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Abstract

Gene alterations are recognized as important events in acute myeloid leukemia
(AML) progression. Studies on hematopoiesis of altered genes contribute to a bet-
ter understanding on their roles in AML progression. Our previous work reported a
DEAH box helicase 15 (DHX15) R222G mutation in AML patients, and we showed
DHX15 overexpression is associated with poor prognosis in AML patients. In this
work, we further study the role of dhx15 in zebrafish developmental hematopoiesis
by generating dhx15™" zebrafish using transcription activator-like effector nuclease
technology. Whole-mount in situ hybridization (WISH) analysis showed hematopoi-
etic stem/progenitor cells were dramatically perturbed when dhx15 was deleted.
Immunofluorescence staining indicated inhibited hematopoietic stem/progenitor cell
(HSPC) proliferation instead of accelerated apoptosis were detected in dhx157" ze-
brafish. Furthermore, our data showed that HSPC defect is mediated through the
unfolded protein response (UPR) pathway. DHX15 R222G mutation, a recurrent
mutation identified in AML patients, displayed a compromised function in restoring
HSPC failure in dhx157; Tg (hsp: DHX15 R222G) zebrafish. Collectively, this work
revealed a vital role of dhx15 in the maintenance of definitive hematopoiesis in ze-
brafish through the unfolded protein respone pathway. The study of DHX15 and

Abbreviations: 4-PBA, 4-phenylbutyric acid; AML, acute myeloid leukemia; ATF, activating transcription factor; CHT, caudal hematopoietic tissue; DHX15, DEAH box helicase 15; dpf,
days post fertilization; ER, endoplasmic reticulum; hpf, hours post fertilization; HS, heat-shocked at 38°C for 1 h and 45 min once a day after 25 hpf; HSC, hematopoietic stem cell; HSPC,
hematopoietic stem/progenitor cell; IRE1, inositol-requiring protein-1; PBST, PBS with 0.3% Triton X-100; PERK, protein kinase RNA (PKR)-like ER kinase; pH3, pospho-histone H3;
qRT-PCR, quantitative real-time PCR; TALEN, transcription activator-like effector nucleases; UPR, unfolded protein response; VDA, ventral wall of dorsal aorta; XBP1, X-box binding

protein 1; WISH, whole-mount in situ hybridization.
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1 | INTRODUCTION

Acute leukemia is a dangerous blood disorder characterized by im-
paired differentiation and increased proliferation of immature blood
cells. The occurrence and progression of acute leukemia are usually
accompanied by somatic gene alterations. Accumulating gene al-
terations have been extensively studied in acute leukemia develop-
ment. The roles of some altered genes (IDH, FLT3, and NPM1) are well
established on developmental hematopoiesis,i'3 which contribute to
a profound understating of those genes during the occurrence and
progression of AML. Our previous study reported DHX15 R222G
mutation in a Chinese family with AML and some sporadic AML pa-
tients.* The same mutation has been reported in AML patients by
other groups.®*® Our study found DHX15 is upregulated and associ-
ated with poor outcomes, which indicates the importance of DHX15
and DHX15 R222G in AML pathogenesis. But the role of DHX15
and its R222G mutation on developmental hematopoiesis remain
exclusive.

DHX15 is a member of DExH/D RNA helicase, which is pre-
sented in different processes involving RNA metabolism. PRP43, a
yeast homologous protein of DHX15, dismantles the intron-lariat
spliceosome into the dissociative lariat during pre-mRNA splicing.*
In ribosome biogenesis, PRP43 implicated in ribosomal RNA and
snoRNA responses.’?!3 Recent studies indicate DHX15 correlates
with cancer development.'**¢ Studies by Xu et al'” and Jing et al*®
revealed the roles of DHX15 in prostate progression. DHX15 is
upregulated in castration-resistant prostate cancer by interacting
with the androgen receptor.>” DHX15 overexpression is also
found in hepatocellular carcinoma and is associated with an aggres-
sive phenotype of cancer.® Lin et al** revealed DHX15 induces a
growth-promoting effect on mammalian cells by increasing ATPase
activity through DHX15 and G-patch domain containing 2 inter-
action. These studies indicate that, in addition to the roles in RNA
metabolism, DHX15 plays an important role in the pathogenesis
of cancer.

Inrecent decades, zebrafish has emerged as a model organism for
hematopoietic study. Zebrafish share highly conserved key genetic
factors, cell types, and hematopoiesis development with humans.
Zebrafish hematopoiesis undergoes two successive waves. Primitive
hematopoiesis originates from anterior lateral plate mesoderm and
intermediate cell mass, which mainly produce primary macrophages
and erythrocytes, respectively.*® During definitive hematopoiesis,
HSPCs emerged from the VDA (aorta-gonad-mesoderm in mam-

mals)!? at approximately 24 hpf.?° Hematopoietic stem/progenitor
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DHX15 R222G mutation could hold clinical significance for evaluating prognosis of
AML patients with aberrant DHX15 expression.
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f.2! Colonization

cells migrate to CHT (fetal liver in mammals) at 48 hp
of HSPCs at CHT ensure expansion and differentiation of HSPCs.??
By 3 dpf, lymphopoiesis initiates in the thymus.19 Finally, HSPCs
gradually colonize the kidney (bone marrow in mammals), a long-
term hematopoietic site in adult zebrafish after 5 dpf.*’

Here, we built upon our previous study and further explore
the role of DHX15 in developmental hematopoiesis. We gener-
ated dhx157" zebrafish and conditionally overexpressed DHX15/
DHX15 R222G transgenic zebrafish. Our study found dhx15 plays
a prominent role in zebrafish definitive hematopoiesis through the
UPR pathway. Failure of HSPCs is caused by inhibited proliferation
of HSPCs in CHT. DHX15 R222G, the mutation identified in AML
patients, is limited in restoring HSPC failure in dhx15”" zebraf-
ish compared with DHX15. Thus, our study revealed a novel and
vital role of dhx15 in definitive hematopoiesis in zebrafish. DHX15
R222G mutation could play an important role in the pathogenesis
of leukemia.

2 | MATERIALS AND METHODS
2.1 | Zebrafish strains and husbandry

Zebrafish stock were raised and kept under standard laboratory
conditions at 28.5°C. AB wild-type,Tg(cmyb:gfp) zebrafish,?® and
Ty(flk:egfp) zebrafish?* were used in this study. Dhx15"";Ts(flk:egfp)
zebrafish were generated by crossing dhx15* with Ta(flk:egfp) ze-
brafish. This study was carried out according to the Guide for the
Care and Use of Laboratory Animals from the NIH. Experiments
involving zebrafish were approved by the Institutional Animal Care

and Use Committee, Fudan University.

2.2 | Generation of dhx15~ zebrafish

Genome information for zebrafish dhx15 (NC_007118.7) was ob-
tained from the NCBI. The left arm (ATAAAGAGCGCTTTAAT)
and right arm (CAGAGCTTTGTGCTCGT) of TALEN were designed
using online tools (https://tale-nt.cac.cornell.edu/) and then gen-
erated by FastTALE TALEN Assembly Kit (Sidansai Biotechnology).
The plasmids for synthesizing the right and left arms of TALEN
were linearized by Notl digestion and mRNAs were tran-
scribed in vitro using the mMESSAGE mMACHINE SPé kit (Life
Technologies). These mRNAs were purified by the MEGAclear
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Transcription Clean-Up Kit (Life Technologies) after adding Poly(A)
tail with the Poly(A) Tailing Kit (Life Technologies). Embryos were
microinjected together with left and right arm TALEN mRNAs at
the one-cell stage. Details of genotyping of embryos are shown

in Appendix S1.

2.3 | Generation of transgenic zebrafish

The human DHX15 and DHX15 R222G were amplified from the
cDNA of the patient’s blood sample.* The PCR products were
cloned into the modified TOPO vector with heat shock protein
70 promoter.?’ The plasmids (25 pg) and Tol2 mRNA transposase
(30 pg) were microinjected into one-cell stage embryos to generate
Tg(hsp; DHX15) and Tg(hsp; DHX15 R222G) zebrafish. FO mosaic em-
bryos were selected by heat shock at 38°C for 1 hour to assess the
germline integration of the transgene by checking mCherry fluores-
cence. F1 zebrafish were generated by intercrossing FO mosaic adult
zebrafish with wildtype zebrafish and confirm germline integration.
All the heat-shocked embryos were morphologically normal before
undertaking further study.

2.4 | Construction of probe plasmid, synthesis of
probe, and WISH

Scl, cmyb, mpx, dhx15, gatal, and hbael were cloned from zebrafish
cDNA and inserted to pGEM T Easy Vector (Promega) for antisense
RNA synthesis. Probe plasmids Imo2, pu.1, lyz, dab2, and ephrinb2
were obtained from Tao Peter Zhong. Rag1 probe plasmid was a kind
gift from Feng Liu. Antisense RNA probes were transcribed in vitro
by T3, T7, or Spé polymerase (Sigma-Aldrich) with Digoxigenin RNA
Labeling Mix (Roche). Primers for probe plasmid construction are
listed in Table S1.

WISH was carried out according to the standard protocol.?

2.5 | Whole-mount in situ hybridization

Double immunofluorescence was undertaken using anti-pH3 (Santa
Cruz Biotechnology) and anti-GPF Ab (Santa Cruz Biotechnology).
Dhx15*"; Tg(cmyb:gfp) inbred embryos were fixed overnight in 4%
paraformaldehyde and washed with PBST. Embryos were penetrated
by 50 pg/ml proteinase K for 15 minutes. After refixation with 4%
paraformaldehyde, embryos were washed with PBST, blocked for at
least 1 hour with 2% BSA, 10% lamb serum, and 1% Triton-X100 in
PBS, and incubated with anti-pH3 (1:200) and anti-GFP (1:200) at
4°C overnight. After being washed with PBST, embryos were incu-
bated with a secondary Ab (1:1000) at 4°C overnight. Embryos were
processed for imaging after being washed with PBST.

The TUNEL assay was undertaken with an In Situ Cell Death
Detection Kit, TMR red (Roche). Green fluorescent protein immu-

nostaining was carried out as described above.

2.6 | Quantitative RT-PCR and western blot analysis

Embryos generated from dhx15"~ were harvested at 2.5-3 dpf.
Total RNA was extracted using TRIzol reagent (Sigma-Aldrich) and
cDNA were synthesized by using a ReverTra Ace gPCR RT Master
Mix with gDNA Remover (Toyobo). Quantitative RT-PCR was car-
ried out using SYBR Premix Ex Taq Il (Takara) and run on LightCycler
480 software (Roche). The relative gene expression was quantified
as log, ratio to p-actin. Higher than 2-fold or lower than 0.5-fold
changes of gene expression were considered as significant. Each
quantitative PCR experiment was carried out in triplicates. Primers
are listed in Table S1.

Protein extracts were resolved on SDS-PAGE gel and trans-
ferred to a nitrocellulose membrane, which was probed with Abs
against DHX15 (1:1000; Proteintech) or f-actin (1:10 000; CWBIO).
After blocking with nonfat milk for 1 hour, the membrane was
probed with HRP-conjugated secondary Ab and developed with
the Tanon 5200 Chemiluminescent Imaging System (Tanon Science
& Technology).

2.7 | Chemical treatment

Dhx15""" inbred embryos were treated with 4-PBA (50 uM; Sigma-
Aldrich) or toyocamycin (100 pM; R&D systems) at 25 hpf, and
replaced with fresh 4-PBA or toyocamycin every 24 hpf until the

embryos were harvested.

3 | RESULTS
3.1 | Generation of dhx15™" zebrafish

Zebrafish dhx15 is a highly conserved and maternal gene (Figures S1
and S2). To explore the role of dhx15 in developmental hematopoie-
sis, we generated dhx157" zebrafish by TALEN technology. Dhx15”
zebrafish with a 13 bp deletion in exon 2 were obtained (Figure 1A),
which causes early termination at the 129th amino acid (Figure S3).
WISH (Figure 1B,B’) and western blot analysis (Figure 1C) showed
little expression of mRNA or protein in dhx15”" zebrafish. Dhx157~
embryos displayed small eyes, brain necrosis, pericardial edema, and
dorsally curved tail (Figure 1D-F,D’,F’). These abnormal embryos
were genotyped to be dhx157", and dhx15™" embryos were distin-
guished according to the dorsally curved tail after 55 hpf. These em-
bryos are lethal at 5 to 6 dpf.

3.2 | Dhx15~ zebrafish display HSPC failure in CHT

To identify the role of dhx15 in hematopoiesis, we assessed the status

of hematopoietic cell development in dhx15”~ embryos. We found
expression of cmyb, a definitive HSPC marker, was dramatically de-

creased in CHT at 3 dpf (Figure 2A,A’) and 4 dpf (Figure 2B,B’). We
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FIGURE 1 Generation of dhx157" zebrafish. A, DNA sequencing results of dhx15%*, dhx15"", and dhx157~ embryos. Arrows indicate a
13 bp deletion (CTGAACCGCCATC) at dhx15 exon 2. B, B, WISH analysis of dhx15 in dhx15"* and dhx15~" embryos at 24 hpf. C, Western
blot analysis of dhx15 in dhx15"* and dhx157~ embryos at 3 dpf. D-F’, Bright-field microscopy images of dhx15** and dhx157" zebrafish. dpf,
days post fertilization; hpf, hours post fertilization; WISH, whole-mount in situ hybridization
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FIGURE 2 Dhx157 zebrafish displayed defective definitive hematopoiesis in CHT. A-B’, WISH analysis of cmyb expression in dhx15"*
and dhx157" at 3 dpf (A, A') and 4 dpf (B, B’). C-F’, WISH analysis of mpx (C, C’), I-plastin (D, D’), hbael (E, E’), rag1 (F, F’) expression in dhx15"*
and dhx157 zebrafish. G-I, WISH analysis of cmyb expression in dhx15"* and dhx15~" zebrafish at 36 hpf (G, G'), 48 hpf (H, H’), 60 hpf (I,

I). Black arrows indicate CHT; red arrows indicate ventral wall of dorsal aorta; red arrowheads indicate thymus. CHT, caudal hematopoietic
tissue; dpf: days post fertilization; hpf, hours post fertilization; WISH, whole-mount in situ hybridization

further examined expression of the downstream hematopoietic cell

markers in dhx157~ embryos: mpx (neutrophil marker) (Figure 2C,C),
|-plastin (pan-myeloid cell marker) (Figure 2D,D’), hbael (erythrocyte

marker) (Figure 2E,E’), and ragl (lymphocyte marker) (Figure 2F,F’).

These mature definitive hematopoietic cells displayed a remark-
able decrease in CHT, indicating that dhx157 zebrafish experi-
enced severe mature definitive defects. The HSPC failure in dhx15

knockout embryos were further confirmed by CD41'°" HSPCs in
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the Tg(CD41:gfp) zebrafish?’ (Figure S4). These data suggested that
dhx15 knockout results in HSPC failure in zebrafish, and the HSPC
failure does not originate from accelerated differentiation of ma-
tured hematopoietic cells.

We also assessed primitive hematopoiesis in dhx15”~ embryos.
The expression of scl (stem cell marker) (Figure S5A,A’), gatal (eryth-
rocyte progenitor cell marker) (Figure S5B,B’), band3 (hemoglobin
marker) (Figure S5C,C’), and I-plastin (Figure S5D,D’) was normal
when dhx15 was absent, indicating primary hematopoiesis is not af-
fected in dhx15”~ embryos.

To our knowledge, zebrafish definitive hematopoiesis initiates
in the VDA, migrates to CHT, and undergoes expansion and dif-
ferentiation in CHT. To further investigate when the HSPC failure
initiates, we undertook a time course WISH analysis of cmyb from
36 hpf to 60 hpf. The expression of cmyb in the VDA at 36 hpf
(Figure 2G,G’) and CHT at 48 hpf (Figure 2H,H’) were unaffected.
In contrast, a marginal decrease of cmyb expression was observed
in CHT at 60 hpf (Figure 2I,I""). These results indicated that HSPCs
initiate in the VDA, and could migrate from the VDA to CHT in
dhx15”" embryos. However, HSPCs are severely affected in CHT
after 48 hpf.

Vascular development?®

and blood flow?? are known prerequisites
for HSPC development. In Tg(dhx157"; flk:egfp) embryos, expression
of flk (endothelial cell marker) is normal compared to wildtype siblings
(Figure S6A,A). The WISH analysis showed that ephrinb2 (arterial
endothelial marker) and dab2 (venous endothelial marker) were unaf-
fected in dhx157 zebrafish (Figure S6B,C, B',C') . Furthermore, visual
inspection of blood flow by bright-field microscopy showed no differ-
ence between dhx15”~ embryos and wildtype sibling embryos at 3 dpf
(data not shown). According to these results, HSPC failure observed
in dhx157" embryos was not secondary to aberrant vascular develop-
ment or blood flow.

McElderry et al®® undertook a similar analysis and attributed
HSPC failure to the secondary effects of morphological phenotypes
in dhx15”" embryos. However, we utilized dhx15 morpholino to
knockdown dhx15 and found impaired primary hematopoiesis and
HSPC failure (Figure S7), indicating that dhx15 plays an important
role in zebrafish hematopoiesis, and the HSPC failure is not a sec-

ondary effect of morphological phenotype.

3.3 | Abated proliferation but not excessive
apoptosis of HSPCs is observed in dhx15~~ zebrafish

To determine how HSPCs in dhx157" zebrafish were disturbed,
TUNEL assay analysis was applied. The apoptotic HSPCs in CHT
were analysed (Figure 3A). We found that dhx15~ zebrafish showed
comparable apoptotic signals in CHT to wildtype zebrafish at 48 hpf
(Figure 3B,F; wildtype, 1.2 + 0.2494, n = 10; dhx15’/’, 1.25+0.1637,
n = 8; P > .05, Student’s t test). Although significantly increased
apoptotic signals in CHT were detected in dhx15”" zebrafish at
60 hpf (Figure 3C,F; wildtype, 2.063 + 0.3923, n = 16; dhx15™",

1091 + 1.944, n = 11; P < .005, Student’s t test), the apoptotic

signal could be hardly observed in HSPCs (Figure 3C,G; wildtype,
0.125 + 0.08539, n = 16; dhx157,0.1818 + 0.122, n = 11; P > .05,
Student’s t test). It is known that the p53 pathway plays an important
role in the regulation of cell proliferation and apoptosis.>! The study

1% reported increased p53 expression in dhx157"

by McElderry et a
zebrafish. However, our WISH analysis showed minimal effects in
reverting HSPC failure by knocking down p53 using p53 morpholino
(Figure S8). Taken together, we reasoned that HSPC failure in CHT
was p53-independent and not resulting from excessive apoptosis.

Double immunofluorescence staining with GFP and pH3 was
carried out in dhx157"; Tg(cmyb:gfp) and dhx15**; Tg(cmyb:gfp) ze-
brafish to study the proliferating status of HSPCs. PH3-positive
HSPCs were markedly reduced in dhx15~~ zebrafish compared with
wildtype embryos at 60 hpf (Figure 3E,H; wildtype, 7.464 + 0.9413,
n = 11; dhx157", 2.367 + 0.6178, n = 9; P < .005, Student’s t test),
whereas the number of pH3-positive HSPCs was not altered in
dhx157" zebrafish at 48 hpf (Figure 3D; wildtype, 11.34 + 2.379,
n=9; dhx157", 13.98 + 1.829, n = 11; P > .05, Student’s t test).
These results indicated that the HSPC failure is a result of decreased
HSPC proliferation.

3.4 | Unfolded protein response pathway mediates
HSPC failure in dhx157" zebrafish

A study has reported differential expression of splicing genes and al-
ternative events following the loss of DHX15,” which would increase
protein variants. These abnormal proteins might not proceed normal
protein synthesis and give rise to increased ER stress (UPR). ER regu-
lation is critical in different states of HSC and governs the integrity
of the HSC pool.*?

To further investigate whether dhx15 deletion results in UPR-
mediated HSPC failure in dhx15”~ embryos, qRT-PCR was used
(Figure S9). We found that the expression of UPR-related genes
CHOP, ATF3, and JUN were dramatically increased in dhx15 ze-
brafish (Figure 4A). CHOP and ATF3 play important roles in the UPR
pathway (reviewed in Schroder et al,¥”), and JUN is an upstream fac-
tor regulating UPR in AML.*° We used 4-PBA, a UPR small molecule
inhibitor, which enhances protein folding to suppress the increase
of ER stress.®® The WISH analysis showed dhx15”~ HSPC failure
could be partially rescued in dhx15~" zebrafish treated with 4-PBA
(Figure 4B-E; P <.005, X2 test). There are three arms of UPR pathway:
IRE1-XBP1, ATF6, and PERK.** We used Toyocamycin, a small mole-
cule inhibitor of ER stress-induced XBP1 mRNA splicing, to suppress
UPR.%® Results showed that dhx15~~ HSPC failure could be partially
rescued in dhx157 zebrafish treated with toyocamycin (Figure 4F-I;
P < .005, X2 test). Salubrinal, another UPR inhibitor that targets at
the PERK arm,®® was used to rescue the HSPC failure, but no signif-
icant difference was observed (Table S2). These data suggest that
HSPC failure is mediated, in part, through the UPR pathway.

To mimic the overexpressed DHX15 in AML patients and
study the function of the DHX15/DHX15 R222G, we generated
Tg(hsp: DHX15) and Tg(hsp: DHX15 R222G) transgenic zebrafish
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FIGURE 3 Abated proliferation but not excessive apoptosis of HSPCs is observed in dhx15~~ zebrafish. A, Schematic indicates the area
of the imaging in the tail (CHT), outlined by the black box. B, C, Fluorescence images of the cmyb and apoptotic cells in CHT of dhx15"*;
Tg(cmyb:gfp) and dhx157"; Tg(cmyb:gfp) zebrafish embryos at 48 hours post fertilization (hpf) (B) and 60 hpf (C). D, E, Fluorescence images
of pH3 and cmyb positive cells in CHT of dhx15"*; Tg(cmyb:gfp) and dhx15~"; Tg(cmyb:gfp) zebrafish embryos at 48 hpf (D) and 60 hpf (E).

F, Number of apoptotic cells in CHT at 48 hpf (wildtype, 1.2 + 0.2494, n = 10; dhx157"~ embryos, 1.25 + 0.1637, n = 8; P > .05, Student’s

t test) and 60 hpf (wildtype, 2.063 + 0.3923, n = 16; dhx15” embryos, 10.91 + 1.944, n = 11; P < .005, Student’s t test). G, Number

of apoptotic HSPCs in CHT at 48 hpf (wildtype, 0.2 + 0.1333, n = 10; dhx15‘/'embryos, 0.375 +0.183, n = 8; P > .05, Student’s t test)

and 60 hpf (wildtype, 0.125 + 0.08539, n = 16; dhx15” embryos, 0.1818 + 0.122, n = 11; P > .05, Student’s t test). H, Percentages of
proliferating HSPCs in CHT at 48 hpf (wildtype, 11.34 + 2.379, n = 9; dhx15 embryos, 13.98 + 1.829, n = 11; P > .05, Student’s t test)
and 60 hpf (wildtype, 7.464 + 0.9413, n = 11, dhx15’/’embryos, 2.367 +0.6178,n = 9; P < .0005, Student’s t test). Data are represented as
mean + SEM. *P < .05; **P < .005; ***P < .0005. Scale bar = 40 pm. CHT, caudal hematopoietic tissue; hpf, hours post fertilization; HSPCs,
hematopoietic stem/progenitor cells; ns, not significant; pH3, pospho-histone H3

that ectopically overexpress DHX15 and DHX15 R222G under selected for further study. The WISH analysis showed expression
heat activation. DHX15 and DHX15 R222G expression were con- of definitive hematopoietic markers cmyb (Figure 5A,A’,A”), hbael
firmed by mCherry fluorescence under a fluorescence microscope (Figure 5B,B’,B”), mpx (Figure 5C,C,'C"), and rag1 (Figure 5D,D’,D")
(Figure S10). The embryos were morphologically normal after heat are unaffected in both Tg(hsp: DHX15) and Tg(hsp: DHX15 R222G)
treatment. The mCherry fluorescence-positive embryos were transgenic zebrafish.
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FIGURE 4 UPR pathway mediates
HSPC failure in dhx157" zebrafish. A, qRT-
PCR analysis of CHOP, JUN, and ATF3 in
dhx15"* and dhx15~" zebrafish at 3 dpf.
Each gRT-PCR experiment was carried
out in triplicates, and repeated at least
three times. B-E, WISH analysis of cmyb
in dhx15"* and dhx157" zebrafish treated
with 4-PBA. P < .005, 2 test. F-I, WISH
analysis of cmyb in dhx15** and dhx15™~
zebrafish treated with toyocamycin.

P < .005, %? test. Black arrow indicates
caudal hematopoietic tissue. ***P < .0005.
ATF3, activating transcription factor

3; dpf, days post fertilization; HSPC,
hematopoietic stem/progenitor cell;
gRT-PCR, quantitative real-time PCR;
UPR, unfolded protein response pathway;
WISH, whole-mount in situ hybridization;
4-PBA, 4-phenylbutyric acid

FIGURE 5 Definitive hematopoiesis
in zebrafish is normal when DHX15 or
DHX15 R222G is overexpressed. WISH
analysis of definitive hematopoietic
markers: cmyb (A-A”), hbael (B-B”),

mpx (C-C”), and rag1 (D-D”). Embryos
from wildtype, Tg(hsp: DHX15), and
Tg(hsp: DHX15 R222G) zebrafish were
heat-shocked at 38°C for 2 h every day
since 25 hours post fertilization (hpf).
DHX15, Tg(hsp: DHX15); DHX15 R222G,
Tg(hsp: DHX15 R222G). Black arrows
indicate caudal hematopoietic tissue; red
arrowheads indicate thymus. hpf, hours
post fertilization; WISH, whole-mount in
situ hybridization
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3.5 | Role of DHX15 R222G in zebrafish
hematopoiesis

Many studies have reported the DHX15 R222G mutation in AML
patients,>”8? but the function of the mutation in hematopoiesis re-
mains elusive. We obtained dhx15*; Tg(hsp: DHX15) and dhx15"";
Tg(hsp: DHX15 R222G) by crossing Tg(hsp: DHX15) and Tg(hsp: DHX15
R222G) with dhx15%"", respectively. Then we inbred dhx15""; Tg(hsp:
DHX15) or dhx15"; Tg(hsp: DHX15 R222G) and the embryos were
subjected to 38°C for 1 hour and 45 minutes every day after 25 hpf.

The mCherry fluorescence-positive embryos were selected for
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further study. Embryos were also harvested for western blot analy-
sis (Figure 6). Both DHX15 or DHX15 R222G overexpression re-
stored HSPC failure in dhx15~~ zebrafish (Figure 6B',C’ and Table 1).
However, DHX15 R222G is not as effective as DHX15 in restoring
HSPC failure (Figure 6 and Table 1; DHX15 HS vs DHX15 R222G HS,
P < .05, Xz test). We prolonged the heat-shock time to 2 hours to
increase the expression level of DHX15 R222G (Figure 6D), but there
was no significant difference between DHX15 and DHX15 R222G
groups (Figure 6B’,C” and Table 1; P > .05, XZ test). These data suggest
that the function of DHX15 in zebrafish hematopoiesis is compro-
mised after R222G mutation.
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FIGURE 6 DHX15R222G is not as effective as DHX15 in restoring HSPC failure in dhx15~"

zebrafish. A, cmyb expression of wildtype

zebrafish at 3 dpf. B, B’, cmyb expression of Dhx157~; Tg(hsp: DHX15) zebrafish at 3 dpf with (B’) or without (B) heat-shock treatment. HSPC
failure was rescued after DHX15 overexpression in dhx15~ zebrafish (P < .0001, XZ test). C-C”, cmyb expression of Dhx15™; Tg(hsp: DHX15
R222G) zebrafish at 3 dpf with (C', C”) or without (C) HS treatment. HSPC failure was rescued after DHX15 R222G overexpression in

dhx157" zebrafish (P < .05, X2 test). DHX15 R222G is not as effective as DHX15 in restoring HSPC failure in dhx157"

zebrafish. (No HS vs

HS, P < .05, X2 test; No HS vs HSL, P < .0001, X2 test; HS vs HSL, P < .005, Xz test). D, Western blot analysis of DHX15 protein expression
in DHX15/DHX15 R222G transgenic zebrafish with or without heat activation. DHX15, Dhx15"; Tg(hsp: DHX15); DHX15 R222G, Dhx15™";
Tg(hsp: DHX15 R222G); dpf, days post fertilization; hpf, hours post fertilization; HS, heat-shocked at 38°C for 1 h and 45 min once a day since
25 hpf; HSL, heat-shocked at 38°C for 2 h once a day since 25 hpf; HSPC, hematopoietic stem/progenitor cell; No HS, without heat-shock

treatment. Black arrow indicates caudal hematopoietic tissue
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DHX15 No HS vs DHX15 HS

DHX15 R222G No HS vs DHX15 R222G HS
DHX15 R222G No HS vs DHX15 R222G HSL
DHX15 HS vs DHX15 R222G HS

DHX15 R222G HS vs DHX15 R222G HSL
DHX15 HS vs DHX15 R222G HSL

CAIl ET AL.

p< 0001 TABLE 1 Statistical analysis of rescuing
. the HSPC failure in dhx15~" zebrafish

P<05 overexpressed DHX15/DHX15 R222G
P<.0001""
P<.05
P<.005"
P> .05ns

Abbreviations: HS, heat-shocked at 38°C for 1 h and 45 min once a day since 25 hpf; HSL, heat-
shocked at 38°C for 2 hours once a day since 25 hpf; HSPC, hematopoietic stem/progenitor cell;

No HS, without heat-shock treatment; ns, not significant.
*P <.05.; **P < .005.; ****P < .0001.

4 | DISCUSSION

Previously, we found that DHX15 is upregulated in AML patients and

is associated with poor prognosis.* Dhx15~"

zebrafish was generated
to further study the role of dhx15 in developmental hematopoiesis. In
the dhx157" zebrafish, primary hematopoiesis is normal, but defini-
tive hematopoiesis is severely disturbed. McElderry et al*® attributed
hematopoietic failure in their dhx15 knockout zebrafish to pleiotropic
morphological defects. Here, we utilized dhx15 morpholino to knock
down dhx15 and found definitive hematopoietic failure at 3 dpf. These
embryos showed normal morphological development, indicating that
dhx15 is critical in definitive hematopoiesis and is independent of mor-
phological defects. We found primary hematopoiesis is impaired when
dhx15 is knocked down, whereas dhx15 knockout zebrafish showed
normal primary hematopoiesis. This might due to the maternal tran-
script of dhx15 during early embryonic development. Taken together,
the results suggested that dhx15 is critical in zebrafish hematopoiesis,
and is independent of morphological defects.

The migration of HSPCs from the VDA to CHT initiates at ap-
proximately 48 hpf, and continues after 48 hpf.?2 We detected nor-
mal expression of HSPCs in CHT at 48 hpf, and a marginal decrease
at 60 hpf. The HSPC failure might be due to a migration defect from
the VDA and CHT after 48 hpf. As the HSPC failure is observed
when the dorsally curved tail is present, it is also possible that the
HSPC failure is a result of impaired HSPC maintenance in CHT (af-
fected by the curved tail), which the HSPCs seed to CHT, but are not
able to expand and differentiate.

UPR is a cellular response triggered by accumulation of unfolded
protein in the ER. Activation of UPR aims at restoring ER stress, but
cells could undergo apoptosis when the ER is overloaded (reviewed
in Schroder et al*’). It has been reported that ER regulation is critical
in different states of HSC (reviewed in Boyce et al38) and governs
the integrity of the hematopoietic stem cell pool.%? Sigurdsson et al®?
reported that the number of bone marrow HSCs significantly de-
creased when ER stress was elevated, indicating that a proper level
of ER stress is important in the developmental stage of HSCs. In
dhx157" zebrafish, we found that the UPR pathway-related mole-
cules CHOP, ATF3, and JUN®"C are upregulated, and the UPR small
molecular inhibitor 4-PBA and toyocamycin could rescue HSPC fail-
ure. The inhibition of the IRE1-XBP1 arm (toyocamycin) could rescue
HSPC failure in dhx15 knockout embryos, indicating that the HSPC

failure is mediated, at least in part, through the IRE1-XBP1 arm of
UPR. However, we did not observe increased IRE1a or XBP1 expres-
sion in dhx15 knockout embryos through qTR-PCR. It is possible that
the function of the molecules in the UPR pathway function through
different format, for example: trans-autophosphorylation of IRE1;
spliced and unspliced XBP1. So, it might not show differences in
RNA or protein expression level.

Although the activated UPR pathway is well recognized to trig-
ger cell apoptosis (reviewed in Schroder et al37), our data showed
decreased proliferation instead of increased apoptosis of HSPCs in
dhx157" zebrafish. Some studies have shown UPR pathway-mediated
inhibition of cell proliferation.‘”'42 We proposed that upregulated ER
stress and activation of the UPR pathway in dhx1 57 zebrafish might
inhibit the proliferation of HSPCs, resulting in HSPC failure. Another
possibility is that UPR in nonhematopoietic cells contributes to the
HSPC failure. The zebrafish complex CHT niche contains multiple
cell types, including stromal cells, vascular endothelial cells, and he-
matopoietic cells. The microenvironment of the CHT niche is critical
for HSPC maintenance.*® Our data showed increased apoptotic cells
in CHT in dhx15 knockout embryos, but these apoptotic cells are not
HSPCs (Figure 3F,G). It is possible that increased ER stress leads to
nonhematopoietic cell apoptosis. The loss of nonhematopoietic cells
in CHT would not able to support HSPC survival in CHT. But the
specific mechanism warrants further study.

In this study, we generated transgenic zebrafish that overex-
pressed DHX15 to mimic upregulated DHX15 status in AML pa-
tients. The definitive hematopoiesis remains unaffected when
DHX15 is dramatically overexpressed. The discrepancy could be
due to one of the following factors: (a) DHX15 normally functions
by interacting with other proteins,ls*44 only co-overexpress with
these proteins could display the related phenotypes in zebrafish; (b)
DHX15 expression is not enough to reach the threshold of disrupt-
ing hemostasis in hematopoiesis; and (c) Genetic background has
more profound effects on gene overexpression phenotypes in AML
patients compared with zebrafish.

The function of DHX15 R222G in vivo was studied. We found
compromised DHX15 R222G function in restoring HSPC failure in
dhx157" zebrafish compared with DHX15. It has been reported that
impaired pre-mRNA splicing when DHX15 R222G were overexpressed
in vitro, and decreased DHX15 R222G-TFIP11 interaction compared
with DHX15-TFIP11 interaction.” We reasoned that DHX15 R222G
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might act as a loss of function in developmental hematopoiesis. Thus,
DHX15 R222G could not reach the same efficacy in restoring HSPC
failure as DHX15. However, it might be another story in AML patients
with DHX15 R222G. Studies have reported DHX15 R222G in both de
novo and relapsed AML patients,”® and this mutation disappeared when
the patients achieved remission.*® We found the peripheral blood blasts
of AML patients with R222G mutation is higher than in those without
mutation (Tables S3 and S4). The median overall survival tends to be
higher, and the complete remission rate after one and two courses of
chemotherapy tend to be lower in AML patients without the mutation
(Figure S11). These results suggest DHX15 R222G might serve as an
indicator in AML development. Increased alternative splicing has been
reported when DHX15 R222G is overexpressed in vitro.” We hypoth-
esize that, in AML patients with DHX15 R222G, increased alternative
splicing events result in differential gene variants. These variant alter-
ations could result in impaired HSPC differentiation. This might explain
the higher percentage of peripheral blood blasts and poorer outcomes in
AML patients with DHX15 R222G. More patients with DHX15 R222G
are needed to add to the group to further elucidate the role of DHX15
R222G in AML pathogenesis.

Here, we provide new insights into the role of dhx15 and the
DHX15 R222G mutation in zebrafish hematopoiesis. Dhx15 regu-
lates zebrafish definitive hematopoiesis through the UPR pathway.
We revealed compromised function in definitive hematopoiesis of
DHX15 R222G in dhx157 zebrafish. These results indicate that
dhx15 is an important regulator in zebrafish definitive hematopoie-
sis. The role of dhx15 and DHX15 R222G in developmental hemato-
poiesis could provide new insight into DHX15 upregulated/DHX15
R222G AML development.
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