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SUMMARY
Metabolismof oxidative stress is necessary for cellular survival.We have previously utilized the zebrafish as amodel of the oxidative stress

response. In this study, we found that gata1-expressing erythroid cells contributed to a significant proportion of total-body oxidative

stress when animals were exposed to a strong pro-oxidant. RNA-seq of zebrafish under oxidative stress revealed the induction of tp53.

Zebrafish carrying tp53with a mutation in its DNA-binding domain were acutely sensitive to pro-oxidant exposure and displayed signif-

icant reactive oxygen species (ROS) and tp53-independent erythroid cell death resulting in an edematous phenotype. We found that a

major contributing factor to ROS was increased basal mitochondrial respiratory rate without reserve. These data add to the concept

that tp53, while classically a tumor suppressor and cell-cycle regulator, has additional roles in controlling cellular oxidative stress.
INTRODUCTION

Cells undergoing oxidative respiration rid the cell of unde-

sirable metabolites, such as reactive oxygen species (ROS),

to avoid oxidative stress and cellular damage. Most cells

have a specific cellular response when exposed to com-

pounds (toxins, medicines, foods) that increase free radical

production beyond what can be detoxified. Recent data

suggest that the oxidative stress response can involve the

TP53 pathway where TP53 can function both as a sensor

of ROS and ROS-mediated DNA damage but may also be

involved in the regulation of ROS levels (reviewed by

Sharpless and DePinho, 2002). In some situations, TP53

can function as an antioxidant, given that when TP53

levels were reduced via small interfering RNA (siRNA) in

a variety of cell lines, oxidative stress and ROS increased

2-fold (Sablina et al., 2005). Specific target genes implicated

as part of the antioxidant pathway mediated by TP53

included SESN2, SESN1, GPX1, and CDKN1A (Budanov

and Karin, 2008; Sablina et al., 2005). Alternatively, TP53

can stabilize the anti-apoptotic protein, BCLXL, at the

mitochondrial outer membrane. In the absence of TP53,

the mitochondrial outer membrane is destabilized and

cytochrome c is released (Mihara et al., 2003). Cell death

then occurs through the ‘‘mitochondrial pathway,’’ now

recently termed necroptosis (Jouan-Lanhouet et al., 2014).

Mature red cells are exposed to both extrinsic and

intrinsic ROS, which can lead to impairment of membrane

deformability, reduced red cell lifespan, and reduced oxy-

gen delivery (Mohanty et al., 2014; Perrone et al., 2012).

Very little is known about how erythroid progenitors

process oxidative stress, although mechanisms are likely

different, given that they retain both nuclei andmitochon-

dria, which mediate metabolism distinct from their prog-
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eny.We have previously used the zebrafish tomodel oxida-

tive stress in Gata1+ erythroid cells caused by glucose-6-

phosphate dehydrogenase (G6PD) deficiency (Patrinostro

et al., 2013). Gata1+ erythroid cells with reduced G6PD

activity developed elevated levels of ROS andwere very sen-

sitive to cell lysis with pro-oxidant exposure. Specificmech-

anisms of how Gata1+ erythroid cells respond to oxidative

stress remain unknown. The zebrafish is an excellent

model of hemato- and erythropoiesis and has many of the

conserved genetic regulators of hematopoiesis, including

gata1, lck, and c-myb (Bahary and Zon, 1998; Davidson

and Zon, 2004). There have been several models of human

erythroid disorders created in the zebrafish, including

Diamond-Blackfan anemia, porphyria, and hereditary

spherocytosis (Dooley et al., 2008; Taylor et al., 2012).

In this article, we describe the effects of pro-oxidant

exposure on Gata1+ erythroid cells. Specifically, we found

that Gata1+ erythroid cells are a significant source of to-

tal-body ROS after pro-oxidant exposure in zebrafish early

in development. Furthermore, we determined that a spe-

cific program associated with tp53 activation drives the

response to pro-oxidant exposure, and mutation in tp53

was associated with increased basal mitochondrial respira-

tion tomaximal levels. This created a situation of decreased

mitochondrial respiratory capacity when encountering

a pro-oxidant challenge and elevated ROS, resulting in

increased cell death.
RESULTS

We previously published a zebrafish model of g6pd defi-

ciency that showed acute sensitivity to pro-oxidant chal-

lenge with robust ROS generation and significant erythroid
uthor(s).
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cell death when tested in developing zebrafish (Patrinostro

et al., 2013). The zebrafish is an advantageous model to

study oxidative stress, as many key proteins involved in

reduction-oxidation (redox) and the response to oxidative

stress are conserved in sequence and function. Figure 1A

shows amino acid identity between human and zebrafish

oxidative stress response proteins ranging from 46.4% in

heme oxygenase-1 to 85.5% in mitochondrial superoxide

dismutase. Considering conserved amino acid substitu-

tions, the homologies between these human and zebrafish

proteins are close to 90% (not shown), allowing the zebra-

fish to serve as a robust model of oxidative stress.

To quantify the amount of total ROS generated with pro-

oxidant exposure, we exposed wild-type animals at 24 hr

postfertilization (hpf) to increasing doses of the prototypi-

cal pro-oxidant, 1-naphthol, for 48 hr, as we previously

described (Patrinostro et al., 2013). Using the fluorescent

indicator probe, CellRox, to indicate total-body ROS gener-

ation (Patrinostro et al., 2013), we found a measurable

dose-response increase in ROS levels in response to pro-

oxidant challenge (Figures 1B and 1C). A specific benefit

to using zebrafish as a model is the ability to efficiently

create animals with fluorescentlymarked cell types.We uti-

lized the gata1:DsRed zebrafish, which has DsRed-express-

ing Gata-1+ erythroid precursors that can be visualized

microscopically as well as localized by flow cytometry (Fig-

ures 1D and 1E) (Traver et al., 2003). Pro-oxidant exposure

induced ROS in Gata1+ erythroid cells to a similar

magnitude as that of the total-body ROS (p < 0.0001, Fig-

ures 1F and 1G). The addition of the potent antioxidant,

n-acetylcysteine (NAC), to the water was able to efficiently

rescue animals from significant erythroid ROS production

(Figure 1H).

To validate the contribution of Gata1+ erythroid cells to

total-body ROS, we evaluated the total CellRox probe fluo-

rescence intensity and divided the intensity into quintiles.

By determining the proportion ofGata1+ cells in each quin-

tile, we determined that a large fraction of the highest ROS

was produced by erythroid cells (Figures 2A and 2B). To
Figure 1. Oxidative Stress in gata1+ Erythroid Cells
(A) BLASTP identity analysis of key proteins involved in the oxidativ
(B) Representative flow cytometry histograms showing CellRox emis
centrations shown as mg per 5 mL).
(C) Quantification of CellRox probe signal MFI relative to unstressed em
independent experiments.
(D) Live imaging of a gata1:DsRed transgenic zebrafish at 72 hpf ind
(E) Representative flow cytometry of single-cell suspensions prepared
(F and G) Pro-oxidant exposure induces ROS in Gata1+ erythroid precu
flow cytometry of Gata1+ erythroid cells by gating on DsRed-positive ce
to determine ROS. n = 20–25 individual animals per condition showin
(H) NAC combined with 1-naphthol reduces ROS in Gata1+ erythroid c
All data are shown as the mean ± SD, with the p value from a Studen
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confirm that erythroid cells produced elevated levels of

ROS, we utilized the Vlad tepes zebrafish, which has a

mutation in the gata1 gene and does not develop Gata1+

erythroid cells (primitive or definitive), although is still

able to survive for the first 10 days of embryonic life (Fig-

ure 2C) (Lyons et al., 2002). Total-body pro-oxidant-

induced ROS generation in Vlad tepes was 50% reduced

when compared with wild-type animals (p < 0.0001,

Figure 2D). Collectively, these data show that Gata1+

erythroid cells have measurable and robust ROS after pro-

oxidant challenge and are a significant source of total-

body ROS.

Exposure to pro-oxidant challenge produces several mo-

lecular modifications, including protein carbonylation and

lipid peroxidation, and induces DNA toxicity through dele-

terious modification (Valko et al., 2007). To explore poten-

tial DNA-toxic effects of an external pro-oxidant challenge,

we measured the concentration of 8-oxo-2ʹ-deoxyguano-
sine (8-oxo-dG) in zebrafish after pro-oxidant exposure;

8-oxo-dG is an oxidized derivative of deoxyguanosine

and a marker of DNA damage from oxidative stress (Dela-

ney et al., 2012). We found that levels of 8-oxo-dG

increased by 30% (p = 0.03) in zebrafish embryos after

48 hr of pro-oxidant exposure (Figure 3A). As an additional

measure of DNA damage, we performed terminal deoxynu-

cleotidyl transferase dUTP nick end labeling (TUNEL)

assays. TUNEL assay indicated that DNA damage was

occurring both in circulating cells (which are mostly prim-

itive Gata1+ erythroid cells at 72 hpf development) (David-

son and Zon, 2004), as well as in the caudal hematopoietic

tissue (CHT), the anatomic area where definitive hemato-

poiesis takes place, shown in Figures 3B and 3C (Bertrand

et al., 2007). Acridine orange staining of stressed embryos

also indicated that cell death was occurring in many

Gata1+ cells of the CHT (Figure S2).

To learn what specific genes and biological pathways

are involved in the response to pro-oxidant exposure,

we performed RNA-seq analysis on 72-hpf embryos after

48 hr of pro-oxidant exposure; the heatmap analysis of
e stress response between Danio rerio and Homo sapiens.
sion in 72 hpf embryos after 48 hr of 1-naphthol exposure (con-

bryos. n = 20 individual animals per condition showing one of five

icating DsRed-positive primitive erythroid cells.
from wild-type and gata1:DsRed zebrafish at 72 hpf.

rsors. Animals were exposed to 20 mg/5 mL 1-naphthol followed by
lls (or all cells for total-body ROS) and measuring CellRox probe MFI
g one of four independent experiments.
ells. All pro-oxidant exposure times were from 24 to 72 hpf.
t t test. See also Figure S1.



Figure 2. Gata1+ Erythroid Cells Contribute a Significant Proportion of ROS to Total-Body ROS
(A) Gata1+ primitive erythroid cells contribute to total ROS. Cells from stressed gata1:DsRed zebrafish were gated initially for the total cell
population, then evaluated by cumulative distribution function of CellROX green ROS probe signal. The 20th to 80th percentiles of ROS
signal were gated, and the makeup of each percentile in terms of the gata1:DsRed fraction of all cells was determined. n = 20–25 individual
animals per condition showing one of three independent experiments.
(B) Makeup of each percentile of ROS probe signal in terms of % gata1:DsRed contribution showing that the highest ROS signal originates
mostly from Gata1+ erythroid cells. One-way ANOVA indicates p value < 0.0001 for overall effect and p < 0.001 in two-way comparisons
between all groups.
(C) o-Dianisidine-stained vlad tepes zebrafish at 72 hpf showing a lack of erythrocytes. Scale bars represent 500 mm.
(D) Vlad tepes zebrafish have reduced total-body ROS. Vlad tepes and phenotypically normal clutch mates were treated with 20 mg/5 mL
1-naphthol followed by flow cytometry of total-body ROS indicated by CellRox ROS probe (n = 17–22 individual animals per condition in
one of two experiments). All pro-oxidant exposure times were from 24 to 72 hpf.
All data are shown as the mean ± SD, with the p value from a Student t test, unless otherwise noted.
unsupervised clustering is shown in Figure 3D. We found

316 genes upregulated (increased >2-fold, Table S1) in

response to pro-oxidant exposure and 56 genes downregu-

lated (decreased >2-fold), as shown in Figure 3E. To deter-

mine if there was a common regulatory pathway governing

the pro-oxidant-induced genes, we performed Ingenuity

Pathway Analysis (IPA; Ingenuity Systems) to identify net-

works of specific upstream transcription factor regulators and

found that the tp53 pathway was themost significant regu-

lator involved in the oxidative stress response (p = 6.17 3

10�9, Figure 3F). This was not surprising given our prior

findings of DNA modification and DNA damage that

occurred after pro-oxidant exposure. We performed qRT-

PCR to determine if tp53 expression was changed after
1-naphthol exposure and found a 2- to 3-fold induction

at the highest amounts of pro-oxidant (Figure 3G). In addi-

tion, qRT-PCR of fluorescence-activated cell sorted stressed

Gata1+ erythroid cells showed induction of tp53 as well

as known downstream tp53 targets, including sestrin 2

(sens2), nuclear Factor Erythroid 2-Related Factor 2 (nrf2),

heme oxygenase 1 (hmox), and thioredoxin (txn) that are upre-

gulated by ROS (Figures S2C–S2F).

To study the effect of tp53 inhibition and oxidative stress,

we utilized pifithrin-alpha, a small molecule inhibitor of

TP53 activity (Duffy and Wickstrom, 2007; Rocha et al.,

2003). Pifithrin is thought to block the transcription factor

activity of TP53, aswell as protein-protein interactions, and

is able to protect cells from TP53-dependent apoptosis
Stem Cell Reports j Vol. 8 j 360–372 j February 14, 2017 363



(Culmsee et al., 2001). We found that exposure to pifithrin

from 24 to 72 hpf led to a slight (but not significant) in-

crease in ROS generated by Gata1+ erythroid cells during

simultaneous pro-oxidant exposure (p = 0.50, Figure 3H).

Given the relatively short half-life of pifithrin (approxi-

mately 4 hr), it is possible that Tp53 was not sufficiently in-

hibited (Gary and Jensen, 2005), although exposure of

stressed embryos to pulses of pifithrin every 4 hr also did

not significantly alter ROS (Figure S2G). Therefore, we

decided to employ an alternative approach using a well-

characterized zebrafish with a tp53 mutation that disables

Tp53 DNA-binding activity. The tp53M214K zebrafish has a

tp53 mutation (methionine-214 to lysine, M214K) known

to be analogous to the human TP53 M246K mutation

commonly found in human cancers (Berghmans et al.,

2005). The M214K mutation disrupts the DNA-binding

domain of Tp53, rendering it unable to upregulate p21 after

UV irradiation and animals also show cellular resistance to

apoptosis. Furthermore, zebrafish harboring this mutation

develop malignancies early in life (starting at 8 months

of age) (Berghmans et al., 2005). We crossed tp53M214K an-

imals to the gata1:DsRed transgenic line, followed by in-

crossing to generate offspring in which tp53 was mutated

in DsRed-positive Gata1+ erythroid cells. Pro-oxidant expo-

sure of tp53M214K heterozygous zebrafish generated 3-fold

higher levels of ROS in Gata1+ erythroid cells, in compari-

son with wild-type counterparts (p = 0.0002, Figure 3I). At

the same time, total-body ROS level was also significantly

increased (data not shown). Similarly, using tp53M214K ho-

mozygous animals, the ROS levels increased 5-fold above

that of wild-type (p < 0.0001).

To understand if TP53 played a similar role in mamma-

lian erythroid cells, we evaluated ROS production in

erythroid precursors from wild-type and Tp53R270H/+

mice. Tp53R270H/+ mice harbor the Tp53 mutation argi-

nine-270 to histidine (R270H), which abolishes TP53

DNA-binding activity (Olive et al., 2004). Like the

tp53M214K zebrafish, Tp53R270H/+mice develop tumors early

in life, and their thymocytes show partial resistance to

gamma-induced apoptosis (Olive et al., 2004).While zebra-

fish and other teleosts are uniquely sensitive to 1-naphthol,

we used acrolein (a metabolite of cyclophosphamide) as

a strong pro-oxidant to induce ROS in mammalian cells.

We identified erythroid precursors using antibodies to

the transferrin receptor (CD71) and gating onmarrow cells

with the highest CD71 expression; we ensured that cells

would be at an immature stage (erythroblasts), as opposed

to mature erythrocytes that have dim to zero CD71 expres-

sion (Chen et al., 2009; Marsee et al., 2010; Peslak et al.,

2012). Analysis of nucleated CD71+ erythroid precursors

after short-term (5 hr) acrolein exposure indicated signifi-

cantly higher levels were generated in erythroid precursors

from TP53R270H/+mice (Figures 3J and S2H, p < 0.0001).
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These data indicate that TP53 plays a role in the meta-

bolism of oxidative stress and that haploinsufficiency of

TP53 allows for increased ROS generation in mammalian

and zebrafish erythroid precursors. In zebrafish, homozy-

gous tp53 disruption increased ROS to an even greater

extent.

We assessed levels of cell death using annexin V and

propidium iodide staining. The tp53M214K/M214K animals

showed a 20% increase in erythroid cell death when as-

sessed by propidium iodide staining (p = 0.02, Figures 4A

and S3A), but no increase in annexin V staining (Figures

S3A and S3B), similar to what was observed with UV

irradiation exposure in tp53M214K/M214K animals (Bergh-

mans et al., 2005). These observations suggest that perhaps

non-apoptotic pathways were at work, such as necrosis/

necroptosis, as previously described (Galluzzi and Kroemer,

2008). When we assessed the phenotype of tp53M214K ho-

mozygotes after pro-oxidant exposure, we found a severe

reduction in hemoglobin-producing cells shown by o-dia-

nisidine staining. This resulted in a significant amount of

edema and increased mortality, especially at higher con-

centrations of pro-oxidant exposure (Figures 4B and 4C,

p < 0.0001). This phenotype was similar to observations

we have seen in G6PD-deficient zebrafish under elevated

oxidative stress (Patrinostro et al., 2013). Incidentally,

pro-oxidant-stressed tp53 mutant zebrafish showed a

partial rescue in phenotype when co-exposed with necros-

tatin, a potent inhibitor of receptor-interacting protein

kinase-1 (RIPK1), a central mediator of necroptosis (Deg-

terev et al., 2008), although amore thorough interrogation

of necroptotic pathways, such RIP3, would be definitive

(Figure S3C).

Being that TP53 controls many intracellular pathways

with a wide variety of biological functions, we took an

agnostic experimental approach and performed RNA-seq

on tp53M214K homozygotes under oxidative stress and

wild-type zebrafish to get an idea of which major cellular

processes differ between them. We found 753 genes that

were differentially expressed by greater than a 2-fold

variance (Figure 4D, top genes shown in Table S2). We per-

formed a gene ontology (GO) term analysis for gene enrich-

ment and found the largest biological processes affected

in tp53M214K homozygotes were ‘‘metabolic processes’’ (Fig-

ure 4E). Mitochondria are the central regulators of cellular

metabolism and account for a majority of the cellular ATP

production (McBride et al., 2006). Due to the optical clarity

of the zebrafish, they offer unparalleled visualization

of organelles when using fluorescent organelle-targeted

reporters. Therefore, to determine if there was any dysre-

gulation in mitochondria shape or number, we crossed

Gata1:DsRed and Gata1:DsRed/tp53M214K animals to mi-

to:GFP transgenic animals, which have a mitochondrial

localization signal sequence fused to GFP, allowing for



Figure 3. Oxidative Stress Induces tp53, which Can Modulate ROS Levels
(A) Zebrafish show increased 8-oxo-dG after pro-oxidant exposure (1-naphthol at 20 mg/5 mL). n = 5–6 per condition, one of two
independent experiments.

(legend continued on next page)
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microscopic evaluation of mitochondrial size, shape,

and enumeration by flow cytometry (Kim et al., 2008);

the resultant offspring displayed DsRed-positive Gata1+

erythroid cells with GFP-tagged mitochondria (Figure 4F).

We noticed no differences in Gata1+ erythroid cell mito-

chondria size or shape in tp53M214K/M214K compared with

tp53+/+ animals (not shown). There was also no difference

in Gata1+ erythroid cell mitochondrial content between

tp53M214K/M214K and tp53+/+ animals (Figure 4G).

Although there was no effect of mutant tp53 on mito-

chondrial content, we hypothesized that mitochondrial

function could be altered. Therefore, we interrogated

total mitochondrial respiration using a Seahorse biochem-

ical analyzer. We compared the oxidative phosphoryla-

tion (OXPHOS) metabolic profile of wild-type animals

with that of tp53M214/M214K animals and found that

tp53M214K/M214K mutants had a significantly elevated basal

oxygen consumption rate (OCR) compared with that of

wild-type (Figures 4H–4J and S3D). Due to their elevated

basal OCR, the tp53M214K/M214K mutant animals were

severely deficient in metabolic reserve capacity (p <

0.0001, Figure 4J). Although we can only measure OCR

from the total animal and not specifically in erythroid

precursors, we believe these findings translate to multiple

cell types. We next utilized the ability of oligomycin,

an inhibitor of H+-ATP-synthase, to reduce ATP, oxidative

phosphorylation, and ROS production (Shchepina et al.,

2002). We found that oligomycin treatment of pro-

oxidant-exposed tp53M214K/M214K mutants led to a partial

rescue in edematous phenotype (p < 0.0007, Figure 4K),

highlighting the significant role that mitochondria play

in ROS-mediated erythroid cell death.
(B) Representative image of a TUNEL assay from zebrafish after pro-ox
bar represents 500 mm.
(C) Number of TUNEL-positive cells present in the CHT. n = 14–16 indiv
*p < 0.0001.
(D) Heatmap of RNA-seq data from untreated and 1-naphthol-treated z
expression >2-fold difference.
(E) Distribution of genes with log2 expression >2-fold difference betw
and n = 6 naphthol-treated animals.
(F) IPA results of the significant Upstream Regulators having greater
(G) RT-PCR of tp53 in zebrafish after pro-oxidant exposure (n = 20 in
independent experiments). *p < 0.05, **p < 0.01.
(H) Tp53 inactivation using pifithrin (PFT) during pro-oxidant exposur
ROS in Gata1+-expressing erythrocytes. ROS measured using the Cel
animals per condition showing one of three independent experiment
(I) Elevated ROS in tp53M214K zebrafish Gata1+-expressing erythroid c
condition showing one of three independent experiments.
(J) Erythroid progenitors in TP53R270H/+murine whole bone marrow ha
After exposure to 1 mM acrolein, nucleated CD71+ cells were gated by
CellROX green probe. ROS is given relative to the untreated group. Sho
pro-oxidant exposure times were from 24 to 72 hpf. n = 10–20 individu
All data are shown as the mean ± SD, with the p value from a Studen
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These data provide a physiological explanation as to

the mechanism governing the robust ROS generated and

non-apoptotic death observed when tp53 is functionally

mutated. That is, themitochondria of tp53mutants are un-

dergoing OXPHOS at an elevated rate, and therefore lack

significant reserve to handle pro-oxidant challenge above

baseline. This results in overwhelming mitochondrial

ROS generation and cell death.
DISCUSSION

All living organisms that are able to perform cellular aerobic

respiration undergo oxidation reactions producing oxygen-

containing molecules that are highly reactive (i.e., ROS).

ROS are a part of normalmetabolism and are usuallymetab-

olized via enzymes such as catalase, superoxide dismutase,

glutathione peroxidase, and others to protect the cell from

damagedue touncontrolledROS. Pro-oxidant exposurepro-

duces ROS beyond normal metabolism, creating an ‘‘oxida-

tive challenge’’ or ‘‘stress.’’ Oxidative stress plays a patholog-

ical role in nearly all diseases, including cardiac, oncologic,

liver, and neurological conditions, as well as the aging pro-

cess (Dichi et al., 2014; Halliwell and Gutteridge, 2007; Lo-

pez-Otin et al., 2013). The mechanisms of damage directly

caused by oxidative stress include DNA breakage, covalent

modification of proteins, induction of cell death pathways,

and the introduction of DNA mutations (both mitochon-

drial and non-mitochondrial) (Pinto and Moraes, 2015).

The hematopoietic system exists in a low-oxygen envi-

ronment (Morikawa and Takubo, 2015). Increases in ROS

have been shown to decrease hematopoietic cell longevity
idant exposure (20 mg/5 mL). Boxed region indicates the CHT. Scale

idual animals per condition in one of two independent experiments.

ebrafish. Unsupervised clustering was performed on genes with log2

een control and 1-naphthol-treated zebrafish. n = 5 control animals

expression in 1-naphthol-treated zebrafish.
dividual animals per group, technical duplicates, pooled from four

e (1-naphthol at 30 mg/5 mL) at 1 mM final concentration increases
lRox ROS probe relative to untreated group. n = 20–25 individual
s. See also Figure S2G.
ells after pro-oxidant challenge. n = 20–25 individual animals per

ve increased ROS generation after short-term oxidative challenge.
flow cytometry (see Figure S2H for gating) and ROS measured using
wn are data pooled from two independent experiments. All zebrafish
al animals per condition pooled from two independent experiments.
t t test.



Figure 4. Genetic Inactivation of tp53 Leads to Elevated ROS, Cell Death, and Increased Mitochondrial Basal OCR
(A) Relative erythroid cell death indicated by propidium iodide staining cells after 1-naphthol exposure (20 mg/5 mL) and quantified by
flow cytometry. n = 20–21 individual animals per group pooled from two independent experiments.
(B) Pro-oxidant exposure (0–30 mg/5 mL) leads to increased death and edema in tp53M214K/M214K zebrafish (mutants denoted as tp53m/m).
Embryos were scored at 96 hpf (after 72 hr of pro-oxidant exposure). n R 100/individual animals per group, p value from chi-square
analysis. Data pooled from three independent experiments.
(C) Severe hemolytic edema in tp53M214K/M214K zebrafish exposed to 1-napthol (20 mg/5 mL). Hemoglobin staining was performed using
o-dianisidine.
(D) Heatmap of RNA-seq data from untreated and 1-naphthol-treated tp53M214K/M214K zebrafish (treated from 24 to 72 hpf). Unsupervised
clustering was performed on genes with log2 expression >2-fold difference. n = 5 individual animals in each group.

(legend continued on next page)

Stem Cell Reports j Vol. 8 j 360–372 j February 14, 2017 367



and increase differentiation toward myeloid lineages. Ito

et al. (2006) demonstrated that ROS, along with p38

MAPK phosphorylation, were induced in ATM�/� mice,

which contributed to hematopoietic stem cell (HSC)

exhaustion. They went on to show that inhibition of p38

MAPK could restore HSC function and longevity (Ito

et al., 2006). Deletion of Foxo3, a regulator of antioxidant

pathways, in mice allows for elevated levels of ROS and

decreased numbers of lin�Sca1+Kit+, as well short- and

long-termHSCs (Yalcin et al., 2008). This was accompanied

by a decrease in quiescence as well as colony-forming unit

ability. In agreement with our data, the authors also

showed a significant increase in tp53 transcription levels

associated with elevated ROS in Foxo3�/� mice.

TP53 is predominantly known as a tumor suppressor and

a regulator of the cell cycle. TP53 activation occurs during

‘‘cellular stress’’ or DNA damage and blocks progression

through the cell cycle to avoid propagating mutated

DNA. If the genomic damage cannot be repaired, TP53 ini-

tiates the apoptosis pathway and avoids reproduction of

abnormal cells. The role of TP53 in the management of

oxidative stress and the response to oxidative stress is

newly becoming appreciated. Experiments in fibroblasts

from TP53-deficient mice or downregulation of TP53

with siRNA (in fibroblasts) show a significant increase

in ROS, indicating an antioxidant role for TP53 (Sablina

et al., 2005). Furthermore, mice lacking TP53 have

increased mutation rates, elevated ROS, and develop

lymphomas more readily, all of which are prevented by

treatment with the antioxidant n-acetylcysteine (Sablina

et al., 2005). The mechanisms of how TP53 regulates an

oxidative stress response are not well understood, but

both transcriptional and protein-protein control mecha-

nisms play a role. TP53 can transactivate antioxidant

genes, such as glutathione peroxidase 1 (GPX1) and
(E) GO term analysis using the PANTHER database and software for GO
in metabolism are highly upregulated in tp53M214K/M214K after pro-oxi
(F) Live image displaying erythroid precursors from gata1:DsRed3 mi
Spectral Confocal system. Scale bar represents 25 mm.
(G) Mitochondrial content of gata1:DsRed 3 mito:GFP and gata1:Ds
72 hpf were made and mitochondrial content determined by flow cytom
two independent experiments.
(H) Lack of OXPHOS reserve in tp53M214/M214KK zebrafish. Mitochondria
bars indicate the amount of reserve OXPHOS, which is the difference b
n = 12–15 individual animals per group in two independent experime
(I) Basal OCR is higher in tp53M214K/M214K zebrafish. Shown are the me
experiments.
(J) Quantification of OXPHOS reserve indicates tp53M214K/M214K zebrafis
showing one of two independent experiments. All pro-oxidant exposur
from 24 to 96 hpf and from 24 to 120 hpf, respectively.
(K) Pro-oxidant exposure (20 mg/5 mL) combined with oligomycin
zebrafish. Embryos scored at 96 hpf after 72 hr of drug exposure. nR
Data pooled from three independent experiments.
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sestrin2 (SESN2) (Sablina et al., 2005). Therefore, the lack

of expression of key antioxidant pathways may contribute

to the increase in ROS seen in TP53 deficiency.

Alternatively, our data suggest a link between TP53 and

mitochondrial function. While mature erythrocytes un-

dergo nuclear extrusion and mitophagy, erythroid precur-

sors retain these organelles, making their study in model

systems relevant (Mortensen et al., 2010; Mortensen and

Simon, 2010; Zhang et al., 2011). The exact role of TP53

and mitochondrial function remains unclear. Mihara

et al. (2003) showed that TP53 exerts a proapoptotic effect

through interaction with Bcl-2 to promote mitochondrial

permeabilization and cytochrome c release in cell lines.

Loss of wild-type TP53 function has been shown to lead

to elevated ROS and DNA damage, and experiments per-

formed in cell lines without mtDNA had significantly

attenuated ROS production and apoptosis, suggesting

that the mitochondria were major participants in the pro-

duction of ROS (Sablina et al., 2005). In contrast, Xavier

et al. (2014) demonstrated that TP53 could be translocated

to mitochondria and attenuate oxidative stress, mitoph-

agy, and cytochrome c release during neuronal differentia-

tion. While we have yet to understand the precise mecha-

nism of action in our current model system, one of the

advantages conferred from using the zebrafish model is

the ability of evaluate the entire animal under pro-oxidant

stress conditions, allowing all affected pathways to func-

tion and reveal the physiological outcomes of tp53 muta-

tion. Furthermore, we believe this model is best compared

with mammalian bone marrow-housed erythroid cells and

not circulating mature erythrocytes due to the fact that,

unlike mammalian erythrocytes, zebrafish mature red cells

retain nuclei and mitochondria.

In addition, clinical data indicate a connection between

tp53 and mitochondrial function. Our data are in
enrichment analysis for biological process indicates genes involved
dant challenge.
to:GFP zebrafish at 72 hpf. Imaging performed with a Leica TCS SPE

Red 3 mito:GFP 3 tp53M214K zebrafish. Single-cell suspensions at
etry measuring GFP MFI. n = 18–20 individual animals per group in

l OCR was measured using the Seahorse biochemical analyzer. Yellow
etween maximal OCR and basal OCR. Shown are the mean and SEM.
nts. See also Figure S3D.
ans and SD. n = 12–15 per group showing one of two independent

h have no reserve. Shown are the means and SD. n = 12–15 per group
e times were from 24 to 72 hpf, except (C) and (I and J), which were

exposure leads to decreased death and edema in tp53M214K/M214K

100/individual animals per group, p value from chi-square analysis.



agreement with a prior cohort study of patients with Li

Fraumeni syndrome (LFS), which is caused by the germline

transmission of TP53 mutation (Wang et al., 2013). In this

study, both lymphocytes andmyoblasts from patients with

LFS demonstrated significantly higher rates of baseline

mitochondrial OCR, suggesting that TP53 played a signifi-

cant role in global mitochondrial function. Finally, there is

also clinical evidence linking tp53mutation to dyserythro-

poeisis in myelodysplastic syndrome (MDS). Kulasekararaj

et al. (2013) analyzed the TP53mutation status in over 300

patients withMDS.Within the patient characteristics anal-

ysis, they found that MDS patients with mutated TP53

were almost 15 timesmore apt to be transfusion dependent

versus those without TP53 mutations. It is not known

whether this was due to haploinsufficiency of TP53 leading

to reduced cell production or an increase in erythroid cell

death, but it does provide evidence for a link between

TP53 mutation and aberrant erythropoiesis (Kulasekararaj

et al., 2013). Furthermore, it is known that MDS patients

with TP53 mutations have a higher mortality rate and

poorer response to treatment than MDS patients without

TP53 mutations (Jadersten et al., 2011).

In conclusion, we utilized the zebrafish as a model to

demonstrate the contribution of Gata1+ erythroid cells to

the oxidative stress response. We found that TP53 plays a

key role in erythroid cells management of a Gata1+ pro-

oxidant challenge.Mutation in tp53 allowed for basalmito-

chondrial respiration to occur at a significantly elevated

rate, a contributing factor to the enhanced ROS and cell

death we observed in tp53-mutant animals. This model al-

lows us to observe the physiological responses to oxidative

stress at the whole-organism level. Future work will focus

on determining the specific mechanisms by which Tp53

can regulate mitochondrial function and how mutated

tp53 dysregulates mitochondrial respiration, as well as the

oxidative stress response.
EXPERIMENTAL PROCEDURES

Zebrafish Husbandry
Zebrafish were raised and maintained by the University of Minne-

sota Zebrafish Core Facility according to standard procedures

(Westerfield, 1993), with the approval of the International Animal

Care and Use Committee. Wild-type fish (Segrest Farms) were bred

in house, as were Tg (gata1:DsRed)sd2 (Traver et al., 2003). The

gata1am651 line, also known as vlad tepes (vlt) (Lyons et al., 2002)

was a gift of Dr. L. Zon. The tp53zdf1 line, also known as tp53m214k

(Berghmans et al., 2005), was obtained from the Zebrafish Interna-

tional Resource Center.
Pro-oxidant Exposure
All zebrafish embryos were dechorionated at 24 hpf and main-

tained at 28�C. For gene expression experiments, groups of ten em-
bryos were placed into six-well plates in a total volume of 5 mL of

fish water. For flow cytometry experiments, individual embryos

were placed into 96-well plates in a total volume of 300 mL.

1-Naphthol (Sigma-Aldrich) was dissolved in embryo water for

a 250 mg/mL stock, made fresh for each experiment. Embryos

were treated with 0, 10, 20, or 30 mg/5 mL fish water for the next

48–72 hr (i.e., 48–96 hpf), then were visually inspected for pheno-

type under a dissecting microscope, and dead embryos were noted

and removed. In some experiments, pifithrin-alpha was added

with 1-naphthol at 1 mM or n-acetylcysteine at 1 mM.

CellROX Assay
Embryos were euthanized in 200 mg/mL tricaine followed by

placement into individual wells of a 96-well plate; 100 mL of

0.25% trypsin (Invitrogen) (pre-warmed to 37�C) was added to

each well and incubated for 10 min at room temperature. After-

ward, 200 mL of DMEM + 10% fetal bovine serum (FBS) was added

to each well. Embryos were triturated until completely broken up.

Then, 250 mL of the embryo cell suspensionwas transferred to a 96-

well BioDot PCR plate. This plate has sufficient structural integrity

to survive centrifuging. Plates were sealed with plastic adhesive

covers and spun at 500 3 g (2,500 rpm) for 5 min in an MPS

1000 Mini Plate Spinner centrifuge. Cell pellets were washed in

200 mL of PBS containing 2% FBS and centrifuged again for

5 min. Supernatant was removed by flicking the plate into

the sink. Cells were placed in PBS containing 2% FBS with 5 mM

CellROX green (Invitrogen) and incubated at room temperature

for 2 hr. Cell suspension was passed through a 40 mm filter prior

to flow cytometry. Quantification of CellROX green ROS probe

signal was through determining the mean fluorescence intensity

(MFI) (the absorption/emission maxima of CellROX green is 485/

520 nm) and data expressed relative to unstressed embryos.

8-Oxo-dG Detection
Zebrafish were treated from 24 to 96 hpf with 20 mg/5 mL 1-naph-

thol. The genomic DNA of ten zebrafish embryos at 96 hpf was ex-

tracted using theQIAampDNAmini kit (QIAGEN). The concentra-

tion of the genomic DNA was determined by standard absorbance

at 260 nm. The amount of 8-oxo-dG present in the genomic DNA

was measured using the HT 8-oxo-dG ELISA kit II from Trevigen

(catalog no. 4380-096-K), and the assay procedures were based

on the manufacturer’s protocol. The level of 8-oxo-dG was then

normalized to the amount genomic DNA used in the assay.

TUNEL Assay
For the TUNEL assay, embryos were fixed in 4% paraformaldehyde

overnight at 4�C followed by three washeswith PBS. Embryos were

then washed in dH2O and incubated in bleaching solution (30%

H2O2, 40% KOH in PBS) for 20 min at room temperature. Embryos

were blocked with 3% H2O2 in methanol for 10 min at room tem-

perature followed by PBS rinse for 5 min. Embryos were placed in

‘‘perm’’ solution (10 mM Tris-HCl [pH 8.0] and 10 mg/mL Protein-

ase K) to permeabilize for 20 min at room temperature followed by

PBS rinse for 5 min. Positive controls were incubated in 100 mL of

dH2O containing 200 U/mL DNase I at 37�C for 15 min followed

by PBS rinse for 5 min. The Roche (Roche Applied Bioscience)

in situ cell death detection kit (catalog no. 11-684-817-910C) was
Stem Cell Reports j Vol. 8 j 360–372 j February 14, 2017 369



then used to detected apoptosis following the manufacturer’s

instructions, and negative controls were labeled, but no enzyme

solution was added.

o-Dianisidine Staining
Hemoglobin staining was performed as described previously (Det-

rich et al., 1995). Briefly, dechorionated live embryos were stained

in 0.6mg/mLo-dianisidine (Sigma-Aldrich) containing 0.01mol/L

sodium acetate (pH 4.5), 0.65% H2O2, and 40% ethanol in the

dark for 15 min. Embryos were then dehydrated through graded

ethanol washes of 50%, 75%, and 100% for 5 min each. Finally,

embryos were cleared in benzyl benzoate and benzyl alcohol at

a 2:1 ratio. Embryos were stored in the clearing solution until

imaged using a LeicaDMI 4000 invertedmicroscopewith PlanAPO

1.6/0.05 NA objective (Leica Camera). Image capture was per-

formed with Leica LAS software, and post-processing was per-

formed using Adobe Photoshop CS6.

RNA Extraction and qRT Protocols
Total RNA was collected from homogenized 96 hpf embryos

(n = 10/group, 4–6 groups per treatment condition) using Trizol

reagent (Invitrogen) per the manufacturer’s protocol. First-strand

cDNAwas synthesized from 250 ng of total RNA using SuperScript

II Reverse Transcriptase (Life Technologies). qRT-PCR was per-

formed in triplicate for tp53 using TaqMan Universal MasterMix

and primers (Life Technologies), with b-actin as the endogenous

control. Intron-spanning primer sets used were as follows: tp53

(Dr03112089_m1); b-actin (Dr03432610_m1).

RNA-Seq
Total RNA was isolated from embryos as described above and was

quantitated with Nanodrop to reach the quantity threshold of

1 mg. Sample integrity was checked using an Agilent Bioanalyzer

2100. Each sample passing the quality control (RNA integrity num-

ber >8) was used to create a poly(A) barcoded RNA-seq library using

standard protocols (Illumina TruSeq RNA Sample Preparation Kit).

Several samples were pooled for each sequencing lane for Illumina

Hi-Seq 2000 to generate at least 10millionpaired 50-base pair reads

per sample. The sequencing was performed at the University of

Minnesota BioMedical Genomics Center.

RNA-Seq Analysis
Raw paired-end RNA-seq reads in fastq format were assessed

for base call quality, cycle uniformity, and contamination using

fastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/).

Trimmomatic was applied to remove Illumina TruSeq sequencing

adapters and reads with low phred base-calling quality (Bolger

et al., 2014). Pre-processed paired-end reads were then mapped

to zebrafish genome (UCSC danRer7 assembly) via Tophat 2

(Trapnell et al., 2009) using the iGenomes reference UCSC zebra-

fish annotation (downloaded from https://support.illumina.com/

sequencing/sequencing_software/igenome.html) in GTF format.

Resulting Binary Alignment and Mapping files from the mapping

were analyzed via the subread:featurecount-voom/limma pipeline

as described by the Sequencing Quality Control (SEQC) Con-

sortium to quantify the expression level of each known gene in

units of count and test for differential expression (SEQC/MAQC-III
370 Stem Cell Reports j Vol. 8 j 360–372 j February 14, 2017
Consortium, 2014). A matrix of abundance levels for each gene

was extracted to assess sample clustering using multidimensional

scaling, which revealed sample outliers. The outliers were excluded

from downstream analysis. Differential gene sets were filtered

to remove those with fold changes less than 2 (up- or downregu-

lated) and with a raw p value greater than 0.005. Differentially

expressed genes were mapped to their human homologous genes

using BioMart and HomoloGene (http://www.ncbi.nlm.nih.gov/

homologene/) (Smedley et al., 2015). Redundant entries were

manually removed. The differentially expressed human gene sets

were screened for enrichment of GO terms (Gene Ontology Con-

sortium, 2015) with IPA using curated canonical pathways from

the literature.

Cell Death/Apoptosis Assay
Embryos were processed as previously to create a single-cell sus-

pension and stained using reagents from the Annexin VApoptosis

Detection Kit APC (catalog no. 88-8007-72) following the manu-

facture’s protocol. Quantification of cell death and apoptosis was

performed from the MFI obtained on the appropriate channel

using flow cytometry.

Murine Erythroid ROS
Femurs from 8–12-week-old mice were crushed with a mortar and

pestle in the presence of PBS containing 2% FBS followed by

filtering through a 70 mm filter. Whole marrow cells were treated

with 1 mM acrolein (Sigma) and 5 mM CellROX green for 5 hr at

room temperature. Cells were next stained with FC Block (no.

14-0161-85; eBioscience) for 10min followed by stainingwith Bril-

liant Violet 421 anti-mouse CD71 (catalog no. RI7217; Biolegend)

and NucBlue (Invitrogen) for 30 min and washed once with PBS

containing 2% FBS. Cells were returned to original treatment me-

dia, passed through a 40 mm filter and propidium iodide (catalog

no. 537059; Calbiochem) at 1 mg/mL was added just prior to flow

cytometry to discriminate dead cells. Individual samples were pre-

pared in technical triplicates.

Seahorse Bioanalyzer
One embryowas gently added to awell inXF24 Islet CaptureMicro-

plate in 525 mL of fish water. Embryos were placed on ice for

5–10 min to reduce activity and bring them to the bottom of the

wells. Using the Capture Screen Insert Tool, one capture screen

was placed in each well, with the ‘‘cup’’ side down and the flat side

up, being careful to avoid squashing the embryos. All screens were

checked to ensure they were firmly in place to avoid damage to the

Seahorsemachine. Embryoswere allowed to return to roomtemper-

ature and checked for heartbeats. Compound concentrations used

inOXPHOS analysis were as follows: oligomycin at 56 mM, carbonyl

cyanide-4-(trifluoromethoxy)phenylhydrazone at 4.5 mM, antimy-

cin at 1 mM,and rotenone at 1mM.Calibration/setupof the Seahorse

Bioanalyzerwas as follows: temperature set to30�C, allmix times for

1 min; stand times for 10–15 min, and read times for 5 min.

ACCESSION NUMBERS

The dataset is available in the GEO under accession number GEO:

GSE92754.
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