfLVCR1a
but not mitochondriaFLVCR1bappears to have normal erythropoiedthough with defects
in erythroid maturation It is not yet known whethdétL\VCR1bresides on the inner or outer
mitochondrial membraneMoreover, f mitochondrial heme expobly FLVCR1bis
indispensable anidideedattenuatedn Flverl” mice, it cannot explain whgmbryosfrom
Flverl” null micecan survive until E14.5Yeast does not appear to have an obvious FLVCR
homolog, yet is able to export heme from the mitochondria indicating that alternate
mechanismsnustexist for mitochondrial heme export

ABCG2, also known as breast cancer resistance protein (BCRP) has been identified as
a heme exporter in mammdgi8). ABCG2is expresseth hematopoietic stem cel{$1SCs)
and erythroid progenitorsCompared to higfFLVCR1 expressiorduring erythropoietic
differentiation the expression levef ABCG2 is particularly high ahe early stages of
hematopoiesi¢s9). ABCG2 binds to heme directly througim extracellular loop 3 with
porphyrinbinding domain(60). Ectopically expressedBCG2 exports ZnMP in K562 cells
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However, direct evidence that ABCG2 exports heme is still laqii@y WhetherFLVCR1
and ABCG2 can functioaynergstically to export heme during erythroj@sis is not clear
ABCG2-null human patients are defined as JJ(lalood groupwith a unique side population
of HSCs howeverwith no apparent deficienci@s erythropoiesig61, 62)

MRP-5 was identifiedas a heme exportar Caenorhabditis elegansThis roundworm
is aunique model for uncovering unknown heme trafficksngce it is a heme auxotrojplut
requires heme to grow. Thus, it needadquike dietary heme vighe intestine and distribait
hemefrom the intestingo other tissue&3, 64) C.elegandMRP-5 (CeMRR5) localizes to
the basolateral membrane of intestinal cells and IoB&R#-5 resultsin accumulation of
ZnMP in intestinal cells angrowthretardation Overexpression ofCeMRP-5 and human
MRP5in yeast causeskducedgrowth owing to hemedepletion which ould be rescued by
co-expression of theeme importer, HR&. Interestingly, overexpression ©8VIRP-5 and
human MPRXauses hemlevels to increase in theecretory pathway, as measuredaby
secretory pathway heme protein repartelowever, the physiological role of MRP5 in
vertebrates anid involvementin erythropoiesis is not clear.

Heme carrier protein 1 (HCP$LC46A1) isa membrane protein expressed in
enterocytesnd was proposed to be iatestinal heméransporte(65). However, subsequén
studies revealed that HCIla protontcoupled folate transporter (PCHBther thara heme
transportef66). Erythroblasts from HCP1 knockout miskowael deficiency in
differentiation and high apoptosis rate resultingémere macrocytic normochromic anemia,
which wasascribel to folatebut not hemeleficiency(67). Moreover, knockdown ofiCP1
by shRNAin Cam-2 cellsattenuatedoth heme and folate uptake but incredd®-1
expression, suggesting HCP1 could potentially function as a low affinity ineposter (66,
68)

The Heme Respwive Gene-1 (HRG1, SLC48A) was identified as a heme importer
in the intestine o€.elegang69). Four HRG1 homologsLeHRG1, CeHRG4, CeHRG5
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and CeHR& were found irthe C. elegansgenome Significant hemenduced inward
currents wer@bserved irKenopusocytes injected ith Cehrg1, Cehrg4, andhuman
HRGL mRNA, indicating hema&lependent transport across cell membr£é8s Human
HRGL (SLC48A) mRNA s abundant in the braikjdney, heart, skeletal muscia addition
to cell lines derived from duodenum ahdne marrow69). HRG1 localizego acidic
endosomal and lysosomal organelles in HEK293 cells, and its binding affinity to heme
increases as pH decreaseluman HRQA interacts with the Gubunit of the vacuolar proton
ATPase (MATPase) pump and enhanarslosomal acidificatio(v0). These studies
collectivelysuggesthatHRGL transpors heme fronthe exoplasmic space ¢helumen of
acidic endosomi lysosomalcompartments intthe cytoplasm Global transcriptomic
expression profiling showthatHrgl mRNA is expressedtincreasing levelduring
erythroblast maturatiofvl). Why a apparentihheme importewould be necessary for
erythropoiesisincedeveloping RBCs are capable of irdependentle novoheme synthesis

is puzzling
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Figure 12 The ins and outs of heme transport

Mitochondrial isoform FLVCR1b transports heme into the cytoA&8CB10is reported to
forms complex with FECH and MFRN1t is not clear whether ABCB10 transport heme
The cell surface FLVCR1a and the ABC transporter ABCG2 haveibg#icated in heme
export MPRS5 is a heme exporter which can transport heme from cytosol to the secretory
pathway. HCP1lis a folate importer as well as a leadfinity heme importer HRG-1 is a

heme importer that localizes to endosomal/lysosomal compartmengsbinaffics to the

plasma membrane
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The dual play between erythroid cells and macrophages

Although macrophages and erythroid cedipresentlifferent developmental lineages
during hematopoiesis, namely myelopoiesis and erythropogegibroid cells maintain an
intimate dual relationship with macrophages from birth to dg&th73) Adult definitive
erythropoiesis is a tightlsegulated processccurringin the bone marrowThe development
of erythroid cellgnitiates from differentiation o0HSCsto burst forming unit erythroid
(BFU-E) and thertolony- forming unit erythroid (CRJ-E). The CFUEs continually
develop in the filowing stageswvith different histological propertieproerythroblast,
basophilic erythroblast, polychromatic erythroblasthochromatic erythroblasgticulocyte
and ultimately to mature RBXn the peripherddlood(74). This developmental process can
be described as terminal erytltanaturation and takes place in a special microenwient
of the bone marrow callegtythroblastic islands (EB(¥5). The structure of EBlwas
revealedas a structure of a macrophage (nurse macrophage) surrounded by dewldping
maturingerythroblass. The pr@ess of differentiation frorproerythroblast toeticulocyte
hasbeen known to take plade EBIs (75). Histological sectioning ofdne marrowfrom
mice has shown thabughly 10 erythroblastsvere supportetly central nurse macrophage,
while this number is80 for human EB (76, 77) Not only in bone marrow, EBIs have also
been found in the red pulp tife spleenand liver of mice especially under stress conditions
with extramedullanerythropoiesig78). Nurse macrophages play a critical role in
enucleation of erythroblasts proceeding to the stage of reticuld@@ed-or a longtime,
EBIlswerethought to beonly responsible for RBC maturatiémom defnitive erythropoiesis
However, recent studies suggested thatdevelopment girimitive erythrocytes iryolk sac
alsoinvolves similar structure as EBIs with central macropbagedprimitive RBCs are
alsoenucleatedvith nuclear extrusiopromoted by central macrophageggenerate

erythrocytes and pyrenocytes after association with macrophages i(8BBIs
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Macrophages promote erythropoiesisdisectly stimulatingproliferationandsurvival
of enythroblasts Culturederythroid precursorattachedo macrophagearesubjectedd
enhancegbroliferationcomparedo nonattacheckerythroblaststhereby suggestinipat
macrophagemayaugmentheresponseo erythropoietic stimulation by direatteraction
with erythroblast¢81). Although tie major iron source for developiagythroblasts is by
uptake of TFbound iron from circulation,urse macrophages were proposesiupport
erythropoiesis by directly transferrifigrritin boundiron to erythroid progenitora process
called pinocytosis Cell culture studies have shown that extracatlérritin issyntheszed
and secreted by macrophages, with capalfiyelivering iron to erythroblasts and
supporing the differentiation of erythroid precursors in the absence of transferrin in the
culture mediun(82).

Lifespan of mture RBCss limited in circulation,with ~40and ~120 days for nuse
and human respective{3, 84) CirculatingRBCs arealso subjectd damagen stresed
conditions like hemolysier some toxic effects to RBC&Vhen RBCs becomgenescent or
thenumber of damaged RBCs increasethe circulation, macrophagesthme
reticuloendothelial system (RES) (liver or spleen) contribute to clear the RBCs and promote
iron recycling througheP. Themajority of iron required to sustain erytimoiesis is derived
from recycled RBCs, and defects in EP lead to aberrant iron metabolism, including anemia
and iron overload72, 73) Upon degradation of BCs in erythrophagosome, heme must be
imported into the cytoplasm for degradatlpnHMOX 1. Mice withHMOX 1 deficiencylose
theability to recycle heme iron and consequently suff@m anemia, reduced serum iron,
and accumulation of iron in the livandspleen(85). HMOX1 null mice lack liver and
splenicred pulp macrophages antstpupsdie from hemeassociated toxicitgue tothe
inability to degrade heme from RB@86). Heme extracted from hemoglobin duriB&is
reported to belegraded byAMOX1 inside the phagolysosome, aingh could then be
importedinto the cytosol byNRAMP1, the iron transportdoundon the phagolysosomal
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membranefor storage in ferritin or expomto the circulation by ferroportith (Fpn1)(87).
However there are several gaps existedhis model ohemeiron recycling First, HMOX1
is embedded in the ER membrane via a transmemiegmeentwith theenzymaticactive
sitefacingthe cytosol(88, 89) Second, the optimal pH f6tMOX1 (pH 7.4) is closer to
cytosolc pH than acidic lysosomal p90). Third, maximal HMOX1 activity is achieved
only in the presence of biliverdin reductase, whidogsited in the cytos@B9). Moreovet
immunocytochemistrgtudiessuggesthatHMOX1 is not found in or on the phagolysosome
during EP(91). These evidenaxollectivelysuggesthatheme idransporéd out ofthe
erythrophageomes prior to degradatioby HMOX1. Indeed HRGL1is recruited and
colocalizesvith NRAMP1 onthe membrane of erythrophagos@rsirrounding ingested
senescent RBCs in bone marrow derived macrophages (BMOWs)HRGL is strongly
expresseih macrophages of tiRESand specifically localizes to the phagolysosomal
membrane$92). Expression oHrgl mRNA is upregulated during EP and depletion of
HRG1in mouseBMDMs causes defective heme transport from the phagolysosomal
compartmergand failure taupregulat of HmoxXL mRNA expressionThese resultsuggest
that HRG1 is deme transporter for her®n recycling in macrophaggsobilizing heme
from the erythrophageomeinto thecytosol In vivoexperiments revéancreased level of
HRGL1in the spleen and livesf mice injected with phenylldrazine(PHZ) with acute
hemolysisand enhanced heni®n recycling

While macrophages promote erythroptimi@levelopment by both supporting
erythroblast maturation and clearingeddRBCs, RBC<an also affect macrophage
differentiation inthe RES It has been recently shown that stegsand senescent
erythrocytes can transiently induce differentiation and propagation of monocytes to iron
recycling macrophages atemand in both liver and sple&8). The same effects also
appeaduringhemolytic anemia, anemia offlammation, and sickle cell disease with heme
released from damaged RB@siggestinghatthe induction of monocytes to ireecycling
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macrophages is possibly medicated by hasatf. SPFC, a transcription factor participates
in a differentiation cirait for red pulp macrophages (RPMs) @&dDMs. In Spic” mice,
monocyte are unabléo developnto RPMsresulting in iron overload in splegmhile other
populations of monocytesid macrophages remaimchanged94). Interestingly,SPFC
expression was activated by heme itself releaase ohemedependent transcription
repressoBACH1 (95). Theheme/BACHL1/SPIC axis regulas the differentiation of
monocytes into RES macrophag@$ese evidenesdurtherjustify the necessitfor

intercellular heme trafficking during development of RBCs and macrophages.

Zebrafish erythropoiesis resembles thosef higher vertebrates

The teleost fishDanio rerio, also known as zebrafish, has been under increasing
attention as a model organism for studying vertebrate development owing to its advantage in
developmental biologyAdult zebrafisharerelativelysmall andone breeding pairan
produce 10200 progenies per spawning each week, which allowsraamtenance of
particular strains with small space and ensures production of numerous embryos for
experimens (genetic screening work and building transgenic lirid)e exernal ferilization
and rapiddevelopmenex uterg combined with property of transparency, allow direct
visualization and manipulation of developmental psses in early embryos, which a
possible in mice The techniques for transgenesis and gene manipulatewell developed
in this model rendering zebrafishs a geneticaliyractable vertebrate animal modg6).

Zebrafish has a similar hematopoietiogmram compared to higher vertebrates,
spanning from developmental waves of hematopoiesis to conservation of producing
comparable blood cell componeniBwo successive waves of hematopoiggisnitive and
definitive, are also found in zebrafig@7, 98) Additionally, crucialregulators have been
isolated as orthologues of many essential mammalian hematopoietic regulators and functional

conservation of these factors in zebrafish is validateshdmpholino mediated knockdown or
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identified mutarg (99). These conserved properties of zebrafish hematopoiesis make it a
good model for hematopoietic study dtglapplication to mammals

Primitive erythropoiesisn zebrafish occurs in thatermediate cell mass (ICM
developing embryosyhichis functionaly equivalent to extr@mbryonic yolk sablood
islandregion in mammal§100). Primitive erythroid lineagarises from ICM previously
developedrom posterior lateral mesoderm (PLM) regidrimitive erythropoiesif
zebrafishbegins at the 4omite stage with the appearance of expression of eryispedific
transcription factor Gala(101) Gatel, a zinefinger transcription factor, serves as a
determination factor for early primitive erythroid progenitof$ie circulating primitive
erythroblast cells further proliferate and differentiate into mature erythratytasgha
series of morphological altations, with elongated nucleus around 4 (diafys post
fertilization), and functionally survive to 10 dpf in blood stre@lii2). Mature erythrocytes
display ungque morphological characteristics distinguishdtmen adult counterparts dgss
cytoplasm and larger nucleus

Consistent with hematopoietic program in mammals, definitive hematopoiesis in
zebrafish marks its distinctive wave by generating all blmablineages throughout the
whole lifespan The initiation site of zebrafish definitive hematopoiesis has been identified
by expression pattern of mammalian definitive hemaitetic regulator orthologues;K@YB
and RUNXL. These two transcriptiofactorsdictatetheformation of definitive HSPCs
(hematopoietic stem/progenitor cells)tie AGM (aortazgonadmesonephrogegion(103).
In zebrafish, initial expression afinxlandc-mybis located irnthe VDA (ventral wall of
dorsal aortafrom 26-48 hpf(hours post fertilization)analogous tthe AGM regionin
mammals suggestinghatdefinitive HSPCsre generateith theVDA. The initiation of
definitive hematopoiesis MDA happenss early as 36pf (104). At around 45 dpf,
hematopoietic cells are identifiable in proneggikidney and thereaftéy 13dpf. The
Kidney functiors as acounterpart obone marrow in mammats sustain definitive
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hematopiesis throughout the lifespd&h05). Posterior blood island (PBBIsocalled caudal
hemaopoietic tissue (CHT), locatd®tweerthe caudal artery anthe caudal vein at the end
of thetail, is recognized aafetal hematopoietic organ in zebrafigim intermediate
hematopoitc sitecovering the period betwe&DA and kidneyas a counterpart to fetal
liver in mammalg106, 107) Definitive erythrocytes are postulated to poputhte
circulaion at around 5 dpf @&8BCsemerge at this stage lohoodlesamutantswith defecsin
producing primitive erythropoiesi€l08). Transfusion experimestreveathat primitive
erythrocytes are the major circulating erythroid components for the first 5 days and thereafter
they are gradually replaced by presumptive definitive erythro¢¥@s. Like mammals,
these dehitive erythrocytes switch to express adult form of globins and could be
discriminatedmorphologicallyfrom their primitive counterpart§109, 110)

The kidneymarrow (head kidneyis anadult hematopoietic organ in zebrafish whish i
functionally equivalent to BM in mammal8ased on forward scatter (cell size) and side
scatter (granularity), hematopoietic cellgtie kidneymarrowcould be fractioned into four
populations: immature precursors of all lineages, lymphoid cells, enatythroid cells and
myelo-monocytic cells (neutrophils, monocytesacrophages, and eosinoph{i) 1)
Transplantation rescue experiments by lethal irradiati@elmafish reveals presence of
definitive HSCs irthe kidney marrowmaintaining lifelong hematopoiesis progréii 2)

Spleen igostulated to banother hematopdie tissuein theadult zebrafishalthough
clear evidence is lacking to defiite hematopoietic activityCompared tahekidney
marrow, zebrafish spen is not well characterizett wasproposed thatebrafish spleemay
functionasa reservoir foRBCswhere erythrocytes are stored and destr¢yé8). Splenic
macrophagesan be found in red pulp amdntain phagosomes with erythrocytad other
cellular debrisindicatingpossibleactiveEPin zebrafish splee(l14, 115) However, the
involvement ofzebrafishspleen during hemigon recycling is not well studied sinsgudies
with zebrafish argypically confined toembryonic andarval stages
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Zebrafish as a modelo study hemeand iron metabolism

Beside similar hewmtopoietic program, zebrafish genome ldygesembles the human
genome. Theompletesequencing othe zebrafishgenome makes it a powerful tool for gene
discovery research and translatsdindings to humangl16). Largescale forward genetic
studies havéeen carried out in sonmevertebratenodel organismgarticukrly in the
nematode and fiufly. However, t is extremely expensive perform this approach in mice
which is a vertebrate model most widelylized to recapitulatén hematopoietic studigs
humans Zebrafishwasthe first vertebrate organisestablished fordrgescaleforward
genetic screeningChemical mutagenesis achieved bgxposing adult male fish to-sthyk
N-nitrosourea (ENU) for several dayich induces point mutatioris the spermatogonia
Thesemale fsh arethenmated with wild type (WTfemale fish tqpropagate thenutation to
F1progenieg99, 117) Screening methods suchag#ibody stainingwhole mounin situ
hybridization (WISH)andbehavioral analysis can tigenused to identifymorphologicalor
genetic phenotype®By contrast genespecific knockdwn mediated by morpholino
injection serves as an efficient tool for reverse genetic s(lidlg) Mutagenesis and targeted
gene disruptiomavecontributel to uncoveing the genes involved in henamd iron
metabolism in zebrafishRecent development of gesreiting toolssuch asTALENs and
CRISPR/cas%or targeted gene disruption compleméransientmorpholinogene
knockdownfor reverse genetic studi€kl19, 120) Several key genes which are involved in
heme sythesis and metabolism halbeen elucidated in zebrafibly both forward and

reverse genetic manipulation

ALAS?2

Alas? is the erythroigpecificenzymefor heme synthesis, while Alaslfeund in all

other tissus. Zebrafish mutansauternegsau)hasbeen identified fronENU mutagenesis
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and positional cloningevealed thasaucontains mutatiom alas2(121). Thesaumutants
have a microcytic, hypochromic anemia, dethgeythroid maturation, arebnormal globin
gene expression, suggesting that defects in heme synthesiezrglobin protein
production Interestingly saumutants have naral RBC number, anghow anemia around
33 hpf. Perhapsnaterral hememy permit early RBC development or that th@s2 mutation
is hypomorphic As mutations iralas2 causeCSA in humanssaurepresents the first animal
model of this diseada zebrafish(121) Most interestingly sauzebrafish mutants argable
even though it hasnly onetenth of overall heme contecompared t&WT zebrafish Sau
mutans can be fully rescued tsypplemating developing embryos with ALA, which may

furtherenhanced its value as a model to study the pathology of CSA in h{h2a)s

ALAD

Unlike ALAS, only one form of ALAD was found in bottuman and zebrafistSo
far, no mutation iralad has beetdentified in zebrafish However,analad mutant (vho) was
identified inmedaka, anothaeleost fish modg|123). Whomutants suffer from
hypochromic anemjawing to deficiency in heme synthesisitial blood cell numbers
normal, buit then gradually decreasdaring the embryonic and larval stagd$he RBCs
develop an elongated, occasionally curved morpholpgysiblycaused by accumukd
globin protein without hemeepresenting sickleell anemian humans with globin protein

aggegationg124).

UROD

Zebrafish mutanygeembeds a nonsense mutation in the ggreddng UROD, which
converts uroporphyrinogen to coproporphggen Homozygous mutation iarod leads to

two forms of porphyrias, porphyria cutanea tarda (PCT) and hepatoerythropoigtiyria
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(HEP) in humansimilar to the phenotygén zebrdish with photosensitie porphyria
syndromg125). Excessive amounts of uroporphyrinogens aswrboxylate porphyrin
accumulaten ygeembryos representing human HERtientscharacterized by
photosensitive skiand excessive excretion lséme biosynthesis intermediates, uroporphyri
and #decarboxylate grphyrinin their urine Thezebrafishygemutantphenocopeshuman

patients facilitatingstudying of HEP pathogenesis ardkvelopment of new therapeutics

PPOX

Zebrafish porphyria mutantjontalcino(mng, contains mutation ippox which
catalyzes the oxidation of protoporphyrinogen, representing human variegate porphyria
Initially, at the onset of circulatiomnodisplays normal numbers dRBCs but areo-
dianisidinenegative A visible decrease in circulating erythrocytes camlbserved after 36
hpf and the RBCs in the mutant embryos are epifluorésdd®e mnomutant zebrafish could
survive to approximately 28pf. Accordingly, humarPPOXcould partially rescue the
hypochromia in homozygous mutants, revealing functional ceasen The zebrafisimno
mutant will be very useful for further elucidating the pathophysiology of variegate porphyria

and identifying chemical modifiers of this disease.

FECH

Two different mutant alleles déchhavebeen identified in zebrafiskfreixenet(frx)
anddracula(drc) (99, 126) Protoporphyrin IX accumulates ifiechmutant embryos owing
to a deficiency in thactivity of ferrochelatase, the terminal enzyme in the pathway for heme
biosynthesis The mutants show ligidependent hemolysis and liver disesasamilar to that
seen in humans with erythropoietic protoporphyeisulting froma disorder of

ferrochelahse.
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GRX5

Phenotypic analysis ahiraz(sir) mutant zebrafishevealed aintimateconnection
between heme biosynthesis ga8e-4S] formation,connectingwo main ugs forironin the
mitochondria usually thoughto be independent procesg&27). In sir mutants,
hypochromic anemia, in the context of normal mitochondrial iron and oxidative stress levels,
was shown to be caused by a deletion in the glutaredoxjrks) @ene GRX5 is required
for the synthesis of F8 clusters in mitochondri@d28). The zbrafsh proteiralso localizes
to themitochondria and isapable of rescuingrx5-deficient yeast strainFe-S clusters are
known to negatively regulate binding of IR® IREs Decreased F8 cluster assembin
sir mutantleads to increased IRP1 activity, whidnhibits the expression of IREegulated
target genes involved in heme biosynthéikesalas2 Indeed alas2expression is absent in
sir mutant Deletion ofIREsin thealas2mRNA rescuedhe anemic phenotype while
overexpression of fullengthalas2mRNA did not, suggestintpatthe function of GRX5 in
regulating ALAS2 expressias through FeS clustersand IRP/IREactivity. An evolutionary
conserved roléor GRX5 in regulating heme synthesis was confirmed in human patvéhts

GRX5 mutation(129).

MFRN1

Two mitoferrin homologs are found the zebrafish genomeMfrnl and Mrn2.
Pasitional cloning ofrascati(frs) zebrafish mutastidentifieda missense mutatian the
mfrn1(sic25A37% gene an erythroid specific forn{31). Frs mutants develop hypochromic
anemia and arrested erythroid maturatiMouseMfrnl rescusthe phenotypsin zebrafish
frs mutants The sameaanemicphenotype was observed immuse model withfrnl-
knockout(32, 130) The MFRN2 (SIc25A28) paraldginctions in miochondrial ironmport

in nonerythroid tissues.
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DMT1

DMT1 wasfirst isolated in the rat duodenuamd isupreguated by dietary iron
deficiency, whileBelgrade rat with mutation idmtlsufferfrom iron deficient anemié26,
131) Zebrafish mutarstchardonnay(cdy) carry a nonsense mutationdmtlwith reduced
hemoglobin levels andelayed erythrocyte maturati¢h32) The Dmd protein localizes to
erythroidcells and tk intestine, suggesting its role in intestinal and erythetic iron
absorption Cells with overexpresion ofWT zebrafish Dmit uptakenearly tertimes the
amount of iron as netransfected control cells, whereas tag mutant form is not
functional However,cdymutant can survive to adulthood irrespective of severe anemia,
suggesting alternative pathway for iron absorption in zebrafishumansmutations in
DMT1 cause a phenotypé lsypochromic microcytic anemizombined with iron osrload
further supportingpossibleexistence of alternative iron absorption mesgkms in the

duodenum thabvypases DMT1(133).

FPN1

The first identified iron exporter FAN(SIc40A1) was found by position cloning of
zebrafishweissherbsfweh) mutant(134). Wehmutant embryosuffer fran hypochromic
anemia, as evidendmm decreased hemoglobin levels, blatleeythroid maturatiorand
reducechumbers of erythrocytes€rythroid cells of mutant embrgdavesignificantly lower
iron concentratiorcompared t&WT embryos suggestingron deficiencyin mutants
Microinjection of irordextran rescukthe anemic phenotype afehmutantsandcontinuing
injection of irondextranalsorescud embryonic &thality. However these rescued fishia
only normal until sixnonths of age anelventuallydevelop hypochromianemiaby 12

months suggesting that Fpnl might be involved in ireaycling inadult zebrafish
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Compared with iron injected/T fish, the rescued mutants had increased iron staining in
kidney macrophages, as well as increased staining in intestinal villi, suggestifumihat
mutation impairs iron export in these tissu&de ironrescuedvehmutants also hae

hepatic iron overload, with particularlygh iron levels in the liver pffer cells(135). FPN1
also localizes to thgolk-syncytial laye(YSL) during embryonic develapent suggesting
thatFPN1 may transport maternal irtlom theyolk for embryogenesisBoth mice and
humans have homologs BPNwith high similarities taebrafishFpnl MammalianFPN1

is robustly expressed in the placenta, duodenum, and dhe protein leel, human FPN1
is concentrated othe basal stiace of the syncytiotrophoblaist the placenta, an organ that is
functionally similar to zebrafish YSL, indicating that human FPN1 plays a role in maternal
fetal iron export In mice,FPNL1lis expressed otihe basolateral surface efterocytes,

suggesting a role in intestinal irtransport(136).

TF

The zebrafisimutantgavi (gav) was shown to have mutations in transfegi(rf-a),
which encodes the principsérumiron carrier(137) Gavmutart embryosexhibit reduced
tf-a expression and impaired hemoglobin productigih hypochromic aneraiand
embryonic lethality by 14ipf. In humas, phenotype of congenitaypotransferrinemia
caused byfF mutationis highly similar to thosef gavmutants, including hypochromic
anemia and embryonic dedit88). Thegavmutant is thus an ideal whole vertebratema

modelfor studying symptoms correspondirig humanpathologieselated torf.

TFR1
Transferin-bound iron is taken up into celly binding to the transferrireceptor 1

(TFR1). Fourdifferent zebrafistthianti (cia) mutants with varyinglegrees of hypochromic
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anemia and defective erythroid differentiatiwareascribed to mutations ifr1agene(139)
During early developmentfrla transcripts are expressed specifically in erythrocytes
Importantly, cytophsmic delivey of iron by microinjection at oneell stagé but not
intravenous iron injections can rescue the hypochromia phenotypesnafitants, indicating
thattfrla mutation prevents erythrocytes from taking up and utilizing circulating iron
Intriguingly, asecondfr1 genetfrlb was identified together wittirla, a typical featuren
zebrafish genomehich has undergorgenome duplicatio(il40, 141) Whereas Tfta is
expressed in erythrotss during early development acid mutants are anemic, Tfbis
expressed ubiquitoustiiroughoutembryogenesis and knockdowhtfr1b by morphdinos

do not affecthemoglobinization Tfrlb morphants have retarded growth aedelop brain
necrosisa phenotype that is similar to the neurologic defects observed in the mouse model
(142) indicating thatfrlb may beinvolved in iron uptake imon-erythroid tissuesTfrla
(cia) andtfr1b deficient zebrafish embrgarecapitulate the phenotypeT#R 1" mice (140,

141),

FLVCR

Currently no zebrafish mutants have been reported with perturbatidwcaof F
However, the function afebrafishFlvcr is related to erythroid differentiation and maturation
(143). Two splicing isoforms have been identifiédicrlaandflverlb. Flverlais required
for the expansionf committed erythroid progenitors but cannot drive their terminal
differentiation, whileFlvcrlbcontributes to thexpansion phase and is required for
differentiation(143). The coorihated expression diiverlaandFliverlb contributes to
controling thecytosolicheme pool required to susta@gulationof erythroid progenitors and
hemoglobin synthesfer hemoglobinizatiorduringterminal maturation Interestingly,
treatment of gccinylacetone (SA), minhibitor of heme synthesis ALAD enzymatic step

rescusthe phenotype divcrlamorphans while heme supplementatioastores
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hemoglobinzation oflvcrlb morphansg, suggestindghatintracellular heme poaluring

erythropoiesiss tightly regulated

Problem statement

The airrent tenet dictates that erythroblasts aresdficient,i.e. they produce large
amounts of hemoglobin by simply upregulating endogenous heme syntHesisver, this
is puzzling since erythroblasttsoexpress EVCR1a, a heme exportetoss ofFLVCR1a
expression cause tlaoptosis of proerythroblast owing to heme toxi¢it#4) Why do
maturing erythroblastseed to export heme, since theyl need largamouns of heme for
hemoglobin synthesis? A recent study showed that coordiegpression of heme synthesis
and globin protein is essential for effective erythropoi€lst®). Erythropoiesis failure
occurs inflver-null mice at the CFLE/proerythroblast stage, a point at which the transferrin
receptor (CD71) is upgeilatedto maximize iron import for heme synthesldowever, at this
time point erythroid pogenitors contaiexcess heme over globin productiorhis excess
heme can causacreasedaytoplasmic ROSesulting inincreased apoptosis the absence of
heme exporter FLVCRa By contrastterminal erythroid maturation includascoordinated
loss ofintracellular organelles includintpe mitochondriathe sitefor heme synthesis
However,hemoglobin production continues eythroidcell mature, requirinpeme even
though the cells lack proper mitochondria functidt.this stage, globin synthesis exceed
heme synthesisWe propose thaieme uptakat this stage couldompensatéo reset the
stoichiometrybetweerglobin andcellularheme leved.

HRG-1is aheme importemitially identified usingC.eleganss an animal modelvith
orthologs inmanyhigher vertebrate69). Global transdptome analgis shows thatrgl
MRNA increasesluringmouseterminal erythroid maturatiofl46). This is puzzling because
it is unclear whyHRG1would be regulated ierythroid precursa We postulate that during

terminal erythroid maturatiqrerythroid cells import exogenous heme to support hemoglobin
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production as intracellular heme synthesis may be insufficient to cope with globin production
In this regard, erythroid precursors likely behave (kelegansa heme auxobph,that
acquireand utilizeexogenous hemeNhat could be the source of this additional heme? It is
possible that a padn of heme and/or iron withimaturingRBCsis derived from inter

cellular transport from nurse macrophageEBisto support theerminal sagesof
hemoglobinization, especially under conditions such as stressed erythropbiésiseme
synthesis is insufficientin support ofthis hypothesis, heme importers (HRGare expressed

in both rel blood cells and macrophage#/hile this might be plauble for definitive
erythropoiesis, what about primitive erythropoiesis? In situ hybridization reveals clear
expression of moudwrglin placenta and trophoblast cells, primitive and definitive erythroid
cells [since they make up the vast majority of tkisdn yolk sac blood islands/ blood
vessels (E7&8.5/E9.5; primitive lineage)], E12.5 fetal liver (definitive lineage), and
developing neural tissue3 hese results support a model in which iiesue and inter

cellular heme transport must occur idgrdevelopment and maternal HR@ay be essential
for mobilizing preexisting heme stores in oocytes for early embryonic development and
primitive erythropoiesis To elucidatethe heme traffickingduringerythropoiesisl exploited
zebrafish as wholevertebrate animal mod&d uncover the possible mechanssof

erythropoietic regulation by heme transporters.
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Chapter 2Materiak and Methods

Zebrafish methods
Zebrafish husbandry

All zebrafishprocedures were approved byiversity of Maryland Animal Care and
Use Committee All used zebrafistembryos and lineaere kept within theebrafish fadity
(Aquatic Habitats, USA) ibepartment of Animal and Avian Sciescé&niversity of
Maryland College ParkThe fish wateis kept at 28 €, conductivity~100Q stablepH value
betweens.3~7.4 The light providing cyclés maintaired around 1@ light off (9:30 pm ~
7:30 am) and 14 light on.

To generate embryos, male fish was bred to female fish by putting them together in
tank with an inner nested mesh overnight and embryos were collected next mdiming
make fish spawning for a controlled time point (emgjcro-injection or collecting embryos of
relatively synchronized developmental stagesi;ansparent divider wggacedin the middle
of tank to separate male and femalgnbryos werebtainedonce the divider wasemoved
atthe followingmorning Embryos werd&keptin embryomedium prepared akescribed in
The zebrafish boofdth) (147) To keeptheembryos transpareatearly stags 0.003%

PTU was added around-P8 hpf. Zebrafish strairT i wereused as WThroughout this

study.

Microinjection of zebrafish embryos

The injection needles were made from capillaries with internal filaments (B5800
10, Sutter Instrument, Novato, CA) on needle pulle®{PSutter Instrument, Novato, CA)
The pulling parameter was empiricatigtermined A commonly used set of parameter was
as follows: Heat (574) Pull (110) Velocity (50) Time (140he needles were further broken

with aclean sharp forcep in order to make fine wedlgaped tips.
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To carry out the microinjectionybryos wereheld in wedgeshaped mold made by
1.5% Agarosein Petri dish For injection of DNA constructs or mMRNA, embryos were
oriented with animal poles of embryos opposite to injection nedajlection solutions were
backfilled into needle with microloader (Bgndorf, Hamburg, Germany)njections were
performed on the stage of Nikon stereomicroscope equipped with manipulatear(Ha
Apparatus, Holliston, MA) and injector (World Precision Instrument, Sarasota,UHually,
aroundl.4nL solution was injectkintoa singleembryo withoutaffectingnormal

development

Morpholino -mediated gene knockdown

Morpholinos were designed and synthesiagd@enebols (Philomath, OR)
Translation and splie-blocking morpholinos were designed to block mRNA translation and
premRNA splicing respectively Morpholinos were delivered to omell stagd embry by

microinjection aglescribedabove The sequenaof mompholinoswere listedn Appendix I.

In vitro transcription

The invitro transcriptiorwas used to generat@oxigenin(DIG)-labded RNA probke
for WISH and &RNA (capped RNAJor microinjection to fish embryos

For WISH, fragments were PCR amplified and theibclonednto distinctplasmids
To makeDIG labeled antsense RNA probe, plasmid DNA was first linearized by
appropriate restriction enzynamd purified usinddNA purification kit (MachineryNagel
Germany) The purified linearized DNA was then usedsasmplate for in vitro transcrifpn

with DIG RNA Labeling Kit (SP6/T7) (Roche).

32



For generation ofRNA for injection, plasmid DNA wittihe specific fragments of
interest was linearizedgelpurified andused for invitro transcriptioraccording to the

manuals oImMESSAGE mMACHINE T7/T3P6 Transcription KifThermo Fisher)

Whole-amount in situ hybridization

Whole amount in situ hybridization was perform as describé8). Briefly, embryos
were dechorinatedither manually or by 1 pg/mlppnase (RocheMannheim, Germany)
The dechorinated emjos were then fixed in % pardormaldehyde (PFA) in PBS at 4 €
overnight omroom temperatureRT) for 2 h. Following fixation, embryos were rinsed with
PBST (PBS pis 0.1% Tween 20) for 2 x5 min Embryos wee then dehydrated in 36
methanol leOH)/PBST for 5 minand 100% MeOH for 5 minbefore storage fresh
MeOH at RT Embryos were sequentially rehydrdtwith 75% MeOH/PBST for 5 min
50% MeOH/PBST for 5 min, 2586 MeOH/PBST for 5 min, and PBST, 4 x8in. Embryos
were treated with 10 e€g/ mL prot esdesaribpeel K i n PBS
(148) After permeabilizationembryos were réixed with 4% PFA for at least 20 min
followed by PBST wash for 4 x3 mi Subsequently embryos were incubated with
hybridization buffer KIB) buffer for 5 minat 65C beforechanging to new HBuffer for
prehybridization for 1 at 65 €. Following prehybridization, embryos wehybridized with
denatured DIGabeled antsense RNA probe at 65 € for overnighfThe following day
embryos were sequentially washed with HB/2 x33C:1) at 65 € for 2 x30 min 2 x
SSCT, 0.2 xSSCT at 65 € for 2 x30 miand PBST at RT for 4 x3 minAfter extensive
wash, embryos were piacubated with blocking solution made wit®2lambserum + 26
BSA in PBST for 1 Hollowed by incubation in antibody solution (A+dig alkaline
phosphatase (AP) (Roche) 1:4000 dilutetlocking solutionat RTfor 2 hor 4€C
overnight Afterwards embryos weravashed with PBST for 6 x20 miim order to remove

excessive antibodyBefore staining, embryos were equilibrated in buffer 9.5T (100 mM Tris,
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50 mM MgCh, 100mM NacCl, 0.1% Tween?20, pH 9.5) for 2 x10 minThe signals were
developedy incubating embryos with NB/BCIP (nitroblue tetrazolium 5-bromao-3-chloro-

3-indolyl phosphate) tablet (Roche).

Zebrafish tissue dissection

Dissection of various adult zebrafish tissue was performed as previtassisibed
(149). For RT-PCR experiments, dissected tisswmereimmediately placed iTRIzol
(Invitrogen)and flashfrozenin liquid nitrogen before RNA extractior-or membrane

fractionatian, tissus were directly flasirozen befordractionation

Generating of zebrafish mutants by TALENand CRISPR/Cas9 gae-editing

TALEN targeting vect@wwere cloned and generated by Golden Gate serial ligation as
described150). The TALEN target site wereselectedn silico at TAL Effector Nucleotide
Targeter 2.0 (https://tadet.cac.cornell.edu/) withrglaORF sequence (NCBI accession No.:
NM_2000061). The pcGoldyTALEN targeting construstweregenerated according to the
selectedsequence The plasmids were linearizdyy restriction enzyme digestion and then
gelpurified. Linearized plasmidl Lg) was used fom-vitro transcriptionto produce capped
TALEN mRNA. Equimolarof TALEN mRNA (300 ng)pair was used for microinjection

The CRISPR gRNA was designed usingi®iated CRISPR Design
(http://crispr.mit.edul) The gRNA target sequencegrein silico predicted usingprgla
(NM_200006.1) andhirglb(NM_001002424.2DRFs as inputsThe gRNA constructs were
cloned using pT-gRNA as backbne(120) pCS2Cas9 was usei produce CaseRNA
afterlinearization andh-vitro transcription Cas9 ®&NA (300ng)and gRNA(100ng)was ce

injectedinto embryos athe onecell stage
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Both TLAEN and CRIPSRnjected embryos were raised to adulthood as FO founders
The founders were subjected toip genotyping to confirm indels at target sité®sitive
chimericFOfounders were them crossedwd zebrafishto generate F1 offspringghe F1
embryos with indels at target sit@ereraisedto adulhoodfor genotypingandscreening for

stable mutantihes

Zebrafish mutant genotyping

For genotyping of adult zebrafish, a small piece of tail was clipped and placedin 50
50mM NaOH at 95 €for 30 min. For genotyping of embryos, either whole embryos or
clipped small piece of taftom 3 dpf embryos werdissolvel in 10ul of 50 mM NaOH at
95 € for 30min (151). The solution was vortexed to completely dissolve the @ile tenth
volume of 1M Tris-HCl atpH 8.0 was added to neutralize the soluti@me microliterof
crude lysate was used for PCR genotypiRgmels used for gentyping werelisted in

Appendix VII.

RNA Extraction

Total RNA was extracted from whole zebrafesmbryosor from dissectedissues
usingTRIzol. Pooled embryos (20~30 faach) werglaced inTRIzol and RNA was
extractedaccordingly After resuspension in RNa$ee water, total RNA was further
digested by RNAasfee DNase (Ambion), to get rid of genomic DNA, followed by

isopropanol/sodium acetapgecipitation

RT-PCR
Total RNA(1 pg) was used for reverse transcription by iScript cDNA synthesis kit

(Bio-Rad) The reaction without reverse transcriptase was used for negative cditeol
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cDNA was diluted 5 times for following PCR reactionTo relatively quantify gene
expressionRT-PCRof cDNA samplesvas performed by limited 2BCRamplification
cycles QuantitativeRT-PCR(gRT-PCR)was done with SsoAdvanced Universal SYBR

Green Supermix (Bidkad) Each reaction wagchnically triplicatel.

O-dianisidine staining

O-dianisidine staining was performéal detect hemoglobin in RBCs of whole embryos
as previoushdescribed152). Theprinciple forthisassay igshatheme in hemoglobin
catalyzes oxidation af-dianisidinein the presence of ., producing a dark broweolor in
hemoglobirpositive cells Briefly, collected embryos were placedliml staining solution
(0.06% (w/v) o-dianisidine, 25% ethanol, 10mM Sodium Acetate and @2 % H,O,) for 20
min in the dark Staining was stopped by rinsing embryos witl/#6thanol. Embryos were

postfixed in 4% formaldehyddn PBSand stored in 5@ glycerolin PBSfor microscopy.

DAB enhanced Perds iron staining in zebrafish

Perls Prussian blue stain was performed to defic iron in whole zebrafish
embryosand zebrafish sectiorf$53). Embryos wereiked by 4 % PFAat RTfor 2 hand
were immerseth a freshly preparestainingsolution(2.5% potassium ferrocyanid®,25 M
HCI) for 30 minat RT, then rinsed three times in PBSTo prepare stairnhancement,
endogenous peroxidase activity was quendhedicubatingembryosin 0.3% H20- (in
methanol) for20 min atRT. Followingrinsein PBST,embryos were incwdied for 7 min in
SigmaFast DAB tablet (Sigmaldrich) dissolvedin distilled water Ferric errocyanide
catalyzs the HO,-mediatedbxidation of DAB, producing aeddish brown colorEmbryos

were rinsed in PBST, and storedgiycerot PBS(1:1) for microscopy.
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FACS cell sorting

The embryos from globlCR: GFP line(crossed witthrglaor hrglbmutant line or
morpholineinjectedembryo3 were pooled and harveste@ihe cells were disaggregated with
0.25% trypsin(154), and were then sequentially filtered through 70gna 40 pm cell
strainers The percentage of GHpbsitivecells in transgenic embryos weapalyzed by

FACSCantdl machine (BD Bioscience$l55).

Membrane fractionation

Declorinated zebrafish embryos or dissected adult tissues were homogenized by
Dounce Homogenizer in appropriate volume of homogenization buffenkddris-HCI,
mM EDTA, 1mM PMSF,protease inhibitor cocktail (Roche)The homogenized solution
was then centrifugedt 800g 4 € for 5 min. Then the supernatamasultra-centrifuged at
100, 000g 4 € for 90 min with XL90 ultracentrifugéBeckman, Germany)The supernatant
was considered dke cytosolic fraction and the pellet was treatethagotalmembrane
fraction. The pellet was collected and dissolved in lysis bufféo@ton-x100, 150mM
NaCl, 50mM Tris-HCI, 20mM HEPES, ImM PMSF, ImM EDTA, 1X protease inhibitor

cocktail). The membrane lysate was used for the follovimmunoblottingexperiments.

Immun blotting

HRGL1 antibody serum was generated in rahlstng the 17 amino acid peptide
sequence (YAHRYRADFADIILSDFjrom cterminusof humanHRG1astheimmunagen
(Thermo Fisher Since the @erminal 17 amino acid sequence of hurklR(G1 is highly
corserved withzebrafish Hrgla and Hrglb (15/17), it croeactswell with both Hrgla and
Hrglh

For zebrafish Hrgl immunaoblottindgotal protein concentration in membrane fraction
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lysate was measured using the Pierce BCA assay kit (Thermo Scierftiigdl amount of
total protein was mixed with Laemmli sample buffer and were separated%%rsDEPAGE
and transferred to a 4M nitrocellulose membranesing thesemidry transfer apparatus
(Bio-Rad) The affinity purified Hrglprimaryantibody was u=dat a concentration of
1:1000;goat antirabbit HRRconjugated secondary was used at ,030, and blots were

developed with th&uperWest Femto Chemiluminescent Substrate (Thermo Scientific).

Collection of Embryonic RBCs

Zebrafishwere firstly anesthetized in few drops of tricaine solution: @G#caine
(SigmaAldrich), 1% bovine serum albumin (BSA) in calciurand magnesiufree PBS
(pH 7.4) For each sampléails of approximate temebrafsihwere cut by eitheablade or
surgical scissor to alloiRBCsto flow into thetricaine solution The tricaine solution
containing RBCs was loaded into ShandonStzgle Cytofunnels (Thermal scientific) and
RBCs were concentrated ontsw@pefrost slide (Thermal scientific) by cerifugation at 450
rpm for 3 minusing a Shandon Cytospin®cytocentrifuge (Thermal scientf according to

the manufactor§ mstruction Slideswere airdried prior to MayGrinwald Giemsa staining.

Collection of adult circulating blood

Adult fish wereplaced in fish water with 0.0% tricaine for anesthesidUundera
stereoscope, use a miecapillarywas usedo punctuate ircaudal vein around the fishltai
Thebloodwas allowed tdackfill into theheparinizectapillary. A maximum 22 ( of
bloodcould be collected froraach adult zebrafishiThe collected bloodvas placed in PBS

andcentrifugel, thensmeared on charged slides for further staining

May-Grinwald Giemsa Staining
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May-Grinwald staining slution (May-Grinwald solution (MG500, sigmaldrich):
methanol= 1:3) was gently addedto slidesontainingRBCs coveringirea and incubateat
RT for 5 minand thergentlywashed off withdouble distilledvater Subsequently, the
slides were incubated with 1 ml Giemsarsitag solution Giemsa Stain (GS500, Sigma
Aldrich) : water= 1:20)for 1530 min The Giemsa staining solution wieen washed off

with water and slides were airied beforeexamining under microscope.

Phenylhydrazine (PHZ) treatment

To induce acutbemolysis at thembryonic stagg 4 dpf embryos were put in embryo
medium with Jug/ml PHZ (pH 7.4) for 1h. PHZwas then removed and embryos were
rinsedthree times with fresh embryo mediufror PHZ treatment in adult fish, 2.g/ml
PHZ was prepareahisystem fish waterThe adult fish was placed fish water with PHZ for
25 minat 28C. PHZ was removed by three timiasewith fresh fish water After 1 or3

dayspost PHZtreatmentthe fish was used falissectiorand histological sectiamng.

Sucinylacetone (SA) ALA, PBG and hemetreatment of zebrafish embryos

To potentially blockendogenous heme syntiseszebrafish embryos wedeclorinated
at 24 hpf manually and placed in embryo medium with 1mM SA (SigP&a)J) was addetb
block pigmentatiorin embryos ALA (1 mM), PBG (250 M) orheme(10 M) were added

to embryos medium for treatment.

Fixation of adult zebrafish for histological section
Adult zebrafisi5-6 months oldwere anesthetized with 0.02tricaine in fish water
Adult fish wasslitting along theventral abdominal wafrom anusopeningallowing the

fixative to immerse the gastrointestinal orgafise volume of fixative should ks leastlO
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times of fish volume Adult fish was first fixed by modifieda vi d s o n 6te makeilk,at i v e

mix 220 ml Formaldehyde (3%0 %), 115ml Glacial aceti@acid, 330 ml 984 Ethyl alcohol
and 335 ml Distilled watgffor 24-48 h The carcasses are then rinsed iR&6thanol and
then stored in 18 Neutral buffered formalifNBF). Each specimen igaraffirembedded
andsectioned along the sagittal plariélides were usefbr histological staining by H&E and

Perl 6s.

RNAseq

The kidney and splees from5-6 months old adult zebrafisfo(r genotypes:
hrgla+/iq261; hrglb+/iq3611 hrgldqzm/iqza; hrglb*”', hrgla*’*; hrgltjq361/iq361andhrgld’q261/iq26];
hrg10%611938Y were disseted out and flasfrozen in TREol before RNA extraction (3 fish
as a cohort, 3 cohorfger genotypke

Total RNA was extractefbllowing TRIzol manual (hvitrogen) Extracted RNA was
thendigested with RNase frdeNase to remove remaining genomic DIdAd cleaned up
usingQiagen RNA mini column (Qiagen, Germany)uality and quantityf total RNA
were checkethy Agilent Bioanalyze2100(Appendix 1X). Splea (100 nglor Kidney (1
o) of total RNA wereused for RNAseq library constructio®urified mRNA was prepared
from total RNAfollowing thema n u f a manoat of NE8Next Poly-A) mRNA Magnetic
Isolation Module E7490S, New England BiolapsRNAseglibraries wascorstructedwith
NEBNexf Ultra® RNA Library Prep Kit for lllumin& (E7530L, New England Biolaps
The RNAseq libraries and fragment size was roughblified by Agilent Bioanalyzer 2100
(Appendix X, XI). RNAseq libraries were quantifiasingNEBNext Library Quant Kit for
lllumina® (E7630S, New England Biolaps

RNAseq was performed using STARESeq2 pipeline Total of 24 samples with
singleend50 base reads were sequenced Wi®eq 2500 (lllumina); with triplicate libraries

of splees and kidney for the four phenotypesBioinformatics quality control was done
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using FastQC, version 0.11.5he reads were aligned to zebrafish@ROreference genome
using STAR, version 2.5.2bThe numbes of reads mapped to genesre countedising

htseq, version 0.6.1p1Finally, differentially expressed genegre identified vidDESeq2,
version 1.12.3 with the cutoff of 0.05 on False Discovery Rate (FBR)ersion 3.3.2 (2016
10-31) was used, and Biocduactor version 3.4 with Blastaller versiorl.24.0 were used

For gene annotation, we used Ensembl GRCz10, releadea&é Discovery Rate (FDR) by
BenjaminiHochberg was used to determine the statistical significance with the cutoff value

of 0.05

Yeast Methods
Strains and Growth

S. cerevisiaestrainsW303contained thén e m nufationhasbeen described
previously(156, 157) The mutant yeastetls were maintained at 30€ in yeast peptone

dextrose (YPD) media supplemented witts 0 AL AV(Frontier Scientific)

Cloning and Transformation

To generate yeast expression plasnidbrafishhrglaandhrglb ORFwere cloned
into the pYESDEST52plasmid(Invitrogen) The mutant alleles dfrglaandhrglbwere
amplifiedfrom cDNA of zebrafish mutant&with and without a Gterminal HA tag)and

cloned into pYESDEST52plasmid

YeastGrowth Assays

The dilution spot assays were performed as described prev{@b8ly157) Plasmids
containing potential heme transporters were transformedhitan fegst using the lithium

method(158) andtransformant yeast waelected on 2 w/v glucosesynthetic complete
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SOGFUra) plates suppl e mIeretaeotbnieswith dppropra®@ ¢ M AL A
similar sizewere streaked onto% w/v raffinose SCHUra) plates supplemented with 250
e M AL A -72b. Thedré&sformant yeaseks werethengrown in 2% w/v raffinose SC
(-Ura) liquid medium without heme or ALA for at least 1#hdepleting endogenous heme
The concentrations of yeast were determined by OD 600 measureYeastcells werel0-
fold seriallydilutedwith OD 600from 0.2to 0.00002 The diluted yeast solutions were then
spotted i n 10%wN\rafflndsé SCHJoa) ptatesnppleme2ted with varying
concentrationef heme or ALA(positive controlland 0.4% w/v galactose to induce gene
expression from the GAL1 promotePlates only supplement with ALA and Glucose were
treated as negative contrdPlates were incubated for 3 days before imaging

To assay aerobic growth exclusively, yeast were induced Wiilg2lactose in the
absencef ALA, and then spotted onto platesntaining indicated heme or ALA

concentrations as well ag2glycerol and2 % lactate agarbon source

Yeast Cell Immunoblotting

Theimmunoblottingexperiments were performed as previously repdii&a).
Briefly, yeasts were growing in YPD medium with O#&w/v galactose tonduce gene
expression from the GAL1 promoteCells were centrifuged at 5,060y and lysed with
SUTEB buffer (1% SDS, 8M Urea, 10mM tris-HCI, pH 7.4, 10mM EDTA) in the presence
of protease inhibitor@Roche) Following cell lysis, the lysates werentrifuged at 14,000 x
g, 5min and the supernatawas collected in clean 1.7mpgendorf tubesTotal protein
concentrations were quantified using theBmethod (Thermo Scientific)Equal amount of
total protein of each sample was loaded ofGIRDSPAGE and transferred t45 Vi
nitrocellulose membrane with sewhiy transferapparatus (BidRad) The membranes were
blocked overnight and incubated wahher Hrgl antibody arabbitanti-HA (Sigma) as

primary antibody at a 1:1,000 dilution for 2 hrabm temperature, followed by HRP
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conjugated goantirabbit antibody at a 1:30,000 dilution for 1 HRat. For loading control,
the membranes were-pgobed withant-PGK1 at 1:5,000 (Invitrogen)Signal wagletected
by using SuperSignalt@miluminescece reagents (Thermo Scientific) in the Gel

documentation system (BiRad).
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Chagper 3 Hrgl is dispensable for primitive erythrocytes

maturation in zebrafish

Summary

HRG1 waddentified as the firsbona fideeukaryotic heme import&onserved
acrosgmetazoansWe have previously showthat knockdown of zebrafish Hrgthpaired
primitive erythroid cell maturatiorut not specificatiormesulting in severe anemia in
addition todevelopmentadefects such dsydrocephalus, bodgxis curvatureanda
shatened yolk tube extensiorsubsequergenomeannotation identifiesvo hrgl paralogs
in thezebrafish genoménrgla(sic48all) andhrglb(slc48ald with 73% identical at the
amino acid level We now show that botlinrglaandhrglbareubiquitouslyexpressed in
embryonic and adult zebrafislyeast growth assayeveal that zebrafish Hrgla and Hrglb
arecapable omediating heméransport However, knockdowmf hrglaby morpholinos
targeting different region of RNAauseglivergent phenotypén zebrafish embryoswhile
knockdownof hrglbdoesnot haveanyvisible anemic or morphological phenotypd®
investigate the physiological role Bfgla and Hrglb, wgeneratd hrglaandhrglbdouble
mutantsusingCRISPR/Cas9 gerediting Immunobloting revealed that Hrgl proteins are
absenin the hrg1d26Y19261 hrg1 a6 9¥6ldouble mutantsintriguingly, hrg1dd261/4262
hrg1b%¢119%61qoyble mutants doot show overt defects in RB@evelopment and
hemoglobinizationas observed ithe hrglamorphants Morpholino knockdown ohrgla
either inhrg1d9%519281gr hrg1 %64 mytantscaused anemialhese results suggest that
Hrgl isnot requiredor maturation and hemoglobinization of primitive erythroid cells in
zebrafishand that ther@emic phenotype dirglamorphants might be due &dominant

negative or offtarget effect
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Results
Hrgl genes areduplicated in zebrafish genome

The zebrafish genome is extaeredy duplicated owing to developmentsne
duplicationevents in teleogtl41). There are twdirgl paralogsn thezebrafish genomi
hrgla (slc48alh andhrglb(sic48alq, located orchromosome 6 and chromosome 23
respectively Fig. 3.1A). Phylogenetic analysis showsat both Hrgla and Hrglb are HRG
orthologs Fig. 3.1B). Sequence alignment shows that piheteinsequences of Hrgla and
Hrglb are’3 % identity and 84% similar (Fig. 3.1C). TMHMM prediction suggests that
Hrgla and Hrglb proteidsave similar transmembrane topolagC. elegansHRG-1
(CeHRG1), mouseHRG1 (mHRG1) and human HRGhHRGL), comprisingfour
transmembrane domaircytoplasmic Nand Gterminus Fig. 3.1C). Zebrafish Hrgla and
Hrglb dso contain highly conservedistidine residue which can potentially bind heme, as
site-directed mutagenesis of this residné€.elegangand human HRGtau®s loss of heme
transport activity when expressed in ye&sty)(3.1C, asterisk159). In summary, e

topological similarity of Hrgl sggests conserved function of HRS&In metazoans
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Figure 3.1 Hrgl is duplicated inthe zebrafish genome

A). Loci of two hrgl paralog inthe zebrafish genomeHrgla (slc48all) is locatedon
chromosome @ndhrglb(slc48alais on chromosome 23

B). Phylogenetic analysis of zebrafislglaandhrglbwith CeHRG1, CeHRG4, mHRG1,
and hHRG1 Sequences were alignading ClustalV2 and a phylogenetic tree was generated
using the Neighbedoining method in MEGA5

C). Multiple sequence alignment of zebrafish Hrgla andlHngith CeHRG1, CeHRG4,
mMHRGL, andhHRG1 Asterisk, conserved histidine; black box, putatiamsmembrane

domains; YXXxg, C-terminal tyrosine sorting motif; D/EXXXLL, dieucine sorting motif
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Expression ofhrglaand hrglbin embryonic stage and adult tissues

We havepreviously show thathrg1 mRNA is expressed throughout the embryo,
including the central nervous system at thes@fite stage and 2¥pf with WISH (69).
However, at that timehe zebrafish genome was not fully annotated largdbhadnot been
identified Sincethe ORFs ohrglaandhrglbare 84% sequence similawe were unable to
differentiate the temporospatial expressiohmgflaandhrglbby using fullength ORF as
RNA probes for WISH To determine théemporospatia¢éxpression ohrglaandhrglb
MRNA, we exploited sequence difference ith e 3 6 U T RrgitaamgilirgilbmRNA to
synthesize the probéor WISH. Expressions ohrglaandhrglbmRNA are very similar
with ubiquitous expressiamroughout the developing embrgadstrong expressiom the
central nervous syste(fig. 3.2A and B). Both hrglaandhrglbmRNA can be detected by
WISH at onecell stage suggestinghat thehrglaandhrglbmRNA detected before [8of are
maternally deposited during oogenesis ygotic mRNA expression igccurred afteB hpf
in thezebrafish embry¢160).

Total mMRNA was extracted from embryatsdifferent stages, from ofell to 4dpf
(day post fertilization) RT-PCR analysis shasithat the temporal expression patterns of
hrglaandhrglbare similar and bothrglaandhrglbmRNA are maternally depositédlthe
developing embryodg. 3.2C). Quantitative RT-PCR (qRTFPCR) show embryonic
expression ohrglais relatively greater thanrg1b (Fig. 3.2D), with maternalhrglaand
hrglbmRNA being highly expresseatiringearly embryonic stageeompared to zygotic

expression
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Figure 3.2 Hrgla and hrglb mRNA expression in zebrafish embryos

A) and B). WISH of hrglaandhrglbexpression in embryos at differatdvelopmental
stages Anterior is to the left Anti-sense probe is used to detect mMRNA expression; sense
probe is shown to indicate backgnalistaining Scale bar: 20Pm.

C). RT-PCR ofhrglaandhrglbmRNA in zebrafishembryos at different developmental
stages Zactinis the control for houskeeping genegbfbis a transcription factor which is
expressearound 1&pf.

D). gRT-PCR ofhrglaandhrglbmRNA in zebrafishembryos at different developmental
stages Fifty embryos before 2lpf werepooled as one cohorfThirty embryosat stages on

or later than 2spfwere pooled as one cohoifhreecohorts ofpooled embryos aach

stagewere harvestetbr biological replicates Expression level was normalizedfeactin.
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To determine the expressiontofjlaandhrglbin adultzebrafishboth female and
male zebrafis were dissected and tissues waskected for total RNA extractiolgRT-PCR
was preformed to determine expressiohm@flaandhrglbin various adult zebrafish tissues
hrglaandhrglbare widely expressed in adult zebrafish, however, with different expression
intensity Fig. 3.3A andB). Bothhrglaandhrglbare highlyexpressed ithebrain, which
is consistent withthe WISH results Surprisingly, expression level bfglbmRNA is higher
thanhrglain peripheral blood in both male and femateglaandhrglbis also expres in
thekidney, the major hematopoietic tissue in adult zebrafish, suggespotential role of
Hrgla and Hrglb in adudtrythrgooiesis Additionally, bothhrglaandhrglbare expressed
in spleenan organ whicltleass senescent or damagB@Csandrecycles hemdron.
Consistentvith thehigh expression levebf hrglamRNA in embryos at oneell stage
hrglamRNA is abundant in thevary.

Confocal microscopy studieés HEK293 cellsexpressing fluorescenttggged proteins
showthat Hrgla and Hrglb are distributedntracellular compartmestco-localizingwith
LAMPL, a lysosomaimarker consistent withprevious studies favormandhumanHRG1
(Fig. 3.4) (69). Co-expression of fluorescent protein tagged Hrgla and Hrglb resulted in
bothproteinsco-localizingto the same intracellulaesicles These results suggest that
zebrafish Hrgla and Hrglb are located primarilthimendosomes and lysososaelated
organelles, consistent with the presence of sorting motifei@-terminus Fig. 3.1C,Fig.

3.4).
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Figure 3.3 Expression ofhrglaand hrglb mRNA in adult zebrafish tissues
A). gRT-PCR ofhrglaandhrglbmRNA in dissected tissues from adult male

B). gRT-PCR ofhrglaandhrglbmRNA in dissected tissues from adult female
Two male or female fish were dissected as one cohort, and each gender had three cohorts as

biological replicates Expression level was normalizeded .1 U
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Figure 3.4 Subcellular localization of fluorescent tagged Hrgla and Hrglb when

expressing in HEK293 cells
Confocal microscopy of subtiular localization of Hrgla and Hrglb wi@terminustagged
fluorescent proteins in transfected H2R3 cells LAMP1 is a markerdr lysosomal

compartmentsScale bar: 1Qm.



Expresgon of Hrgl in a heterologous system improveutilization of exogenous
heme

To determine whether zebrafish Hnglable to transport hemee utilized previously
established growth assays in yeakhe heme biosynthetic pathway is conserved among
eukaryotes, with the first step catalyzedAWAS. In yeastmutation inhem1(h e m)1 o
whichencodeALAS, causes failure iproduction oftraminolevulinic acid (ALA), an
intermediateof heme synthesisThe growth oth e m fnetants can be rescued by
supplementation with ALA or by providing excess of exogenous heme in the growth medium
(156, 157) Expression of a heme importer can greatly ameliorate growth defdcte oh 1 o
in low concentratiosof exogenous hem@59).

We previously showed thahe expression o€eHRG1 or CeHRG-4 greatly improves
h e mgegst growth in the presence of low heme concentrédi@n Expression of zebrafish
Hrgla and Hrglb also showed the same rescued growitle ai §egstin the presence of
exogenous hem@.25M and 10M) , suggestinghatHrgla and Hrglb can mediate heme

transport comparable to establisii@elegansieme transporte(§ig. 3.5).
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Figure 3.5 Hrgla and Hrglb are capable of heme transport upon expression in

yeast

A). Yeast growth assay showing zebrafish Hrgla and Hrglb are able to mediate heme
transport in yeastTheh e m &trgins transformed with empty vector pM2EST52,
CeHRG4, CeHRGL, Hrgla and Hrglb were cultivated overnight goetted in serial

dilutions onSCplates supplemented with 2580 ALA and different concentrations of heme
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Transient knockdown ofhrglaor hrglbby morpholinosin zebrafish embryos

The yeast growth assays showed that Hrgla and Hrglb are both capable of rescuing the
growth ofh e m1 o, syggestinghatzebrafish Hrgla and HrgHre functionally
interchangeable heme transporters elucidate Hrgla and HrgIbnction inzebrafish
embryonic development and erythropoiegene knockdows by antisense morpholino were
utilized to trangntly block the expression bfglaandhrglbin zebrafisrembryos Both
translationblocking and pe-mRNA spliceblocking morpholinos were designed to
knockdown the gene expressiorhofjlaandhrglb(Fig. 3.6A). The translatiorblocking
morpholino is designed to target the ATG start codon and can inhibit protein translation
initiation by preventingibosome binding tthe mature mMRNA The premRNA splice
blocking morpholino is designed to target the eidron boundaries and caelectively
induce mRNA missplicing with either retained introns or deleted exofise morpholing
weredelivered by miroinjection into zebrafish embryas the onecell stage
Hemoglobinization was determined bydianisidine staining of RBC®9). hrgla
knockdown by pranRNA spliceblocking morpholino, which targeted the boundaryhafla
intron 2 and exon 3Hrgla I2E3_MQ), caused body curvature defects and severe anemia,
consistent with previously published resukgy( 3.6B) (69). However,hrglatranslation
blocking morpholinoldrgla ATG_MQ and another splicirglocking morpholindargeting
hrglaexon 2 and intron Hrgla_E212_MQ) boundarieslid notcausecomparable
phenotypsasHrgla I2E3_MQ. In contrastknockdown othrglbby either translation
blocking Hrglb_ATG_MQ or spliceblocking morpholino firglb E2I12_MQ did not cause
anemic phenotypd-{g. 3.6B).

To evaluate the efficiency dfrglaor hrglbknockdownby spliceblocking
morpholing RT-PCR analysis was performed total mRNA extracted froithese
morphants hrgla mRNA expression wasfficiently blocked byHrgla_ E212_MAQ resulting

in use of cryptic splicing site 25 nt downstream ofhe morpholino targeting sequence
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(Appendix II'). Hrglbexpression was also efficientysrupted byHrglb E2I2_MO
knockdown causing deletion ofhrglbexon 2 and mRNA degradatigorobablythrough
nonsense mediated ded@ppendix IV). Knockdown ofeitherhrglaor hrglbby splice
blockingmorpholinos did nbaffect the expression of the other paralég (3.7A).
Although causing severe anemia, knockd@fvhrglaby Hrgla I2E3_MOZXhowed
partially defectivesplicing ofhrglamRNA (Appendix Il ), with majority of hrglamRNA
intact(Fig. 3.7A).

The efficiency of translaticblocking morpholinos was determined inymunoblotting
with Hrgl antibody.As Hrgla ATG_MGQGandHrglb ATG_ MQdeceased Hrgl protein
individually, co-injection ofHrgla ATG_MGQandHrglb ATG_MQogether greatlyeduced

Hrgl protén abundancé€Fig. 3.7B andC).
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Figure 36 Knockdown of hrglaand hrglb by multiple morpholinos

A). Targeting sites of morpholinos frglaandhrglh Two spliceblocking andone
translationblocking morpholinos fohrgla one spliceblocking and onéranslationblocking
morpholino forhrglbwere designedThe control morpholinoGtrl_MO) was injected as a
random scramble control in these knockdown experimdtash morpholino is 28t in
length

B). O-dianisidine staining of 8pf embryos after injection of indicated morpholinothat
onecell stage Knockdown of zebrafishrglaby Hrgla [2E3_MOZesults in body
curvature and severe anemia, as indicated by redudihisidinepositiveRBCs

C). Quantification of anemic embryos shown as a percentage of overall injected populations
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Figure 3.7 Knockdown efficiency by morpholinos

A). Knockdown efficiency oHrgla E2I2_MO1]1Hrgla I12E3_MO2Hrglb_E2I2_MOGby
RT-PCR Hrgla E212_MO1lblocks original splicing acceptor site and utifi2® nt
downstream splicing acceptor, causingni2onger ORF with frameshift (red arrow)
Hrgla 12E3_MO2Zartially blocksthe splicing on intron 2 and exon 3 junction, resulting in
smaltsized cDNAwith deletion of exon 3 (red arrow), however, majorithaflamRNA is
normal Hrglb_E2I2_MOcauses deletion of exon 2, resulting in small stagribcDNA
(red arrow) Knockdown hrglaor hrglbdid not affect cDNA of the other paralodred
arrows show th®CR products of cDNA affected yorpholino knockdown

B). Co-injection ofHrgla_ATG_MQCandHrglb_ATG_MOdid not cause severe anemic
phenotypes as shown bydianisidine stining at 3dpf embryos

C). Hrgl Western blot showed Hrgl protein was decreased-injection of

Hrgla ATG_MQandHrglb_ATG_MO 100y membrane fraction lysates were used for

each lane Ponceau was used as a loading control
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Generating hrglaand hrglb mutants by TALEN and CRISPR/Cas9 gene editing

Antisense morpholinos are useful for transient gene knockdown due to convenience
and high efficiency of delivery throughatlte zebrafish embryosHowever, several caveats
still exist formorpholinosincluding thetransient nature of knockdowdose optimization,
toxicity, off-target effects, anlbss of knockdown efficacy in embryos that pest50 hpt
To betterdelineatethe function of Hrgl in zelafish, we utilized TALEN (ranscripton-
activator likeeffector nucleageandCRISPR/Cas9dustered regularly interspaced short
palindromic repeajgeneediting to generatirglaandhrglbzebrafishmutans (119, 161)

TALEN and CRISPRCas9 gene editing has been shown to be capable of generating
double strand breaks (DSB) in targeted sites with high efficiency in zebfati8h161)
DSBsarerepaired by inaccurate ndromologous end joining (NHEJ), causing either an
insetion or deletion (indel) at the targeting sit&¥e used bth TALEN and CRISPRor
gene editing in our studiegwo pairs of TALEN forhrgla and twoCRISPRs for hrglaand
hrglbwereused in this studyAll these sites were chosen fromsilico optimization to
minimize off-target effect for each TALEN pair and CRISPR

To check the efficiency of each TALEN fbrgla, TALEN mRNA was obtained by
in-vitro transcription and two mRNAs for one TANRpair were cenjected in equinolar
concentration ito zebrafish embryos at the onell stage The efficiency and specificity of
TALEN induced indel®n target sitavasdetermined by single embryo PCRBenotyping on
injected embryos was performed next day after microinjectioletermine the efficiency of
TALEN andwhetherthe embryos contained rtation in theexpectedarget site The indels
in the targesitesresultedn loss of restriction sitewithin thetwo TALEN recognition sites,
Avall for hrglaexon2and Sau96l fohrglaexon 3(Fig. 3.8A and B). DNA fragmens
were amplifiedusing primers omothsides of TALEN targeting site. Embryos injected with
MRNA encoding TALENS revealathdigested PCR produsowvhen treated with Avall or

Sau96I(Fig. 3.8A and B). The undigested fragments were furtparified and sequenced
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Sequencing results on the purified undigested PCR products confirmed that indels were
induced at the target sité-ig. 3.8A and B). These resultdemonstratethat TALENs
induceDSBs andandom indel®ccur due to NHEJ.

To generate null mutants forglawith largesize deletiontwo pairs of verifiechrgla
TALENS were ceinjectedinto zebrafish embryos at owell stage If both TALEN pairs
successfully make DSBs on exon 2 and exon 3 at the sanee dlfehy take oud large
fragmentof DNA sequence betwedwo TALEN targeting siteand lead to a largaleletion
of up to ~2.%b inthehrglagene locus between exon 2 axdre 3 Fig. 3.9A). The
deletion of ~2.%b can be detected using primerarfking these two TALENcutting sites,
resulting in a smaller size PCR product after deleti®aven out of twentfive FO chimeric
founderswereidentified to carry largesizedeletion ahrglalocus, with variousengths of
deletions Fig. 3.9B). Subsequent sequencing results confirmed the-ksirgel deletion at
hrglalocus Fig. 3.9C). Onefounder(No.5)carried an entire deletion of ~2.5 kb sequence
between two TALEN targeting sitewhereas Nol, No. 2, No. 7 foundershadinsertiors of
different DNA sequences aftdre~2.5kb deletion

TALEN is efficientin geneeditingand generatingiutants in zebrafisthowever the
assembly of each TALEN pair is tedious and tieo@suming While my projectwas coming
along,CRISPR/Ca8technobgy was established adeémonstrated to haxemuchhigher
efficiency in term of inducing DSB in IBA sequence, together widasier assembl§120).

A functional unitof CRISPR/Cas9 contains two elements, gRNA and Cas9 nucl€hse
gRNA can be specifically designed to targen28equencand recruit Cas9 nucleageits
target sequence to induce DSE3o-injection of multiple gRNAs together with Cas9 mRNA
was used to generateuitiple mutations or largsizedeletions in zebrafish embry¢k62).

To generate largsized deletion mutants ftwrglaandhrglhb two different gRNAs targeting
exon 2 and exon 4 inrglalocus and two differat gRNAstargeting exon 1 and exonir8
hrglbwere cainjected intozebrafish embryos #he onecell staggFig. 3.10A and Fig.
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3.11A). Twenty-four FO chimeric founders were raised to adult for genotydimgr among
thesecarrieddeletiorsin hrglaandtwo for hrglb(Fig. 3.1 and Fig. 3.11B). Sequencing
results confirmed thdisruptionof hrglaandhrglbloci in these FO foundse(Fig. 3.10C,
Fig. 3.11C).

FO chimeric founders with laregzed deletion ofirglaor hrglbwere further crossed
to WT to generate F1 offspring#f the largesizedeletion is heritableia thegermline, we
can generate stabiel heterozygote dirglaor hrglbmutants However, we were unable to
obtainhrglaor hrglbmutants with théargedeletionevenafter screeningver 300 F1 fish
(Table 3.1). This was unexpected since we obtained high efficiency-gditimg by TALEN
or CRISPRIn our pilot screening of individuahjected embryos and chimeric Funders
It is possible that largsize deletion may cause genome instability which will result in
embryonic lethality.

Instead of screening for larggze deletion, weecided to screen femallerindels
(Fig. 3.12. Severahrglamutant alleles carrying diffen¢ indels were retrieved from
TALEN geneediting hrg1d%'°has a deletion of 16t in exon 2, whilérrgld®™®carries a 5
nt deletion in exon 3, resulting aframeshift ofhrgla ORF (Fig 3.12A). We also obtained
hrgl mutants with two indels in the same alleleg1d*°**mutant allele carries two indels in
hrglalocus:10nt deletion in exon 2, and 1nt deletioreixon 3 Fig. 3.12A). We also
selectively retrieved several mutants fioglaandhrglbby CRISPR/Cas9hrg1a®!
carries a 6ht deletion and 7nt insertigrsulting in deletion ofhe ATG translation start site
(Fig. 3.12B). Computational analysis reveals thag10%% has a ét substitution in exo8,
causing a prenature stop codon withdeletionof 17 aa inthe C-terminusof the mature
protein, whileHrg10%® has a 61nt deletion whictauses truncaion and removal 028 aa

in C-terminus(Fig. 3.12C)
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TGTGGAACATCGCTTACAAACagccgtggaccgecg CGATGGGAGGATTATCA
Avall

TALEN mRNA
injected embryos (}(\

—uncut
—cut

—cut

TGTGGAACATCGCTTACAAACagcestpaaecaceg CGATGGGAGGATTATCA (-10nt)
TGTGGAACATCGCTTACAAACagccatggacegceg CGATGGGAGGATTATCA (-7nt)
TGTGGAACATCGCTTACAAACageestggaccgeeg CGATGGGAGGATTATCA (-6nt)

B n’ ﬁ Ead u aaaaaa
ry

TACTGGAGAACATGGT taaagggcctgaagt TCTTCATGGCCATGGGTGTCA

Sau9el
O
TALEN mRNA Sa
injected embryos & v.c" ~
j 00‘\ &
- e - — uncut
-”!
O OOOeS a9 _ .

TACTGGAGAACATGGTTAAAGTAACATGGTTGAAGTTCTTCATGGCCATGGGTGTCA (-4nt, +9nt)
TACTGGAGAACATGGTTAAAGGGEETGAAGTTCTTCATGGCCATGGGTGTCA (-9nt)
TACTGGAGAACATGGTTAAAGGGTAAAAGTTCTTCATGGCCATGGGTGTCA (-4nt, +3nt)
TACTGGAGAACATGGHFAAAGGGECTGAAGTTCTTCATGGCCATGGGTGTCA (-9nt)
TACTGGAGAACATGGTTAAAGGGEEFGAAGTTCTTCATGGCCATGGGTGTCA (-9nt)
TACTGGAGAACATGGTTAAAGGGECTGAAGTTCTTCATGGCCATGGGTGTCA (-bnt)
TACTGGAGAACATGGTTAAAGGGCCTGAAGTTCTTCATGGCCATGGGTGTCA (-3nt)

Figure 3.8 Targeted disruption of hrglain zebrafish by TALENSs

A). TALEN targeting site omrglaexon 2

B). TALEN targeting site omrglaexon 3

The binding sites of ALEN pair are shown as red bold upperca$ée space region is
shown as lowercase with restriction site (fext). Detection of mutations in injected
embryos was performed by Avall (exopnd Sau96l (exon 3) digestio®®CR product with
potential indels at thAvall or Sau96l site cannot be cut (uncut ban@pmplete digestion of
PCR products with Avall or Sau96I caa tetected using genomic DNA as a control

Sequences dfrglaindel inexon2 orexon 3 mutations were showed as strikethrough text
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No. 2 I TGTGGAACATCGCTTACAAACe®e+495nte e e TCTTCATGGCCATGGGTGTCA I

No. 5 ‘ TGTGGAACATCGCTTACAAACAGCAGAACAGAAGTTCTTCATGGCCATGGGTGTCA ‘

No. 7 | TGTGGAACATCGCTTACAAACe®*+746nte e TCTTCATGGCCATGGGTGTCA

No. 1 [ TGTGGAACATCGCTTACAAACe**+144nte e TCTTCATGGCCATGGGTGTCA |

Figure 39 Targeted deletion of largesize fragment between exo and exon 3

in hrglaby using two TALEN pairs

A). Structure and sequence lufgla TALEN targeting sitesshowing the binding sites (red
bold uppercase) of TALENST he space region is shown as lowercase with restriction site (red)
B). Detection oflarge-sizeddeletion inFO founderdy PCR and DNA gel electrophoresi$

both TALENS cut, the PCR product will be smaller than that amplified from genomic DNA
(gDNA).

C). Sequences d?CR productérom FO chimeric founders with larggze deletion irhrgla

locus.
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Figure 3.10 Targeted deletion ofhrglaby CRISPR /Cas9.

A). Target sitesn Hrglafor CRISPR Theverticalarrows showhe location of Cas9 cutting
sites The horizontal arrows indicate the primers for PCR.

B). Detection ofdeletion in injected embryos by PCR and DNA gel electrophoresis

C). Sequencing resultsf PCR products from embryos with positive targeted delet@used

by CRISPR
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Figure 3.11 Targeted deletion ofhrglb by CRISPR /Cas9.

A). Target siteén Hrglafor CRISPR Theverticalarrows showed the location of Cas9 cutting

sites The horizontal arrows indicate the primers for PCR
B). Detection of deletion in injected embryos by PCR and DNA gel electrophoresis

C). Sequencing resutif PCR products from embryos with positive targeted deletion
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Gene editing Screened FO Screened F1

Hrgla TALEN 7/25 340
Hrgla CRISPR 4/24 376
Hrglb CRISPR 2/24 363

Table 31 Screeningof hrglaand hrglb mutants with large-size deletion

Sevenout oftwenty-five FO founders generated by TALENs were shown to carry
largesize deletion imrglalocus Four out of twentyfour FO founders generated by
CRISPR/Cas%vere shown to carry larggze deletion irhrglalocus Forhrglh,

two FO founders generated BRISPR/Cas%ere shown to carry larggze deletion
The positive FO founders were further crossed with WT to generate F1 progenies
Indicated numbers of F1 offsprings were screened, however no heritable germline

transmission was found in F1 offspring&twlargesize deletion fohrglaor hrglh.
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A Ché: hrgia N

ig210 GTGGAACATCGCTTACAAACAG CCGCGATGGGAGGATTATC -10nt

iq305 -5nt  ACTACTGGAGAACATGGTTAAAGG AAGTTCTTCATGGCCATGGGTGTCATT

iq1001 GTGGAACATCGCTTACARACAG CCGCGATGGGAGGATTAIC + ACTACTGGAGAACATGGTTAAAGGGCC TGAAGTTCTTCATGGCCATGGGTGTCATT
10nt -1nt

B Ch6: hrg1a I * .

TTCAGGTGGATCTGACGACAGGAATGGCGTTCAAT

TGGATCT
i 261 TTCAGGTGGATCTGACGA GG
q. CTTTTCGGCGTTTC -61nt, +7nt
C ch23: hrg2b NN T MO
GGGCCTGTACTCCTACCGCTACCGCCAGGA
) GGGCCTGTAGCAATTCCGCTACCGCCAGGAGTTTGCTGACATCAGCATCCTCAGTGACTT
iq306 TTIGATTGGCTCCT -6nt, +6nt
iq361 GTGGAGTTT ccT GCTGACATCAGCATCCTCA
GTGACTTTTGATTGGCTCCT -61nt

Figure 3.12 Hrgla and hrglb mutant allelesgeneratedby TALEN or

CRISPR/Cas9 geneediting.

A). Hrglamutant alleles generated by TALEN

B). Hrglamutant allele generated by CRISPR.

C). Hrglbmutant alleles generated by CRISPR

The underline texts show the TALEN or CRISPR targeting sequeitesdeleted
nucleotides are shown with strikethrough tex@ed texts show the deletion of each mutant

allele
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Mutant forms of Hrgla and Hrglb cannot rescuethe growth of hemedeficient

yeast

To evaluate whethenutant forms of Hrgla and Hrgtibeated by TALEN and
CRISPR/Cas9 are functional, we determined whedtiegputative proteis encoded by these
mutants can rescue the growthhoé m gegst For hrg1d®° andhrg1d®®* mutant alleles,
the putative ORF witthe downstreanpotentialalternde translation start site was cloned,
with thetruncation of 34aa intheN-terminus Compared to wild type Hrgla and Hrglb,
none @ the mutant constructescue h e m grogvth in the presence of exogenous heme
(Fig. 3.13A). RT-PCR on otal RNA extracted from transformed yeast revealedtteaW T
andmutant forms ohrglaandhrglbwere transcribed ithe transformegeast Fig. 3.138).
Immunoblottingshowedthat somemutant forns of Hrgla and Hrgliproteinwere expressed
in yeast transformant&ig. 3.13C and D). Collectively, these results suggest tthetmutant
forms of Hrglaand Hrglhkeither does not transport heimeare poorly translatedtim

functional protein
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Figure 3.13 Mutant forms of Hrgla and Hrglb cannotrescueh e m frgwth in

the presence of exogenous heme

A). Yeast growth assayith mutant forms of Hrgla and HrglBheh e m &trgin
transformed with empty vector pY-B&EST52, Hrgla, Hrglbnutant forms of Hrgla and
Hrglbwere cultivated overnight and spotted in serial dilutions on SC plates supplemented
with 250M ALA and indicated concentration of heme

B). RT-PCR showing both WT and mutant formsho§laandhrglb ORFs are transcribed

in transformed yeast.

C). Mutant forms of Hrgla are expressing in yeagealed by immunoblottingHrgla
truncated ORF is generated loging downstream alternative ATG translation start site, with
deletion of 38aa aterminus The othehrglamutant allelegirg1d®°*andhrg1d®°®
caused frameshift, expressed proteins cannot be recognized by Hrgl antibody

D). Western bloshowing mutant forms of HAagged Hrglb are expressing in yeast
Hrg1b*%* andhrg10%° mutant alleles caused frameshifiusc-terminus HAtag version

was used for yeast growth assay. Imuunoblotting orskigwed bottHrg16%%* and

hrg18%% were eyressed in yeasExpression level oHrg1b*°-HA was low.
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Hrgl knockout zebrafish are viable despite no detectable Hrgl proteins

We next crossetrg1d??®* andhrg165%®* zebrafishmutans to obtairdouble
heterozygousyhich were then intercrosséol generatdarg1di2619261 hrg1H26Y4%61goyble
mutants Genotyping ohrg1di26114261 hrg1 Q6236 gndhrg1 9261926 [yl gaeeL/iasel
revealed thalirgl mutants can survive todpf (Fig. 3.14A). Immunoblotting with Hrgl
antibodyon genotyped 8pf embryosconfirmedno detectable Hrgl protein fmg1d9261926
hrg1b%¢*®3¢1double mutantsHig. 3.14B). Intercrossing ofrgla”9%; hrg1l”9%6!
producedexpected Mendelian segregatiorhofj1892611926% hrg1g6a36lgoyble mutants
(Table 3.2 (Chi-square test, p > 0.05hrg1a9?619262 hrg1[93619361can survive to

adulthood with nwisible differences compared t/T or single mutants.
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Figure 3.14 Genotyping andimmunoblotting of hrg1a9261/14262 hrg119361/ia361
and hrg1492616261 hrg1ya36LigsL

A). Genotyping ohrg1dd?1/14261 g1 pa36L1a36l gndhrg1dd?6119261 frg1pa3eLiasely gpf
zebrafish embryosHrg1a%%*426*has an indel of61 nt, and+7 nt in exon 2 andhrglb
1436114381 carries-61nt deletion in exon 3, causing sresited PCR products.

B). Immunoblotting on Hrgbf membrane fraction lysaté&om wild-type WT,
hrg1dd%6114261 hrg1*2614%61and double mutaritrg1d??11926% hrg1H9%6Me361 Each crude
membrane fraction lysate was from pooled ~30 embriash lane represented 1@p

protein Ponceau is used as a loading control
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hrgla*4261; hra1h*436! intercross | Expected
Other 119 | 82 | 183 9
hrg1aia261/iq261 a1 | 28 | 85
hrg1bia361/ia361 39 | 31 | 79 3
hrg1aia261/ia261;
hrg1bia361/ia361 18 7 24 1

Table 3.2 Intercross of hrgla*926% hrg1b*™9361 shows progenieswith expected
mendelian ratio

Screeningf progenies from intercross bfg1&a”®%; hrg1b”9%%! at the stage of 8pf with

expectedMendelian ratio No significant difference (Ckaquare test, p>0.05).
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Hrg1al9261/1a26% qhrg1pas61ia3élgouble mutantsdo not showdefects in embyonic
erythropoietic differentiation and RBC hemoglobinization

To characterize whethlrg1di262/19261 hrg1 go36114%61 gr hrg 1926119262 prgq pasetiasel
double mutant embryos have overt defectsrimitive erythropoiesisWT and mutant
embryos were collectddr WISH. No alteation forgatal a transcription factor required for
primitive erythropoiesis lineagandael, a marker for developing RBCs in intermediate cell
masswas observedt 1dpf. Theseresults indicatéhat there ar@o defects in erythropoietic
differentiationin hrg1d??619261 hyg1ge3eHa361 oy frg1d92611926L g1 e ia3et mytant
embryos Fig. 3.15 (n = 30) To characterize whethérg1d26119261 prg1§a361iastl gy
hrg1d926114262 hrg1H9369361gguble mutant embryos have deficiency in RBC maturation and
hemoglobinization, weerformedo-dianisidine staining for embryos atdpf. We did not
detect defects in RBC hemoglobinization in any of these three mutéhdpitompared to
WT (n = 50) Fig. 3.16A). We nextexamined whether there aary hematological
phenotypes at theellular levelby withdrawing d@rculating peripheral blood from &8pf
zebrafishembryos O-dianisidine staining of isolated primitive RB&sowed no obvious
differences in hemoglobinization with the RBCs in the peripheral blobdgd#26/9261
hrg19611a361 g hrg1 492619261 g1 paselia3el(Fig. 3.168). We also crossdthe
hrg12619261 (g1 [Ja36Lia361 o hrg1gd2619262 hrg1 G196 mytants imo theglobinLCR:
GFP transgenizebrafish FACS guantificatiorfurther confirmed tht there wezno
differences in GFPcellsbetween WT and mutant zebrafish embr{feig. 3.17) (Two way
ANOVA, p>0.05) In addition,May-Grinwald-Giemsa stainingn isolated primitive
erythrocyteshowedno alternatiosin RBC morphologyfrom 3 dpf embryos(Fig. 3.18).
Collectively, hese resuttsuggesthat nomeasurablelefectswere detecteth the
erythropoietidineage forhrg1d?261/19261 (g1 ga2611a%61 g hrg1dd26214262 g paset/iasel

mutants Furthermore|CP-MS from collected 3Ipf embryos also showed no significant
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differences in iron or heme contenthirg1&926119261 hrg1 46119361 o g1 ga261a262

hrg10%eYa38 mytants(Fig. 3.19 (Two-way ANOVA, p>0.05)
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A B

Tu 1d pf h rg1 q9261/ig261 Tu 1d pf h rg1 19261/iq261
gata. i g gel
hrg 1bia361/iq361 h rg1 a:qzsz/:qzsz hrg1 bia361/iq361 —— hrg 1 alq261/lq261 T

h rg 1 blinl/quGJ

h rg 1 bli361/1q361

Figure 3.15 Expression ofaeland gatalin hrglad261/a261 hrg1pa361iasélgng
hrg1a/9261/1a26% hrg1pa36la36imytants
Lateral view ofaelandgatalexpression by WISH atdpf embryos fronWT,

hrg1d?%611926% g1 636 gndhrg 11261928t hrg1#619%6L Anterior is to the left N=50

for each genotypeScale bar: 20pm.
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A B O-danisidine staining
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hrg1a™9261/1a261; prqbiasel/ia361

Figure 3.16 No defects in RBChemoglobinization in hrg1a4261/q261
hrg1a361a361gnd hrgl 926126 hrg1yadeliaselmytants

A). O-dianisidine staining of RBCs indpf embryos fronWT, hrg1&26114261 g1 [ja361/ia361
andhrg1dd261/a261 prg 1 pasea%6(n=50 for each genotypeBcale bar: 20pm.

B). O-dianisidine stainingf isolated RBCs fronperipheral blooaf 3 dpf embryos

Scale bar20 um.
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Z Hi rg 1 a+/iq261;
s hrgl b+/iq361

GlobinLCR-GFP embryos

GFP* cells (%)

Figure 3.17 Quantification of GFP+ cellsof hrg1a9261/4261 hrg1ya361/ia3élgng
hrg1ad261/1a26% hrg1pas61a36lin globinLCR: GFP transgenicbackground

A). Representative FACS analysisshow percentages of GFetlls in globinLCR:GFP
embryos.

B). Quantitative percentages of GF#ells inWT, hrg1di?61/9261 hyg1pa36La3élgng
hrg1dd%6114262 hrg1 9619361 mytants inglobinLCR: GFP transgenic background
GlobinLCR: GFP;hrg1a”®%; hrg1b”%%! were crossed withrg1d32619261 hrg1paeia36lig
produce progenies wittrg1a”@26%; hrg1b™9%61, hrg1dd26114261 Krg piasel,

hrg1a”@2® hrg1546119361 gndhrg1d926119262 hrg169361in globinLCR: GFP transgenic
background Progenies were genotyped al# by tailclip. Thirty embryos of each
genotype were pooled and disaggregatesirtgle cell suspension for FACS analysisror

bars indicate SEM of 3 independent experiments-{taap ANOVA, p >0.05)
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May-Griunwald-Giemsa staining
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Figure 3.18 Morphology of RBCs from 3 dpf embryos ofhrg1a426/a261
hrglbiq361/iq36land hrgla!q261/iq26]: hrglbiq361/iq361

A). May-Grinwald-Giemsa staining of isolated peripheral RBCs dpBembryos fronWT,

hrg1d2619261 (g1 [Ja36Lia36lgndhrg 1926219262 hrg1g®e19%61 Circulated RBCs were

isolated by cleaving the vein around CHid collected in PBSN=30. Scale bar: 2Qm.
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Figure 3.19 ICP-MS of 3dpf embryos from WT, hrg1ad261/ia261 hrg1pa361/iq361
and hrg1g4261/1426% hrg1 pa361/ia361
Aroundsixty embryos were pooled and flaglozen for ICRMS analysis Error bars indicate

SEM of 3 independent experiments (tway ANOVA, p>0.05)
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Knockdown of hrglbin hrgla mutant embryosor vice versalepletes Hrgl
protein but lacks anemic phenotypes

Oneexplanation for the discrepancy betweenrpholino knockdown and gene
knockout is that morpholindsave an acute effect, whigdfects ingene knockout mutantge
chronic and londasting permitting genetic compensationoccur. V¢ thereforeknocked
down hrglbin thehrglamutant background andce versa Hrg1d%?1%9?1°has a 10nt
deletion in exon 2 &ér ATG translation start codarausinga +1 frameshift in the ORF
Althoughhrg1d®™*° may utilize an alternative downstream ATiGsilico, thepredicted
truncated protein with loss of 34aa iAt&minus is not functionddasedur yeast growth
assayfrig. 3.13. Knockdown ofhrglbby translatioblockingHrglb ATG_MOQor splice
blockingHrglb_E2I2_MQin hrg1d®?"@%did notshowanysignificant anemic phenotype
(Fig. 3.20A). RT-PCR revealed thdtrglb mRNA was decreaseay Hrglb E212 MQOin
bothWT andhrg1d®%@?°mytantgFig. 3.2(B). Sincehrglaandhrglbgene sequences
have relatively high similaritywe also cheakdwhether knockdown dfirglbalteredthe
expression ohrgla Knockdown othrglbby Hrglb E212_MOdid not affecthhrglamRNA
expressionKig. 3.2). In hrg1d¥'%%?embryosknockdown othrglbby either
Hrglb ATG_MOor Hrglb E212_MOshowed little or naletectablédrgl proteingFig.
3.20A, 3.20C). These resultshowthatknockdown ofhrglbin thehrglamutantsdoes not

causeanemiain early zebrafish embryos

79



Ta

h rg 1 aiq210/iq210

B-actin

hrgla

hrgla
Avall
digestion

hrglb

Ctrl_MO Hrglb_E2I2_MO Hrglb ATG_MO
. 3def W, ‘g;“ .
& LB ‘,n‘ ‘ : ; J
. : ;‘% w‘*é? . :
- > e o A y
4 } y a9t v
i o ."*’fm% ¢ o
'}/ @ d’ s > Bl
L/ e -—
) 4 \§‘ -‘\/ il 3 4 .
*~
3dpf <,
r 4 <N
{ & ¢ -
¥ N r - 1 : i » /
S\ \_ - - .
- a y . e =
& \ " A ('S 3 -
v
(8] N (8] O (8}
SIS C Qo ®
¢ ¢ & S S R
R
o ——— © A% S ¥
& % &
& o e\
> > >
& & &
W e - g g 'g
A T
S P
— — 15kD om— Hrgl
| a— -
- - - |[Ponceau

-

Figure 320 Knockdown of hrglbin hrg1a921%4210caysedoss of Hrgl protein

without anemic phenotypes

A). O-dianisidiare staining of embryos injected with indieal morpholinos.

B). RT-PCR on morphants froeontrol_MOandHrglb E212__MO Hrgld®°mutant allele

has a 10t deletioncausing loss of Avall restriction sitePCR product fronmrg1g2*92100

hasa slightly smaller size anthnnot be digested by AvalHrglb mRNA is tremendously

decreased bikirglb_E2I2_MOmorpholino knockdown

C). Immunoblotting of Hrgl proteins imembrane fraction gfmbryos injected with

indicated morpholinos iWT or hrg1d®?%?mytants
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It is important to note thahe hrglamorpholino binding site is still intact e
TALEN inducedhrg1d?'° mutant. We thereforénjectedHrgla_|I2E3_MO2nto
hrg1d¥1%92°mytantembryos to check whether the phenotypes brought by
Hrgla I12E3_MO2njection still persists Knockdown othrglaby Hrgla I2E3_MO2
resuled in profoundanemiatogether with morphologicalefects, even thoudirg1g421%210
mutantsdo notshow detectableirgla protein(Fig. 3.21A). RT-PCR revealed that small
percentage dirglamRNA expression was mipliced ntheHrgla I2E3_MOZnjected
morphantgFig. 3.21B).

We next knocked dowhrglaby injectingHrgla ATG_MQHrgla E212_ MOlor
Hrgla_I2E3_MO2morpholincsinto eitherWT or hrg1H%6Y%¢1mytant background
Injection ofHrgla_ATG_MGQandHrgla_E2I2_MO1o eithetWT or hrg1H¥6Y1936 mytant
did not result in severe anemiat injection ofHrgla I12E3_MO2morpholino knockdown
againcaused developmental defects with anemic phenotygs3(22A and B). If hrgla
morpholinos can efficientidecreasérglaexpression, we should not detect Hrgl protein in
the hrg18%¢¥%* mytant backgroundinjection ofall these morpholingignificantlyreduced
Hrgl proteinlevelsin the hrg1B%%/%* mytant These results suggest that

Hrgla I12E3 MOZeffects may be independentddpletingHrgl proteinlevels
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Figure 3.21 Morpholino knockdown of hrglaby Hrgla I2E3_MQ2in
hrg1a9210/a210gtijl| causes profound anemia

A). Injection ofHrgla_I2E3_MOZauses anemic phenotypes in bath andHrg1g9210/a210
mutant embryos

B). RT-PCRof hrglaandhrglbin Hrgla_I2E3_MO2morphants Hrglais only partially
affected byHrgla_I2E3_MOZn bothWT andHrg1d®?9?1°mytans, as the misspliced
MRNA shown by red arrowsAvall digestion is showas RFLP genotyping &V/T and
Hrg1&d9%° mutant embryos and PCR product frefrg1a9?'°cannot be digested by Avall

Hrglbis not changed birglaknockdown (-actin is a hous&keeping gene control

82



A Tu h rg 1 biq361/iq361

3dpf 3dpf
. S .' | » /_"q\
Ctrl_MO i 5 ___ Ctrl_MO ¥ W78
< . ¢

Hrgla_ATG_MO Hrgla_ATG_MO

. g S -
Hrgla_E212_MO1 ¢ _ Hrgla_E2i2_ MO1 A
* e L }ed
A : i il >
Hrgla_I2E3_MO2 B L _ Hrgla_I2E3_MO2
B Normal I Anemic c

100+

504

Perentage

0d
A A
(\5“0(,90 © 0“(\;‘\00}30 '@o \“O‘L
[N SR 20 Yy R AR 7’ e
¢V \q,(’/ Q/V <,/'1« \qg/

¢
S N7 o/ o7
R S
Ti hrg1biq361/iq361

Figure 3.22 Knockdown hrglaby Hrgla [2E3_MO2results in anema without
depleting Hrg1l protein

A). O-dianisidine staining of 8pf embryos after ingion indicated morpholinos at oiwell
stage inWT andhrg1b®Ye¢Imytant Scale bar: 200m.

B). Quantification of anemic embryos shown gseacentage of overall injected embryos
C). Immunoblotting of Hrgl protein from membrane fractionation lysatesdpf 3norphants
with injection of indicated morpholino€ach lane represented 1@dprotein lysates

Ponceau is used as loading control

83



P53inhibition does not ameliorate Hrgla I2E3_MO2 morphants

One possible explanatidar the discrepancies in phenotypes between morpholinos and
deletionmutants ig953 upregulatiordue tomorpholino injectios (163). Consequently,
knockdown ofp53by morpholinoalleviates off target effectsvithout affecting phenotypes
associated with gerspecificmorpholino knockdown To testwhether the phenotypes of
Hrgla I12E3 MO2morphants are ascribed p&3activation we coinjected
Hrgla I12E3_MO2andp53_MOinto onecell stage zebrafish embryos and evald#te
hemoglobinization of 8lpf embryos Injection ofp53_MOdid not ameliorate the anemic

phenotypes ofirgla_I2E3_MO2morphantsKig. 3.23A andB).
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Figure 3.23 Co-injection of Hrgla I12E3_MO2and p53_MOdoesnot ameliorate
the phenotypes inHrgla_ I2E3_MO2morphants

A). O-dianisidine staining of 8pf embryos after injecin of indicated morpholinos at one
cell stage in t WT antrg1d96¥%2®Imytant Scale bar: 20pm.

B). Quantification of anemic embryos shown as percentages of injected embryos
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Inhibiting heme synthesis in zebrafish embryos results in anemia but cannot be
rescuedby heme supplementation

Zebrafish, likemost metazoansynthesis théemethroughahighly conserveeight
stepbiosyntheticpathwg. Themajority of heme in zebrafish embryosmesfrom
endogenous heme synthesius, zebrafish embryos may not regua heme importer such
as Hrglto maintain heme leveldHowever, give that singlecell embryos contaihrgla and
hrglbmRNA and thahrglais highly expressed in the ovaries, we decided to establish a
condition for heme synthesis deficiency in the embryos to tease out a potential role for Hrgl
in the absence of heme synthedifierefore, we inhibited mitochondrial heme synthesis by
supplemating the embryos medium wi®A which inhibis heme biosynthesis by binding to
ALAD, the s2cond enzyme of the heme synthgsithway(164)(165). Incubation of
zebrafish embryos in embryo medidmaffered to pH 7.4with 2 mM SA did notcause any
significantdefectsn RBC hemoglobinizatiorof 3 dpf WT embryos However, when the pH
of embryo medium waallowed todropto around 3.52 mM SA causedevere anemia in
comparison t@mbryoswithout SA(Fig. 3.24A). Removal of low pH embryo medium with
2 mM SA and addition of buffered emfar medium with 2nM SA (pH 7.4)ecoveredhe
hemoglobinizatiorafter 24 hr(Fig. 3.24B). The anemia irzebrafishembryos irtheacidic
embryonic medium with /M SA could notbe rescued by supplementation of exogenous
heme as heme precipitates in acidic condition.

Since the effects of SA on heme synthesis of zebrafish embryos seems to-be a pH
dependent phenomenone wought taeneticallyblock endogenous heme synthdsjs
inhibiting ALAS, the ratdimited enzymaesposible forALA synthesis In mammals, two
enzymes exist for ALASALASLI is ubiquitously expressed and.AS2 is erythroidspecific
Zebrafishalas2was identified by positional cloning ¢fie mutantsauternegsad froma

largescale mutagenesis scrg@21) We usedmorpholinoto knockdownalas2in zebrafish
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embryosby injectingAlas2_MOQinto onecell embryodrom WT andhrg1d4262/a262
hrg10%¢193¢1qouble mutantsAs expectedAlas2_MOcausedseverehemoglobinization
defectsas assssed by-dianisidinestaining of3 dpf embryoqFig. 3.25. Surprisingly,
supplementatiorf ALA or PBG, the product of ALAS2n the embryo mediurfailed to
rescuehealas2knockdown Additionally, supplementation df0O M h eme in the embryo
medium also dichot rescuehe anemic phenotypes Alas2_MOmorphants irbothWT and
hrg1&2611926% hrg1geeLiaselgoublemutants Fig. 3.25. Together, these results show that
neitherexogenous ALAPBG orheme rescueldeme synthesis defadh zebrafish embryos

causing by acidic SA treatment
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Figure 324 SA causes anemia in zebrafish embryos in acidic condition

A). O-dianisidine staining of &pf embrys incubated in 2 mM SA for 24 hr buffered
(pH7.4) and acidic (pH 3.5) conditisnScale bar: 20fm.

B). O-dainisidine staining of 3dpf embryos in normal and acidic conditidth 2 mM SA.

Scale bar: 20pm.
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Figure 3.25 Morpholino knockdown of alas2causes anemia and cannot be
rescued by supplementation of heme or its biosynthetic intermediates

A). O-dianisidine staining of 8pf zebrafish embryos from boW T andhrg1d26426*

hrg1b®¢Ya38t mytants Scale Bar: 200 pm.
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Discussion

In thischapter we characterized twirg1 homologs in zebrafishHrgla and Hrglb
are ubiquitously expressed throughout developing embryos with high expression levels in
nervous systemBoth hrglaandhrglbmRNA can be detected in the eoell stage embryos,
andhrglais highly expressed in the ovary, suggestimghrgl may transport maternal heme
to the developing oocytes to support early embryogenesis Iagfgodcheme synthesis is
turned on This is possible since zebrafifinl mutantembryosweissherbsfweh have
defects irutilizing maternal iron(134). However, progenies frotrg1d926+14262
hrg10961a361 gy g1 4926119261 hrg1H1*14%6intercroses have no obviouEnema and
survive through adulthoaodithout functionalHrgl. Although the zebrafish genome is almost
fully sequenced, functional annotation is still ongcmgl & least 26% of all genes are
duplicated due to genome duplicatiarprocess called ohnologud4.6). It is possible that
Hrgl may not be the sole pathway for maternal heme delivery to embryos and other genes
might compensate for the loss of Hrgl function in early embriosvious studies in
C.elegandave shownhata small peptidéIRG-3 is secreted andifictions as a heme
chaperor for maternal heme delivery the embryo4166). Similar mechanisms may exist
to supporiearly embryogenesis in zebrafishnother possibility is thaadditionalHrgl
ohnologuesnay exist inas inC. elegansvhich possesses four paralolgsgy-1, -4, -5 and-6.

We have previously identified HRG as a membrarAgound permease that can bind
arnd translocate heme across membsd66). Knockdownof zebrafishhrglaby
Hrgla I12E3 MOZauses severe anamwith failure inmaturation oforimitive erythroid
cells in addition talevelopmental defectich asydrocephalus, bodgxiscurvature and
shortened yolk tube extensio@ur geneticharacterizations dfrgl mutants reveahat
these phenotypes are only specific tokingla I2E3_MOZased on the following results:
a). only a small proportiof hrglamRNA isperturbed byHrgla 12E3_MO2morpholino;

b). injection ofHrgla_I2E3_MOZnto hrg1d®®*@261andhrg1d™:%@?°geneticmutants
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causes anemj c) injection ofHrgla_ATG_MOQor Hrgla_E2I2_MOIwhich showed
significant reduction indrgl proteins irhrg1B%¢*%*mutants did not caus@nemiaor
morphological defectsWe alsoruled-outthat the phenotypes Hrgla 1I2ZE3_MO2
morphants are due fib3activation by canjectingp53_MO(163). Morpholinos are great
tools fortransientkknockdownin animal modelsuch azebrafishand chick embryos,
however, offtarget effects and chemical toxicity of morpholtan complicate interpretation
of results from studies usingapholinos(118,167, 168) Kok et alreported that
morpholineinduced phenotypes cannot feeapitulatecdy mutantgenerated by gene
editing tools(169). They also state thakis is consistent with previously publigheesults
showing that approximately 8 of morpholino phenotypes cannot be recapitulated in
mutant embryos from larggcale mutagenes{$70). It is possiblehatcompensatory
pathways cabuffer against deleterious mutations, an effect typigaiyobserved in
morpholino knockdown Indeed, Rosset alshowed thaegfl7 mutants do not show any
obvious phenotypes compared to morphants bedam#ian2 and Emilin3can compensate
for loss of Egfl7(171). Another studyshowed thatmem88& mutant embryos partially
recapitulated but had a much milder phenotype compartedetm88anorphantg172). In
our study, we showhat phenotypes associated whitlylaknockdown byHrgla I12E3_MO2
cannot besimply attributed to knockdownf hrglasinceotherhrglaspecific morpholinos
and thenrglamutant embryos do not show the same phenotyplesrt sequence BLAST
showedthatHrgla I2E3_MO3s specific to its targeting site with low homology to other
sequencesilt is possible thaHrgla I2E3_MOZroduce amis-spliced mRNAwhich may
perturbother pathwaysOne way to conclusively address this possibility is to delete the
target site oHrgla 12E3_MO2 Although we did detect several EQimericfounders with
entirehrgl gene locusleleted wewere unable tgsuccessfully obtain Fthutantswith

heritablegermline transmissioavenafter screeningarge number of F1 embryos
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Sincethe majority of hemas synthesizegéndogenoug, we tried to inhibit heme
synthesis toecapitulate thbeme auxotrophfound inC. eleganswhere Hrgl was
discovered Although SA is widely used to inhibit heme synthesis in cell cultupdels it is
not capablef inhibiting heme synthesis in zebrafish ewis in normal embryonic medium
unless aidic conditiors below pH 4 is used

We also tried to inhibit erythropoietheme synthesis by morpholiknockdownof
alas2in WT andhrg1d9?519®%: hrg1pg9a3¢lempryos However, anemia ialas2
morphantsould not baescuedy either ALA, PBGor heme spplementation, even though
ALA has been reported to be capable of rescuing ALAS2 mutant embryos with defects in
heme synthesidl22). However,it was alsaeported that ALA fails to rescue ALAS2
morphants, and high concentration of ALAIM) is toxicto developing embryo&4).

In summary, our results reveal thditgl is dispensable for maturation and
hemoglobinization of primitive erythroid cells in zebrafesinbryosand genetic studies solely

based omorpholinos should be carefully interpreted
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Chapter 4. Hrgl is involved in hear®n recycling

in adult zebrafish

Summary

In mouseBMDMs, HRGL1 localizeso theerythrophagosommembraneand transports
heme derived from recycled RBCs into the cytodapletion of HRG1 by siRNA prevents
hemeinduced upregulation of HMOX1 and FPN1dicating that HRG1 is upstream from
these twayenes in the herieon recyclingpathway To study the function of Hrgl in a
vertebrate animal model, we genedateg1d?2619251 hrg1H#6Y a6 mytant zebrafish by
CRISPR/cas9 gene editinglthoughhrgl mutants ar@pparentlynormal in definitive
erythropoiesiswhole transcriptme sequencingf RNA extracted fronthe adultspleen and
kidney revealedarge numbersf genes involved in macrophagemeostasisgmmune
response, lipid transport, oxidatioaduction processnd hypoxia araberrantly expressed
in thehrgl mutants PHZ inducesacute hemolysis in zebrafish with accumulation of iron
the spleen and kidney as&ssed by DABenhanced ®r | 6 s . Batharglaandhgglb
MRNA wereupregulated in zebrafish spleen and kidney ugpmrtehemolysisconcomitant
with inducion of hmoxland iron accumulation ithe spleenimplying that spleen might be
the predominant site for henrit@n recycling in zebrafishDespite a trend of lolwumoxZ1level
in hrg1d926114261 hrg1ga361a361 goyblemutantsduring PHZ-inducedhemolysis the double
mutant fish did not show significant reductiorhimoxlinduction Although iron staining
patterrs in the spleerirom hrgl mutans were similar to WTmacrophages frorinekidney
in hrgl mutantsshowed aberrant accumulation of irohhesestudies support a model in

which heme iron recycling mighie medatedby Hrgl in zebrafis as observed imammals.
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Results
Gene expression profile in adulhrgl mutants revealed bywhole transcriptome
sequencing

We hypothesized that if Hrgl isvolved in hemeiron recycling in aduf, then there
might be significant changes in the RNA profile in the RE& therefore performed
RNAseq of RNA from spleens and kidneysho1d926119%61 hrg1ga62ia3éigng
hrg1dd%6114262 hrg1aseia36l \WT fish were crossed tiorg1&9261926 frg1gaeetiaselig
generaténeterozygotérgla”9?!; hrglb” ™ which were used as contrél'o minimize
variatiors from individual fish, spleens and kidneys from 3 adult aébh were dissected and
pooled foreachbiologicalreplicate Thus sample from control heterozygotes
hrg1dd%6114261 g1 gaeta36lgndhrg1dd?511926t hrg1b9619%6were sequenced in three
biological replicates False Discover Rate (FDR) was determined BgnjaminiHochberg
with acutoff of 0.05.

hrgl DKO adultzebrafish had no detectable Hrgl protein by immunoblotting of brain
sampleqFig. 4.1A). O-dianisidine and MayGrinwals-Giemsa staining reveadno
hemoglobinizatioror morphological defects iairculatingRBCs €ig. 4.1B andC).

TheRNAseganalyzed?4, 220 genes ithe zebrafish genome GRCz1073). Overall,
we found355genes in thepleen and 422 genesthekidneythatwere differentially
expressed ihrg1d 2619262 hrg1938a38lgoyple mutants compared to contrVe also
compare the transcriptormeof hrg1d269261gndhrg 1096119361 which showed7 genes in
hrg1d??%9261 and 617 genes irg18%6Y19361splean; and247 genes irhrg1d?°19%8 and
114genes irhrg1B%Ya381kidneythat were differentially exprességlig. 4.2A). Clustering
of the top 30 misegulated gerswith thegreatesstatisticalsignificancein hrg1&92619261
hrg1b96a361gndhrg 1412619262 hrg1 96 a36lfor hoth spleen and kidney reveddifferent

gene expression patterns of each genotle 4.2B).
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Figure 4.1 Hrgl proteins are absent inhrgl mutants without defects in

definitive erythropoiesis

A). Hrgl immunoblot of membrane fraction lyssifeom brains oHets hrg1d9261/426

hrg1Q3611a381gndhrg 1892611926 (g1 936119361 Each lane represent@@0 g protein.

Ponceau is used as a loading control

B). O-dianisidine stainin@f isolated RBCs from adult zebrafish peripheral bloBdale bar:

20pm.

C). May-Grinwald-Giemsa staining of isolated peripheral RBf@sn adult zebrafish

peripherablood Scale bar: 2Qm.

95



A

Spleen

Spleen
h rg 1 alqz 61/iq261
h rg 1 blq361/1d361
h rg 1 alqzﬂl/ qusl;
h rg 1 blq361/Iq361

up
34
509

217

Down

Kidney
h ré 1qi4261/iq261
hrg1bia36%/ia361
hrg1qia?6/ia261,
hrg1 bia361/iq361

Up

123
39

225

' CNZDANC00000030507
ENSDARGO0000002233
ENSDARGOO000092 1 26

| ENBDAKU00000101 /63
' FNSDARGOONON0RA246
ENSDANCI00000093777

- ENBDANGO00000059049

ENBDAKUO00000V4Y /4 1w
FNSDARGOOODOORRA24

| 12
FNSDARGOOOO00ARY 7R
CNSDANGO000001 5047
ENSL 1413

TAEA
ENSDANGO000001 3522 L}

| ENSDARGO000007 8828

L ENBDAKGUO00000UES /2 L]
| ENGDARGO0D000044074
|ENBUAKUO0000035253 4
FNSDARGONODO02A7RT

96

ENEZDANGO00000101 337 2
ENSDAKG000000931 53 ) ENSDARGO0000001 800
FNADARGO0O0O0S4 G 0 = CNEDANGO0000104838 = 0
ENBDANC00000096159 ! | ENSDARGO0000003867
EN&D
| | 1 ENBLAKU000001 02858
1 ENSD { FNADARGO00000AZ1 52
l 10 { ENSDARCI000000321 31
= I | FNEDARGOOOOOOAH2 20 i LNEZDANC00000076539
[ | ENBDAKGIO00000103716 E ; 70140
] ENS | |ENSDARG00000100239
| ENGDANCI00000071553 ! | ENSDARUO000001031 85
NEDARGO000000001 2 £
| ENSDANCO0000103347 { | ENSDAK0000008 Y222
| ENSDAKUO00000005 530 { 240
! | ENSDANGO0000103716
| ENBDAKM000000384 30 = 1 _ ENSDARGOOODOOANOAS
FNADARGOOOON0AZRAA i _ CNSDANGO000001 0327
| ENZDANGO00000994 38 |ENSDARGO0000030261
| FNRDARGOO0001 608 ! ENGDARGO0000078702
hrg1q'ne/nz1 ctrl hrg1aiu6t/is261 ctrl
[ = 1 C£NEDANGooooco4d1s0 il '
 — ENSDARA00000103710 I . 10
CNSDANGO0000079702
ENBDAKU000000451 43 10 '}
| ENSDANGO00000ZZYRS R FNSDARGONO000GA0AN
ENSDANC00000103937 /83 s
— ENRDARGOO000038081 ¥ ENGDARGO0000 105592
CNSDANGO0000037539 4 ENSDAKA000000 /4822 1
e | ENBDARGE0000000S /0
ENSEY 20 WMl 2 2
ENSDARS000001 0327 7
FNADARGOOD0O02R176 ™ O CNZDANC00000103718 = 0
ENEDANG00000019098  ENBDARGOD0000200460
| ENADA CNSDARGO00000951 42
B | c ENSDAKGU00000/9/03
1 0 FNADARGO0000052708
0622 ENEDANG000000 88294
| FNANARGOG0000R0A00 ENBDANCI00000041 221
| ENBDANGO0000042753
_ FNRDARGOONON0ANNNG ENSDANCO0000050003
|ENSDANGO00000076030 1 ENBDARGO00000/1 212
- 00 [
I CNSDANGO00001 04036 | i ENSUAKG00000003 761
ENSUAKUOU00001 1815 FNAD
o ENBDANC00000043089
ENSDARI00000007 398 | 68
1 ENSDARG00000070140
ENEDARGO0000045804 e I ENSDARCO0000090901
ctrl hrg 1 blqisl/lqssl ctrl hm bt 1/iq61
| 1 [ FNSDARGO0000092222 [, |
|ENSDANGO0000009S830 [ 12 [ ENBDAKU00000055 509
ENAF f [ 1 _ FNRDARGOOO00101158 | {2
— |——" 10 =y ! | ENSDANCO0000094 548
— | { | CNEDANGO0000059049 10
ENSD LI ENSDARGO0D000MIRAN
760 sy @Y
ENBDAKU00000080350 | ] | |ENSDARUOD000 /9822
v ! X | ENBDAKU0000002 S 3689
FNADARGOOO00074217 |2 | | | _ FNADARGODOO0024%4 &
ENBDANC00000090478 1 — | I | ENSDANGOD0000921 55
L —r FENSDARGOOOONOATHAZ o | i | ENSDARGOO00001 0264
ENBDARGO00000M1 730 = I |FNADARG00000100400
| ENSL 7 | I | ENSDARGO000000UB
] 12 g ! | I
| ENEDAKU000001 05109 1 ENEDAKU000001 03718
F 7
| | ENSDANGO000003749%5 I | ENSDANGO0000044935
| | FNRDARGONN0D0ANRRR I | FNSDARGOODNO0AA1 42
| ENSDARGOOODO07 3704 ! 1 | ENSDARGON0000AARHN
=== | ENBDARGO00000020876 { { |ENBDARGOD000007 628
ENBLAKUOV0000Z010/7 ENBDAKU0000001 4939
d _ ENSDARGOD0O0GTO140
m ENSDANC00000039243 ENBDANGO00000083444
=555 | FNADARGONON00AT205 FENSDARGONOOO0ART AR
CNEDANGO0000044251 CNEDANC00000094057
1a261/1q261 i4264/ig261 4
hrg1a i ctrl hrg1a’ ;o etrl
hrg1b/a361/ia3c1 hrgibiessi/iasst

Asupy



Figure 4.2 Overview of differentially expressed genes revealed by RNAseq

A). The numbers ofitferentially regulated genes in spleens and kidneysgf d9261/1426
hrg10%61193%1and double mutarkirg1d326219261 hrgqpaet/iasel

B). The heaimap clustering of top differentially regulated genespleens and kidneys of
hrg1dd%6114261 hrg1 i261a361gndhrg1 926119262 hrg1H9%6a36l The genes were selected

based n the significant levalwith lowest pvalue.
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Detailed examination of RNAseq datasets revealed that expression of 22 genes in
spleen and 28 genes in kidnegrealtered in althreemutants Fig. 4.3A). Only 4 genes
were commorfor the kidney and spleatatasets imll threemutants Fig. 4.3B).

Interestingly, among these 4 genesye?edownregulated and ®ereupregulated across
hrg1d2619261 g1 [ga3611a36lgndhrg192621926% hrg1ga3621a3el(Fig, 4,3C).
ENSDARGO00000103716 (annotated as MHC Il alpha subunit) is the top genewasich
downregulated across all genotypés mammals, MHC 1l is highly expressed in neutrophils
as well as macrophagescluding red pulp macrophages (RPMa&)ich areinvolvedin EP
(174) In zebrafish, MHC Il is expressed in dendritic cells and T cells with phagocytosis and
antigenpresentation However whether MHC Il is expressed time surface of macrophages
in zebrafishis not clean(175, 176) ENSDARGO000000797®is not well annotated ithe
zebrafish genomeBy sequence alignment, ENSDARG00000079703 encodes an E3
ubiquitin-protein ligase TRIM38ike protein, which may banportant forproteasome

function TheINTERPRO protein domain analyses shibnat it hasa SPla/RYanodine
receptor (SPRY) ahbutyrophylirlike domain, howeveiits function is unknown
ENSDARGO00000090901 encodes atpio which is predicted to léACHT, LRR and PYD
domainscontaining protein 12 (NALP12)NALPs are highly expressed in macragks and
implicated in the activation of primflammatory caspasesithin inflammasome¢177).

Lastly, ENSDARG00000093153 transcriba 651 nt RNA with no known translated protein
as revealed by ENSEMBL databageonsideringhat Hrgl isinvolved in heméron

recycling by macrophages, the extensive upregulatibidbP12 and downregulation of
MHC-Il may suggest a defett macrophagéunction anchemeiron recycling in adult

zebrafish.
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Figure 4.3 Common differentially regulated genes irhrgl mutants

A). Venn diagram of overlappingjfferentially regulatedjenes fronhrg1g9262/4262
hrg193611a361 g hrg 1492621926 frg1p5Ya3¢imytants The individual mutants are showed
with corresponding colors as in the diagram.

B). Venn diagram of common differentially regulated genes in both spleens and kidneys of
hrgldq261/iq26:l; hrgqu%l’iq%land hrgldq261/iq26:|; hrglh'q361/iq36]:

C). Expression level of 4 commatifferentially regulated genes in spleens and kidneys

acrosscontrol, hrg1&#26119261 g1 ga36Liaselgndhrgldi2611926: hrggaset/iasel
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Enrichment analysis of biological processes

We nextdeterminedhe gene ontology (GO) tie differentially regulated genes in
spleens and kidneys frohmg1& 26119261 hrg1H361a36lgndhrg 14926119262 hrg pase/iasel
mutants Weimported all the differentially regulated genes to DAVID database and analyzed
the genes witltheirassigned GO term3éble4.). | nt er esti ngly, the GO ter
r e s p avasgshecommon highlyenrichedGO termin all six RNAseq datasetdn the
kidney datasets fdirg1d??61926lgndhrg 192619261 hrg1g9%6293€1 the GO termfitransport
activityd was the most commorin terns of hrg1dd2614261 frg1g6a36lqgyple mutants, the
GO termsoxidationreduction process, proteolysand lipid metabolismvere themost
enriched For spleen datasetgpid transport, oxidatiomeduction process together with
response to hypoxiaerehighly enriched Hrgl is reportd to be upregulated as one of
hematopoietic targeted genes mediated by NRF2 transcriptional factor during oxidative and
hypoxic stresss(178). The enrichment of oxidatiereductionprocess and response to
hypoxia implies that Hrginaybeinvolved in responséo oxidative and hypoxic stress in
zebrafish If HRGL1 is highly expressed macrophageand transports heme out of
erythrophagosome for henir®n recycling and the lysis of sescent RBCs involves
degradation of large amouat proteins and lipids from RB@ebris,genes involved in
immune response, lipid transparidproteolysismay be aberrantly regulated whierg1
function is negatively affected

We next examined the RNAseq results with KEGG pathyhy8). In the kidney, the
fimetabolic pathways was t he mo s thrgtdBHifiandhrglad®t i f o r
hrg1H%36114361 \We did not retrieve a significant KEGG pathway with the RNAseq results of
kidney fromhrg1H%6Y19381 Eor the KEGG analysis in regulated genes from spleens, no

KEGG pathwaysvas highly enrichedTable 4.2).
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Table 4. 1 Gene ontology enrichment analysis of differentially regulated genes

in spleens and kidneys ofrgl mutants

Kidney

Differentially regulated genes inhrg1g9%61/19261

transport 18 2.15E02 1.79
immune response 15 3.53E07 5.70
defense response to virus 6 2.36E05 17.12
neurotransmitter transport 5 1.09E03 10.91
organelle fission 4 2.37E05 63.59
gammaaminobutyric acid transport 4 1.09E04 40.47
antigen processing anesentation 4 2.11E02 6.74
chemical synaptic transmission 4 9.04E02 3.74
amino acid transmembrane transport 3 3.68E02 9.82
onecarbon metabolic process 3 3.88E02 9.54
biosynthetic process 3 8.37E02 6.18
eukocyte migration 2 6.08E02 31.80
Erc])zlrtrll\(/)?arfigulatlon of leukocyte 5 6.08E02 31.80
purine nucleobase metabolic process 2 6.92E02 27.82
epithelial to mesenchymal transition 2 7.75E02 24.73
collagen fibril organization 2 9.39E02 20.23
Differentially regulated genes inhrg1g4%61/1a36?

immune response 4 7.49E02 3.99
organelle fission 3 2.29E04 125.31
defense response to virus 3 7.54E03 22.49
cell chemotaxis 3 1.13E02 18.27
inflammatory response 3 8.11E02 6.22
innate immuneesponse 3 9.52E02 5.66
neutrophil migration 2 1.67E02 116.96

Differentially regulated genes inhrg1a9619261 prg pyas61/ias6t

transport 30 8.36E03 1.64
oxidationreduction process 26 2.39E05 2.59
immune response 16 9.05E05 3.35
proteolysis 16 2.59E02 1.86
lipid transport 13 1.18E09 11.40
lipid metabolic process 8 3.55E02 2.58
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neurotransmitter transport

cellular response to estrogen stimulus
purine nucleobase metabolic process
lipoprotein metabolic process

heterophilic celicell adhesion via plasma
membrane cell adhesion molecules

gammaaminobutyric acid transport

aromatic amino acid family metabolic
process

triglyceride catabolic process
arachidonic acid metabolic process
cell recognition

chemokinemediated signaling pathway

negative regulation of macrophage
activation

lipoprotein catabolic process
complement activation

response to estradiol

response to retinoic acid

regulation of immune response
hyaluronan metabolic process
hydrogen ion transmembrane transport

Spleen

Differentially regulated genes inhrg1g426*426

lipid transport

immune response

cellular response to estrogen stimulus
cell recognition

heterophilic celicell adhesion via plasma
membrane cell adhesion molecules

Differentially regulated genes inhrg1p#%6*a3¢t

transport

oxidationreductionprocess

immune response

cell adhesion

heart development

heart looping

cellular response to estrogen stimulus
heart contraction

sarcomere organization

N DNDDNDNDNMNDNMNMNDN DN OWWW W w d pb~oo

N NN O O

1.38E03
7.64E04
2.23E04
5.88E03

2.19E02

1.31E02
1.56E02

1.56E02
1.82E02
7.06E02
9.47E02

3.22E02

4.79E02
7.86E02
7.86E02
7.86E02
7.86E02
7.86E02
9.35E02

1.47E07
1.60E04
4.61E02
4.78E02

6.49E02

2.85E02
8.95E04
1.91E03
8.14E02
1.11E02
1.38E03
1.07E07
1.09E04
6.81E06

7.22
11.80
30.68
10.67

6.63

16.74
15.34

15.34
14.16
6.82
5.75

61.37

40.91
24.55
24.55
24.55
24.55
24.55
20.46

45.65
10.91
40.97
39.45

28.79

1.41
1.96
2.42
1.70
2.56
3.75
14.42
6.05
10.75
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inflammatory response

skeletal muscle tissue development
regulation of cell proliferation
embryonic heart tube development
antigen processing amesentation
gluconeogenesis

myofibril assembly

hindbrain development

single organismal cetiell adhesion
response to lipopolysaccharide
striated muscleontraction

blood coagulation, fibrin clot formation
cardiac muscle contraction

skeletal muscle contraction
regulation of heart contraction
glycolytic process

blood coagulation

protein polymerization

ventricular cardiac myofibril assembly
cardiac muscle fiber development
cardiac myofibril assembly

positiveregulation of leukocyte
chemotaxis

platelet activation
cardiac muscle tissue development
multicellular organismal response to stre

aromatic amino acid family metabolic
process

response to xenobiotic stimulus

cardiac muscle cell proliferation

muscle contraction

oxygen transport

atrial cardiac myofibril assembly
fibrinolysis

tryptophan catabolic process to acefyA
bile acid biosynthetic process
tryptophan catabolic process to kynureni
cornea development in camdyge eye

ventricularcardiac muscle tissue
morphogenesis

cell proliferation in hindbrain
L-phenylalanine catabolic process

NN N DNDNDNDNDNMNDNMNDNOWWWW WO 0O0ww Ww wwwwdrdsrpsrprpsrprpsErd>drp>oOoo oo o orooo NN ©

5.30E02
9.48E04
6.85E02
1.78E03
2.08E02
9.42E04
9.42E03
2.07E02
2.94E02
3.14E02
5.35E05
1.31E04
9.92E03
1.15E02
2.60E02
5.07E02
8.79E02
1.69E03
3.32E03
5.45E03
8.04E03

1.11E02

2.27E02
2.73E02
2.73E02

3.22E02

3.75E02
4.30E02
7.48E02
7.48E02
4.73E02
4.73E02
4.73E02
4.73E02
7.01E02
7.01E02

7.01E02

9.24E02
9.24E02

2.36
6.07
2.43
6.75
3.79
10.96
5.95
4.73
4.25
4.17
41.65
33.32
8.77
8.33
6.17
4.76
3.79
41.65
31.24
24.99
20.83

17.85

12.50
11.36
11.36

10.41

9.61
8.93
6.58
6.58
41.65
41.65
41.65
41.65
27.77
27.77

27.77

20.83
20.83
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Differentially regulated genes inhrg1&92619262 hrgq p/as61/ia361

immune response

dorsal/ventral pattern formation
defense response to virus
response to hypoxia

response to virus

insulin receptor signaling pathway
growth

positive regulation of pathwarestricted
SMAD protein phosphorylation

SMAD protein signal transduction
intrinsic apoptotic signaling pathway in
response to endoplasmic reticulum stres
regulation oflipid metabolic process
organelle fission

8
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7.45E02
2.55E03
1.17E04
4.26E03
1.66E02
2.78E02
8.12E02

8.87E02
9.64E02
4.90E02

8.41E02
8.41E02

2.18
5.07
12.27
7.52
14.95
11.39
6.30

5.98
5.70
39.87

22.78
22.78
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Table 4. 2 Enrichment of KEGG pathways of differentially regulated genes in

spleens and kidneys olfirgl mutants

Kidney

Differentially regulated genes inhrg1g9%61/19261

Metabolic pathways 16 1.39E02 1.81
Cysteine and methionine metabolism 3 3.57E02 9.75

Differentially regulated genes inhrg1a9%6119261 prg pase/iaset

Metabolic pathways 29 7.51E05 2.01
Purine metabolism 6 6.10E02 2.77
Arachidonic acid metabolism 4 1.91E02 6.87
Steroid hormone biosynthesis 4 7.97E03 9.48
Cysteine and methionine metabolism 4 1.29E02 7.97
gigg;r:?ﬁgseisand other terpeneigiinone 3 5 26E03 26.29
Linoleic acid metabolism 3 2.27E02 12.52
Tyrosine metabolism 3 5.24E02 7.97
Phenylalanine metabolism 3 1.34E02 16.43
Lr;';edsl'jlgt?cl)rl]mmune network for IgA 3 7 37E02 6.57
Glycine, serine and threonine metabolism 3 9.03E02 5.84
Spleen

Differentially regulated genes inhrg1g9%61/19261

Lr}';edsltjlgt?(ljrl]mmune network for IgA > 4.34E02 3881
Differentially regulated genes inhrg14361/a361

Adrenergic signaling in cardiomyocytes 10 3.08E£02 2.26
Tight junction 9 4.30E02 2.26
Cardiac muscle contraction 8 5.29E03 3.71
Glycolysis / Gluconeogenesis 7 5.43E03 4.27
Insulin resistance 7 7.54E02 2.34
PPAR signaling pathway 6 1.72E02 3.93
Biosynthesis of amino acids 6 4.03E02 3.14
Drug metabolism other enzymes 5 7.95E03 6.19
Pentose phosphate pathway 4 3.08E02 5.75
Steroid hormone biosynthesis 4 4.83E02 4.82
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Phenylalanine metabolism

3

4.81E02

Differentially regulated genes inhrg1a9%619261 prg pas6/ias6t

Insulin signaling pathway
TGF-beta signaling pathway
Insulin resistance

FoxO signaling pathway
Phenylalanine metabolism
Tyrosine metabolism

ABC transporters

Intestinal immune network for IgA
production

Phenylalanine, tyrosine and tryptophan
biosynthesis

Ubiquinone and other terpenedgiinone
biosynthesis

6

W W ww o o ag

3.12E02
1.85E02
4.74E02
9.70E02
1.14E02
4.49E02
5.26E02

6.34E02

6.03E02

9.85E02

8.35

3.33
4.81
3.58
2.80
17.88
8.67
7.94

7.15

31.78

19.07
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PHZ causes acutdemolysis in zebrafish embryos

Hrgl localizesa the membrane of erythrophagmes during heraeon recycling by
EPand mediates Imee transport fronthe erythrophagsome tathe cytosol for heme
degradationn primarymouseBMDMs (92). Zebrafish Hrgla and Hrglb are cldsemologs
to mouse and human HRGvith ~80%homolog andsimilartopology Thereforewe
postulated thatirgl may have similar role irhemeiron recycling inthe reticuloendothelial
orgars of the zebrafish PHZ isa strang hemolytic chemical toxicantausingacute
hemolysis in embryonic and adult zebraff&87, 180)

We first determined the function bfrgl in possible hemgon recyclingduring
definitive erythrqoiesisat thelarval stagey exposing 4 dpf embryos to PH&cause at this
stagedefinitive erythrocyte appear irthecirculation O-dianisidine stainindound no overt
deficiencies in staining levesnongWT, hrg1dd26119261 hrgq 936114361 hrg 1 d9261262
hrg1b961193%8L Exposure td®HZ causediepletion ofo-dianisidine positive RBCs ithe
circulation €ig. 4.4A). We then removed the PHZ froflme embryamedium to assess the
recovery of definitive RBCs in the circulatiost 3 days posPHZ treatmentp-dianisidine
positive RBCs stagdto repopulate the circulatigrhowever no significant differences ithe
recovery of definitive RBCwere observed amonyT, hrg1di26119261 hrg1[aseLiaséigng

hrg1&2611426% hrg1[gaseia36l(Fig. 4.5A).
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Figure 44 PHZ causes depletion ob-dianisidine positive RBCs in 4dpf
zebrafish embryos
A). O-dianisidine staining of 4pf embryos fromWT, hrg1d326¥19261 frg1gee6Lia3éigng

hrg1d2619262 hrg1ga%61a%6l Scale bar: 20Pm.
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Figure 45 Recovery ofdefinitive erythrocytes at 3 dayspost-PHZ treatment
A). O-dianisidine staining of @pf embryos fromWT, hrg1d326¥19261 prg1pee6Lia3éigng

hrg12619262 hrg1ge%611a%6l Scale bar: 20Pm.
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Zebrafish hrgla and hrglbare upregulated during acute hemolysis induced by
PHZ

To studyhemeiron recycling inadultzebrafish, we used PHZ to cause acute s
andinduceEPin the adult zebrafish RESAdult zebrafish(5-6 months)weretreated with 2
pg/ml PHZ directly in fish water for 30 minAt 1 day postPHZ treatment, we isated
spleen, kidney and livdor RNA extraction and gR-PCR PHZ-treated zebrafish revealed
greatly enlargedpleenwith a dark brown color, suggesting active EP to clear the damaged
RBCs The kidney and liveraverepale compared tthe untreatedontmols. The
gastrointestinal cavity accumuldti&argeamouns of greensubstancew/hich couldbe
bilirubin, a heme degradation byprodugRT-PCR reveadthathrglaandhrglbmRNA
expressiowereupregulated ithekidneys, the major adult hematopoietic tissue, with 2.8
and3.6-fold, respectively (p < 0.05;test) Fig 4.6A). While hrglais 5 times upregulated in
thespleen (p < 0.05;test),expression ohrglbmRNA is not significanly upregulated (p =
0.4, ttest) (Fig 4.6B). We did not detecainy significantthanges imrglaor hrglb
expression in the livglFig 4.6C). As expectednmoxImRNA was greatly upregulated in
thekidney, spleen and liveupon PHZ treatment (p < 0.08esst) Fig 4.6D), implying that
these tissuesould play aole in heme breakdownComparison ohmoxlexpressionevels
in thekidney, spleen, and liver revedlat the spleen has the highest expressidmmaix1(p
< 0.0001, test) Fig 4.6D. Based on the upregulation lmihoxlandhrgl, it is possible that
the kidney and spleen may be the most active sdsué&BC degradation in the adult
zebrafish.

We nextperformed DABenhanced iron staining on histological sections fromPHZ
treated adult zebrafisih.arge amount of iron accumulatedtire kidney and spleemnwith no

obvious differencgin the liver(Fig. 4.7A).
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Figure 46 Hrgl mRNA is upregulated upon acute hemolysis induced by PHz
A). qRT-PCR ofhrglaandhrglbmRNA expression in kidneys from control (RBiHZ
treatment) and 1 day peBHZ treatment adult zebrafish.

B). gRT-PCR ofhrglaandhrglbexpression in spleens from control (FBRHZ
treatment) and 1 day peBHZ treatment adult zebrafish.

C). gqRT-PCR ofhrglaandhrglbexpression in livers from control (nd*HZ treatment)
and 1 day podPHZ treatment adult zebrafish.

D). Comparison ochmoxImRNA level in kidneys, spleens and livers from control ¢(nol
PHZ treatment) and 1 day pd3HZ treatment adult zebrafish.

Statistical analysis: Muli test. *: pvalue < 0.05; **: pvalue < 0.01; ****; pvalue <
0.0001

Relative expressions are normalizeeflaas reference gene. Each group have 3

biological cohorts, each cohort is pooled from 3 adult zebrafish.
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Control PHZ treatment

Rares
Figure 4.7 Iron is accumulated in kidney and spleen upon PHZ treatment
A). DAB-enhanced Pe gonkidney, spleen, arglivarisectioms. Adult
zebrafish were treated with PHZ, then fixed and sectioned 3 days after PHZ treatme

DAB enhanced Perl 6s staining were sho

Scale Bar: 20 ym
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Delineating hemeiron recycling during hemolysis inhrgl mutant zebrafish
Macrophages are predominantly involved in heroa recycling during EP and defects
in HRG1 causes failure in upregulationHi¥1OX1in mouse BMDMs with accumulation of
heme inthe erythrophagosomé92). We thereforadelineatel whetherhrg1d426/426%
hrg1b%¢* e3¢ mytants are defective in heriten recyclingwhen challenged witRHZ gRT-
PCR onmRNA fromkidneysand spleens of adult zebrafishladay postPHZ treatment
revealecdho significant differencein hmoxImRNA inductionbetween double heterozygotes
(Hetg, hrg1d26119261 hrg1[Ja361ia36lgnghrg 14126119262 g 1936 a36 mytants although there
wasa trendfor hmox1ImRNA wasto belower inthe double mutar(Fig. 4.8A). At 3 days
postPHZ treatmenthmoxlexpression is lower ithe kidneyof hrg1d3261/9261 hrgq pael/iase
(p < 0.05, #test),but not inthespleen(Fig. 4.8B). Histologicalanalysis with DABenhanced
Perl 6s staining r eeseisohacumuatioanthespleanstddys f f er en
postPHZ treatmen(Fig. 4.9A). HoweverPe r | 6 s revealked tmai unlige the WT
kidney which showed iron accumulationboth renal tublesand macrophagethe double
mutantshowedron stainingpredominantly localizeéh renal tubulesn the hrg1&26/14262
hrg1b%611938L(Fig. 4.9B). Thisresultsuggestthatin the absere of functional Hrgl, the

kidneysare unable to efficiently recycle hesren derived from damaged RBCs.

114



A B

Spleen I
4- 0.6- Spleen
0.4

j—iTiT -

o

Relative expression
N
Relative expression

T

hmox1 hmox1
Il Hets hrg1a726179261 hrg1b/4361/4361 hrg1/92619261; o 113619361
Kidney Kidney
0.8 *
0.15+ |
c
o c
ﬁ 0.6 -|_ .%
2 & 0.10-
Q. =
X 0.4 | 3
@
¢ o
> >
=] Z 0.05-
T .24
g 02 % T
14 o
0.0- 0.00-
hmox1 hmox1

Figure 4.8 Expression ofhmoxlupon PHZ treatment

A). gqRT-PCR ofhmoxImRNA in spleen and kidney at 1day p&3$tZ treatment.

B). qRT-PCR ofhmox1ImRNA in spleen and kidney at 3day p&3tZ treatment.

Statistical analysis:test. *: p < 0.05. Relative expressions are normalizeflimas
reference geneEach group have 3 biological cohorts, each cohort is pooled from 3 adult

zebrafish.
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Figure 49 Iron is accumulated in kidney and spleen after PHZ treatment

A). DAB-enhanced Per onkidneys of il andrgla'?e 4§2p} hrgleeiaset
at 3days posPHZ treatment Scale Bar: 200 um

B). DAB.enhanced Per ondmeers of Wi ansrglad?® /{9, irgylja362a361at

3 days posPHZ treatment Scale Bar: 200 pm
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Discussion

In thischapter, we aiedto delineate the function of Hrgl in hesinen recyclingof
adult zebrafish First, we disrupted primitive erythrocytes by PHAd found that the
recovey of circulaing definitive RBCsare the same betwe®T and mutantsWhetherany
hemeiron recyclingoccursin the developing embryas uncleayfor the followingreasons:
a) zebrafish embryos retain large amount of maternal iron for embryogeneémaisl
proposed to transpamaternal iron tahedeveloping embryo€l34) andb) zebrafish
merlot(mof) mutants with hemolytic anemia seengtt rid ofhemeand degradation
products from hemolysis @rimitive RBCsinto thebile as dark pigmentduringearly
embryogenesis withowtndergoingecycling(181) We have also detected the same dark
pigment around the yolk extension tube of Prated embryosThus,ahemeiron
recyclingsystemmight not berequired or in existence garly embryos

However,motmutants can survive to adulthood and adult mutants suffer from
prominent phenotypes includirmgnlarged spleemndhypercellular kidneys with high
bilirubin levels, a byproduct of heme catabolism, suggesting an activeirmmrecycling
pathwayin adult fish(181). It also has been shown tHah1, an iron exporter, is critical in
iron recyclingduringadult erythropoiesjsaand mutation iripnlcausesron accumulationn
themacrophages of liver and kidn€}35). The zebrafish kidney marrow is the major
hematopoietic tissue artlde spleen isaniche forEP (114, 115) It is noteworthy thaHrgla
and Hrglb is relatively highly expressedtie kidney marrow and spleethusit is possible
that zebrafish Hrgl is involved in adult heimen recycling during definitive erythropoiesis
orin stressed conditiormuchhemolysis Indeed RNAseq results suggest a possible defect in
macrophagéunctionand consequentiynmune respons@ thehrgl mutant fish Moreover,
since there may be a disruptiorrétyclingdamaged RBCGsvhichinvolvescatdolism of
largeamount of proteins and lipids from RB@gne expression of proteolysis and lipid

transport pathways atberefore migegulded in the absence of Hrgl
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HrglaandhrglbmRNA are upregulated in zebrafish kidney updtZ-induced
hemolysis Similar upregulation alsoccuss inthe spleenfor hrgla Zebrafish spleen is
relatively tiny, and the size and morphology variesdultzebrafish Although we used 3
biological replicates and each replicate contain 3 aghldten the variation igPCR results is
still large Zebrafish kidney and spleen are tiredominansites for hemeéron recycling,
based on the following facts: @PHZ causes iron accumulationtire spleen andtidney as
shown by DABenhance  rslstéining; and bhmox1showshigh upregulaion during
hemolysis Further studies withrg1&3?621926% g1 #619%6Lis necessarto establish

zebrafish as a concretanodel b study EP.
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Chapter 5: MRP5/ABCC5, a heme exporter, and its paralog

MRP9/ABCC12 alter zebrafish erythropoiesis

Summary

UsingC.elegansas an animal model of heme auxotroph, we have previously showed
thatmrp-5 is aheme exporter expressing thebasdateral membrarsoft he wor mé s
intestine Zebrafishmrps/abc is the ortholog o€.elegansnrp-5. We have previously
shown that zebrafish Hrgl paralogsglaandhrglb) can rescue the growth bémIpstrain
in thepresence of low heme, indicating that theylaore fideheme importersin this
chapter, we show that zebrafish Mrp5 is capable of transporting Hexpeession of
zebrafishmrpb decreases growth bf e m fegst, suggesting that hemeransported outfo
yeast by zebrafish MrpBNISH reveals that zebrafishrp5 is ubiquitously expressed
throughout the developing embryo with high expressidhémcentral nervous system
Morpholino knockdown ofrp5 in zebrafish shows severe anemia in developing embryos
with loss ofgatalexpression, a transcription factor for erythroid specificatibdditionally,
anemic phenotypes mrp5 morphants can be rescued byigection of invitro transcribed
recodedmrp-5 capped RNA, indicatinthatzebrafish MrpSs necessarfor erythropoietic
development Unlike two paraloggohnologuegfor hrglin zebrafish genoméhe closest
homologof mrp5is mrp9/abccl 2 by multiple sequence alignmeamd phylogenetianalysis
Yeast growth assay revealed that both zekindfirp5 and Mrp9 are capabletame export
Mrp9 mRNA isubiquitously expressed in zebrafish embrgiodifferent developing stages
and maternamrp9 mRNA is deposited to oocytes Similar tomrp5, knockdown olbccd 2
in zebrafish also causes aneraradloss of hemoglobinized RBCd hese results suggest that
bothmrps andmrp9 are required for RBC development in zebrafish embrgabsequent
generation and characterizationnofp5 andmrp9 mutants by CRISPR/Cas9 gene editing
will further define th€function of Mrp5 and Mrp9 in zebrafish development
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Results
Expression of Zebrafish Mrp5 alters heme homeostasis in a heterologoysast

system

Zebrafishmrp5/abcd is located across ~56kim@hromosome 18 ithe zebrafish
genome, with overall 28 exoesicodinga1,426aa proteinig. 5.1A). Like thecanoncal
multidrug resistant protein (MRPzebrafish Mrp5 containk2 transmembrane domains and 2
nucleotide binding domains (NBD) with ATRydrolysis activity for energgriven substrate
transport To determine whether zebrafish Mrpansports heme, we expleitthe well-
establishe@ssays in yeasExpressiorof C. elegansheme importers HR@ (CeHRG4) or
HRG-1 (CeHRGL) increaseyeast growth compared to control yeast grown on heme
supplemented ptas fFig. 5.1B). Whenh e m fegstcellsexpress th€.eleganhieme
exporter, CeMRP, their growth is reduced compared to control graBimilarly, the
growth ofh e m fegst expressingebrafish Mrp5 (ZfMrp5)s decreased in the presence of
heme Fig. 5.1B), suggesting that Mrp5 gecreasingntracellular heme and therefore

worsening the growth of a heme deficient yeast strain
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Figure 5.1 Expression of zebrafish Mrp5 reduces growth of heme deficient

yeast stain inthe presence of exogenous heme

A). Structure ofmrp5in its gene locus on chromosome 18. Exons are shown as brow
boxes and introns are shown as lines. The overall length of zebrafish mrp5 gene is -
B). Inhibition of yeast growth by zebrafish Mrphen expression in mutahte m strhin.
Theh e mgegst strain was transformed with indicated constructs and grown overnig
SC medium without ALA and spotted in serial dilutions on 2 % raffinose-3@,(+0.4 %
galactose) plates supplemented with indicated concentrations of ALA or hemin. Plat

wereincubated 3 days prior to imaging
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Expression of zebrafishmrp5/abcchn developing zebrafish embryos

RT-PCR of btal mRNAextracted from embryos at single cgthgeto 4 dpf showed
thatmrp5SmRNA is notexpresedin the early stage embrybsit onlyafter 18 hpf (Fig.
5.2A). To determine théemporospatiag¢xpressiorprofile of mrpSmRNA in zebrafish
embryos we generated arsiense RNA probe and WISH analysis reve#iadmrpS mRNA
is ubiquitously expressed @lirough the developing embrydth greaterexpression irthe

central nervous syste(fig. 5.2B).
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Figure 5.2 Expression ofmrp5in developing zebrafish embryos

A). RT-PCR ofmrp5/abccin embryos at different developmental stag@sactinis the
control for hous&keeping gene;bfl, an established transcription factor which is only
turned on around 18 hpf.

B). WISH of mrp5/abccin embryos at different developmental stages. Anterior is to
left. Anti-sense probe is used to detect mR&kfdression; sense probe is shown to

indicate background staining.
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