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ABSTRACT

homeostatic and stress conditions. By whole exome sequencing, we

studied the genomics of acute lymphoblastic leukemia (ALL)
patients who needed multiple red blood cell (RBC) transfusions after inten-
sive chemotherapy treatment. ARHGEF12, encoding a RhoA guanine
nucleotide exchange factor, was found to be associated with chemothera-
py-induced anemia by genome-wide association study analyses. A single
nucleotide polymorphism (SNP) of ARHGEF12 located in an intron predict-
ed to be a GATA1 binding site, rs108925683, is significantly associated with
patients who need RBC transfusion (P=3.469E-03, odds ratio 5.864). A
luciferase reporter assay revealed that this SNP impairs GATA1-mediated
trans-regulation of ARHGEF12, and quantitative polymerase chain reaction
studies confirmed that the homozygotes status is associated with an
approximately 61% reduction in ARHGEF12 expression (P=0.0088).
Consequently, erythropoiesis was affected at the pro-erythroblast phases.
The role of ARHGEF12 and its homologs in erythroid differentiation was
confirmed in human K562 cells, mouse 32D cells and primary murine bone
marrow cells. We further demonstrated in zebrafish by morpholino-medi-
ated knockdown and CRISPR/Cas9-mediated knockout of arhgef12 that its
reduction resulted in erythropoiesis defects. The p38 kinase pathway was
affected by the ARHGEF12-RhoA signaling in K562 cells, and consistently,
the Arhgef12-RhoA-p38 pathway was also shown to be important for ery-
throid differentiation in zebrafish as active RhoA or p38 readily rescued the
impaired erythropoiesis caused by arhgef12 knockdown. Finally,
ARHGEF12-mediated p38 activity also appeared to be involved in pheno-
types of patients of the rs10892563 homozygous genotype. Our findings
present a novel SNP of ARHGEF12 that may involve ARHGEF12-RhoA-p38
signaling in erythroid regeneration in ALL patients after chemotherapy.

l l ematopoiesis is a finely regulated process in vertebrates under both

Introduction

Chemotherapy for hematologic malignancies such as acute lymphoblastic
leukemia (ALL) often causes anemia. To alleviate chemotherapy-induced anemia,
red blood cell (RBC) transfusion has become standard care. The need for RBC
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transfusion varies significantly among patients who have
undergone similar treatment protocols at similar intensi-
ties. Sensitivity of erythrocytes to the cytotoxicity of
chemotherapy and the recovery rate of erythropoiesis
are contributing factors related to the severity and dura-
tion of the anemia. Genetic diversity in genes regulating
these response processes can be a cause for the variations
between patients. Uncovering the genetic basis for the
variable response is important for understanding the
molecular mechanisms underlying erythropoiesis and its
relationship to chemotherapy-induced anemia.

In this study, we performed genome-wide association
study (GWAS) analyses of samples from individuals who
had undergone multiple RBC transfusions (MRT) and
from those who received no RBC transfusion (NRT) when
a remission was achieved. By counting the cell line, pri-
mary bone marrow (BM) cells, and considering the results
of animal model and human genetic studies, we suggest a
novel molecular pathway involved in erythroid regenera-
tion in ALL patients after chemotherapy.

Methods

Patients

From January 1* 2001 to December 31* 2014, a total of 452
patients diagnosed with childhood ALL were recruited in this
study. The patients included were enrolled on Shanghai
Children’s Medical Center -Acute Lymphoblastic Leukemia-
2005 (SCMC-ALL-2005) protocol. Standard induction and con-
solidation chemotherapy were used. Blood transfusion records
were collected from the transfusion department of SCMC and
clinical data were reviewed to exclude the events needed for
additional transfusions of RBC, such as transplantation, gas-
trointestinal bleeding, surgery, etc. Patients who abandoned
treatment or who died were not included in this study. Only
total RBC transfusion units after achieving complete remission
was included in the count and this number was normalized by
body surface area (Unit/m’) to exclude the influence of patient's
age, mass, and the disease itself on blood transfusion units.
Patients who received more than eight RBC units/m’ were
defined as MRT. This study has been approved by Shanghai
Children's Medical Center Ethics Committee (n. SCMCIRB-
K2018052).

Dual Luciferase reporter assays

A total of 933 bp DNA fragments surrounding rs10892563 CC
and TT genotype were cloned into the firefly Luciferase vector
pGl4.27 (Promega); 293T cells were transfected with 5 g PRL-TK
vector and 300 ng PCDNAS3-Flag expression GATAL via lipo-
fectemin. Luciferase activity was measured in a Varioskan Flash
spectral scanning multimode reader (Thermo) using the Dual-
Luciferase Reporter Assay system kit (Promega).

Targeted single nucleotide polymorphism genotyping by
polymerase chain reaction

The candidate SNP rs10892563 on ARHGEF12 at position
119,729,754 bp was analyzed by polymerase chain reaction (PCR)
on 381 ALL patients enrolled in the SCMC-ALL-2005 protocols for
which genomic DNA samples were still available. The DNA seg-
ment containing the candidate mutation was amplified by PCR
using the following primers:

57-00ATAGGGATACCTGGCCCCTA-3" and 57
ndATAGGGATACCTGGCCCCTA-3"

These PCR products were subsequently Sanger sequenced.

Table 1. Morpholino sequences and concentrations used in this study.

Target Sequence Concentration
(mM)
arhgef12a MO TGACTGTAGACCGTGTGTCGCTCAT 0.5
arhgefi2a MIS TGAgTCTACACCGTCTCTCGCTCAT 0.5
arhgef12b MO CACCAGTCTGAACACCAGCTCGCAT 0.5
arhgefi2b MIS CACgACTCTcAACACgACCTCGCAT 0.5

Whole-mount in situ hybridization

The antisense probes of arhgef12a and arhgef12b were obtained
by PCR with the primers

(arhgef12a forward primer, 5-GCGGAATTCCCACCTCAAG-
GAGATGGAAA-3’;

reverse primer,
GAAACA-3;

arhgef12b forward primer, 5-GCCGAATTCTCCAGCAT-
GAGTGGTTGGTA-3;

reverse primer, 5-ATTGGTACCCTCAACAGAAAGCCGA-
GACC-8’), and added with EcoR1/Kpnl1 restriction enzyme sites
for cloning into pCS2+ vector. Antisense digoxigenin (DIG)-
labeled RNA probes were generated by in vitro transcription and
whole-mount in situ hybridization (WISH) was performed as
described previously.' The results were imaged using a stereomi-
croscope Nikon SMZ1500 with a 1 x HR Plan Apo objective and
ACT-1 vision software.

5’-GCGGGTACCCCAAAAGCATGCAA-

Micro-injection

One-cell-stage embryos were injected with 2 nL of morpholino
(MO) or mismatch morpholino (MIS) mixes (arhgefi2a and
arhgef12b) purchased from Gene-Tools. The MO sequences and
concentrations are listed in Table 1.

CRISPR/Cas9 mutagenesis

The arhgef12a gRNA (5'-GGACGTGGGTCTCGAGTCAC-3")
and arhgef12b gRNA (5'-GGAATCTGAGGCAGGCCCGG-3")
were synthesized. The zebrafish optimized Cas9 mRNA was syn-
thesized in vitro from the pCS2-nCas9n plasmid (addgene, #47929)
as described.” The Cas9 mRNA was synthesized in vitro by SP6
mMessage mMachine Transcription Kit (Ambion). arhgef12a
gRNA (50pg), arhgef12b gRNA (50pg), and Cas9 mRNA (150pg)
were co-injected into one-cell stage embryos.

Statistical analysis

Results are expressed as meantstandard deviation considering
the number of experiments. Statistical comparisons between
groups were performed by two-tailed r-test or one-sided r-test
using Graphpad Prism version 6.0.

Other methods

Whole exome sequencing, GWAS, cell sorting, quantitative real-
time (qRT)-PCR, plasmid construction, in vitro RNA synthesis,
micro-injection and anisomycin treatment were performed as
described in the Online Supplementary Appendix.

Results

An ARHGEF12 polymorphism in acute lymphoblastic
leukemia patients is associated with susceptibility
to chemotherapy-induced anemia

We performed whole exome sequencing in 31 individu-
als who had undergone at least eight RBC transfusions



(MRT) and 31 patients with no RBC transfusion (NRT), all
from the SCMC-ALL-2005 cohort (Figure 1A).
Considering the variations in patient age and body
weight, the RBC transfusion amount was normalized by
patient body surface area taking into account only post-
remission transfusions in order to minimize the effect of
ALL itself. By a GWAS analysis, 1,708 SNPs of 281 genes
passed the criterion of the primary cut: a call rate of >95%
and P<0.01. Of interest, most of the SNPs were located in
introns adjacent to exons, suggesting that these polymor-
phisms are relevant to chemotherapy-induced anemia by
regulating gene expression. These genes could be highly
expressed in hematopoietic cells and involved in erythroid
differentiation from hematopoietic stem/progenitor cells.

ARHGEF12 in erythropoiesis of chemotherapy patients -

To address this possibility, we sorted the primary gene list
with expression patterns in primitive CD34" cells before
erythroid differentiation and in erythrocytes based on the
Differentiation Map Portal (DMAP) database.® A total of
35 genes were enriched by this analysis. Among them, 12
genes were highly expressed in hematopoietic stem/prog-
enitor cells (HSPC) and 23 genes were expressed in ery-
throcytes with over two times the average expressions. At
the top of this enriched list were GUCY1A3,* NUCBZ,
TEDP2,° CHPT1,° PLCB4,” LPIN2,° TNS1," BSG,""
COL5A1," ANXA7," EPB42,15," RAP1GAPR"
ARHGEF12,"" ABCC4"” and FARP1* (Tables 2 and 3 and
Figure 1B). Interestingly, most of these genes are well-
known in association with erythropoiesis or cytotoxicity
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Figure 1. Genomic characterizations of chemotherapy-induced anemia in children with acute lymphoblastic leukemia (ALL). (A). The schematic treatment plan of
SCMC-ALL 2005. LR: low-risk group; MR: medium-risk group; HR: high-risk group; P: prednisone window phase; Is: induction for standard-risk patients; Ih: induction
for higher risk patients; Cs: consolidation for standard patients; Ch: consolidation for higher risk patients; M: high-dose methotrexate; Rs: re-induction for standard-
risk patients; Rh: re-induction for higher risk patients; Mt: maintenance therapy; CAT HAD: chemotherapy course composed of cyclophosphamide, cytarabine, thiop-
urine and high-dose cytarabine. (B). An outline of the genomic characterizations. Genome-wide association study (GWAS) was performed based on whole exome
sequencing data for 31 cases in each cohort of multiple red blood cell transfusion (MRT, >8 units/m?) and no red blood cell transfusion (NRT). 23 genes highly
expressed in erythoid committed and 12 genes highly expressed in pre-erythroid committed were on the list of genes with significance (call rate >95% and P<0.01).
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susceptibility to chemotherapy.” Of note, four of these
genes, i.e. RAP1GAP, ARHGEF12, TNS1 and FARP1, are
related to small GTPase regulation (Table 2 and 3).
ARHGEF12, a RhoA-specific guanine-exchange factor
(GEF), can specifically activate RhoA' which is essential
for embryonic erythropoiesis."” ARHGEF12 is thus possi-
bly one of the associated genes involved in the regulatory
mechanism of erythroid regeneration from anemia
induced by chemotherapy. Among the SNP found in
ARHGEF12, the most significant association Was
1s76693355 (P=3.469E-03, odds ratio 5.864). All SNP were
screened with linkage disequilibrium 0.2<r2<1 related to
176693355 in the 5-kb flanking regions of ARHGEF12.
We found that rs10892563 is located at a predicted bind-
ing site of the erythroid-specific transcription factor
GATA1* To test if such a variant could disrupt this
GATA1 binding site function, we employed a dual
luciferase assay in 293T cells with an expression vector
containing this intron motif of rs10892563 in the promoter
region. The expression assay showed that the minor allele
change of rs10892563 was able to down-regulate
ARHGEF12 transcriptional regulation by GATA1 (Figure
2A and B). To examine if the rs10892563 SNP is actually
associated with ALL patient RBC function, the CD71-pos-
itive erythroid cells from the ALL patient BM samples
were isolated by flow cytometry” for sequencing and
gene expression verifications. qRT-PCR analysis found
that rs10892563 homozygosity in the patients is associat-
ed with an approximately 61% reduction in ARHGEF12
expression (P=0.0088) (Figure 2C and D).

Further verifying an involvement of rs10892563, addi-

N I 2

tional targeted SNP genotyping of 452 ALL patients
enrolled in the SCMC-ALL-2005 protocol showed that the
genotype frequencies were CC in 7.52%, CT in 41.37%,
and TT in 51.11% patients. The average normalized RBC
transfusion was 4.533 units/m’ in patients with CC geno-
type, 2.353 and 2.335 in patients with CT and TT geno-
types, respectively (Figure 2E and Ounline Supplementary
Figure S1). All patients who were homozygous needed
RBC transfusion to maintain hemoglobin >65 g/L during
the course of chemotherapy, whereas among those who
were heterozygous or wild-type, the frequencies were
61.497% and 70.996%, respectively. Patients who were
homozygous or heterozygous had a significantly higher
probability of requiring MRT than patients carrying wild-
type alleles (Figure 2F). Collectively, these results suggest
that the ARHGEF12 polymorphism 1510892563 is
involved in the susceptibility to chemotherapy-induced
anemia

ARHGEF12 reduction blocks erythroid differentiation
of K562 cells

The findings that a polymorphism of ARHGEF12 is
associated with chemotherapy-induced anemia and that
this gene is heavily transcribed in the human erythroid lin-
eage (Online Supplementary Figure S2A) based on the analy-
ses of several public databases® suggest that ARHGEF12 is
involved in erythropoiesis. As an initial test, we per-
formed ARHGEF12 knockdown in the human ery-
throleukemia cell line K562 using lentiviral sShRNA con-
structs (Online Supplementary Figure S2B). GPA expression
and the benzidine cytochemical test showed that ery-

Table 2. Gene function of top 10 genes highly expressed in hematopoietic cells along erythroid differentiation from hematopoietic stem cells.

SNP P value OR TG Gene.refGene Gene Function
Gene
rs11569201 |0.00146 |0.067 | intronic TFDP2 Can stimulate E2F-dependent transcription
rs3764973 (0.0017 |0.277 | intronic CHPT1 Lipid modification is associated with CHPT1
rs3745011 |0.00227 |3.241 | intronic LPIN2 Adipose tissue development and
triglyceride metabolism
rs4672856 |0.00262 |0.208 | intronic TNS1 Positive regulator of RhoA
rs2283573 [0.00312 |0.228 | intronic BSG Transmembrane glycoprotein that belongs
to the immunoglobulin superfamily
rs3750575 |0.00333 |0 exonic | ANxa7 | Memberofthe annexin family of calcium-
dependent phospholipid binding proteins
15494863 0.00336 [0.291 | intronic | EPB42 | ATP-binding protein which may regulate
the association of protein 3 with ankyrin
rs3767111 |0.00346 [0.28 | intronic | RAP1GAP Rap1 GTPase-activating protein,
inactivation Rap1
rs76693355 |0.00347 |5.864 | intronic | ARHGEF12 RhoA specific guanine exchange factor
(s3742106 10.00351 13.11 UTR3 ABCCA Member of the superfamily of ATP-binding
cassette (ABC) transporters

-m haematologica | 2020; 105(4)



throid differentiation of the cells, under hemin induction,
decreased significantly compared to the non-targeted (NT)
cells (Online Supplementary Figure S2C).

ARHGEEF12 or its orthologs is involved in erythroid
differentiation in murine progenitor cells and in
a zebrafish model

To rule out potential effects by the neoplastic back-
ground of K562 cells, we knocked down Arhgef12 expres-
sion in mouse hematopoietic cell line 32D cells and in pri-
mary mouse BM cells by lentiviral shRNA transduction.
Erythropoietin-induced erythroid differentiation was sig-
nificantly blocked by the interference of Arhgef12 expres-
sion as by observed erythroid immunophenotyping by
flow cytometry and in the burst forming units-erythroid
and colony forming unit-erythroid colony forming assays
(Online Supplementary Figure S3).

Zebrafish genome harbors two orthologs of ARHGEF12:
arhgef12a on chromosome 15 and arhgef12b on chromo-
some 5. By comparing their sequences (arhgef12a, ENS-
DARGO00000030532; arhgef12b, ENSDARG00000067634)
with human ARHGEF12, we found that the similarities
were 54% and 55%, respectively. Synteny analysis also
showed the relatively conserved positions for both
arhgef12a and arhgef12b (Online Supplementary Figure S4A).
Arhgef12a is selectively enriched in early erythroid progen-
itors (Online Supplementary Figure S4B) whereas arhgef12b
is expressed in early erythroid progenitors (Online
Supplementary Figure S4C).

To study the role of arhgef12 in erythropoiesis, we per-
formed microinjections of arhgef12a and arhgef12b mor-
pholino both in combination (arkgef12 MO) and separate-
ly (arhgef12a MO and arhgef12b MO). Firstly, we per-
formed WISH at 22 hours post fertilization (hpf) to ana-
lyze the primitive wave* of hematopoiesis. Expressions of
the erythroid progenitor marker gatal, the mature ery-
throcyte marker aef-globin, the hematopoietic lineage
marker scl, and the myeloid markers pu.1 and lysozyme C
remained unchanged in arhgef12 MO-injected embryos
(Online Supplementary Figure S5). At 36 hpf, the definitive
hematopoiesis stage of zebrafish, the expression of ael-

Table 3. Gene function related to erythropoiesis.

globin was dramatically decreased in arhgef12a- and
arhgef12b-deficient embryos, whereas the hematopoietic
stem cells (HSC) markers runx1 and c-myb and the vascular
morphology and marker flk1 were unchanged (Figure 3A).
At four days post-fertilization (dpf), the markers repre-
senting mature RBC including ae1-globin, fe1-globin, Pe2-
globin, band3, and alas2 were severely reduced (Figure 3B).
Of interest, gata1 was associated with an obvious increase
in caudal hematopoietic tissue (CHT) (Figure 3B), indicat-
ing that the erythroid defect may be caused by an
impaired differentiation. Of interest, gata was associated
with an obvious CHT (Figure 3B), indicating that the ery-
throid defect may be caused by an impaired differentia-
tion. Consistent with this possibility, o-Dianisidine
stained hemoglobin showed that erythrocytes from
arhgef12 MO-injected embryos were more immature than
those from the control group at 36 hpf and 4 dpf (Figure
3C). Subsequent examinations of arhgef12a and arhgef12b
double knockout mutants by using the CRISPR/Cas9
method followed by o-Dianisidine staining found that
mature erythrocytes were significantly decreased at 4 dpf
in the mutant CHT and heart (Figure 3D and E). These
results indicate that arhgef12a and arhgef12b are required
for erythroid differentiation and maturation in zebrafish.

ARHGEF12 regulates erythroid differentiation through
a RhoA-p38 pathway

RhoA is a well-defined substrate of ARHGEF12, which
activates the exchange of RhoA bound GDP in the inacti-
vated form for GTP to yield the active RhoA-GTP.* We
hypothesized that RhoA is the key target of ARHGEF12 to
mediate its function in erythrocyte maturation. Because
zebrafish harbors 5 rhoa genes” and they all have an
amino acid sequence which is quite similar (identity
>90%) to human RhoA, we inferred that human RhoA
mutant mRNA dominant-negative (DN) mutant RhoA
T19N” and constitutively active mutant RhoA Q63%
would also function in zebrafish. In fact, injection of dom-
inant-negative RhoA mRNA led to anemia, which mim-
icked the arhgef12 deficiency phenotype (Figure 4A), but
the anemia seemed to be less severe than with MO injec-

Gene.refGene Gene Function related to Erythropoiesis

TFDP2 Coupling the erythroid cell cycle with terminal differentiation®
CHPT1 Lipid modification is associated with erythrocytes vulnerability®
LPIN2 Homozygous mutations in LPINZ2 are responsible for Majeed syndrome7
TNS1 RhoA is immportant to Erythropoiesis®®
BSG Unavailability of BSG leads to selle.ct.ive erythrocyte trapp1ig1ﬂ in the spleen and
promotes sensitivity to chemocherapy ™
ANXA7 ANXA7 deficiency fosters suicidal death of erythrocytes or eryptosis'2
EPB42 EPB42 is related to Hereditary Spherocytosis '™
RAP1GAP Rap1 is important to Erythropoiesis '
ARHGEF12 RhoA is important to Erythropoiesis *1®
ABCC4 ABCC4 has been associated with chemotherapy sensitivity'”

ARHGEF12 in erythropoiesis of chemotherapy patients -
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tion, possibly due to mRNA instability. On the other
hand, based on o-Dianisidine staining and WISH analysis
of ae1-globin, a co-injection of constitutively active mutant
RhoA Q63L mRNA was able to restore the erythropoiesis
defect caused by arhgef12 MO (Figure 4A). These results
indicate that Arhgef12 activates RhoA to control erythroid
differentiation.

To further understand the molecular events down-
stream of RhoA in erythropoiesis, the K562 cell line in
which ARHGEF12 is important for its erythroid differen-
tiation was examined. An antibody microarray screen
found that phosphorylation of molecules in the p38
MAPK pathway was significantly decreased in the
ARHGEF12 knockdown K562 cells (Online Supplementary
Figure S6A). Western blotting confirmed this effect on p38
phosphorylation (Online Supplementary Figure SéB), sug-
gesting that the p38 MAPK signaling pathway may con-
tribute to the ARHGEF12-regulated erythropoiesis.
Further confirmation using the p38 inhibitor SB202190 in
zebrafish found that p38 inhibition resulted in a similar
block of erythropoiesis as in the arhgef12 morphants at 4
dpf (Figure 4B). Application of anisomycin, a p38 MAPK
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activator, was able to restore the erythrocyte maturation
in the arhgef12 morphants (Figure 4C). Thus, an
ARHGEF12-RhoA-p38 pathway is likely to be involved in
erythroid differentiation.

STAT1 expression can rescue the erythroid phenotype
caused by arhgef12 knockdown in zebrafish

Human STAT1 produces two splicing variants that dif-
fer at their carboxy terminus. Zebrafish has two ortholo-
gous genes related to human STATY: stat1a and stat1b. It
has been shown that p38 MAPK-STAT1 pathways can
regulate neutrophil development. Meanwhile, our anti-
body microarray screen showed that the phosphorylation
of STAT1 at serine (S) 727 was decreased approximately 2-
fold in ARHGEF12 knockdown K562 cells (Ounline
Supplementary Figure S6A). We thus further examined
whether STAT1 may be downstream of p38 MAPK in reg-
ulating erythropoiesis. We co-injected the HA-stat1a con-
struct together with arhgef12 MO in zebrafish, and
observed that the phenotype of erythropenia was restored
(Figure 5A a-c, a’-c’) and ae1-globin expression recovered
(Figure 5A e-g, e’-g’), compared with control embryos. A

Figure 2. rs10892563 may disrupt
a GATA1-binding cis element and is
related to chemotherapy-induced
anemia. (A and B) rs10892563 is
located at a binding site of ery-
throid-specific transcription factor
GATAL. Dual luciferase assay with
the vector inserted with a stretch of
sequence with the motif revealed
that C allele of rs10892563 down-
regulated GATA1 cis-transcriptional
function compared to the major
allele T in 293T cells; P=0.0038. (C
and D) CD71-positive nucleated
erythroid cells were sorted from

L banked bone marrow samples of
o& acute lymphoblastic leukemia
($) patients in remission state by fluo-

rescence-activated cell sorting. The
relative gene expression of
ARHGEF12 was reduced in CC
genotype at rs10892563 versus TT
ok genotypes by quantitative real-time
polymerase chain reaction assay;
P=0.0088. (E) A total of 452 chil-
dren with ALL enrolled in the
Shanghai  Children’s  Medical
Center-Acute Lymphoblastic
Leukemia-2005 (SCMC-ALL-2005)
protocol were genotyped targeting
rs10892563. The average normal-
ized red blood cell (RBC) transfu-
sion units was significantly higher
in patients with CC genotype than
the CT genotype (P=0.0011) and
the TT genotype (P<0.0001); each
point represents one patient's

ARHGEF12 Expression

< &

B NTU=28 record. (F) Distribution of RBC
W 0<NTU<8 transfusions  across  different
B NTU =0 rs10892563 genotypes. All

patients with CC genotype (n=34)
need RBC transfusions, whereas in
patients with CT and TT genotype,
proportions of RBC transfusions
were 61.5% and 71%, respectively.
Concerning multiple red blood cell
transfusions (MRT), the proportion
in CC, CT and TT were 14.705%,
8.021%, and 4.762%, respectively
(P<0.001).
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ARHGEF12 in erythropoiesis of chemotherapy patients -

cytology assay by Wright-Giemsa staining showed that The ARHGEF12-p38 pathway is associated with g

the co-injection of statla mRNA with arhgef12 MO  erythroid regeneration in acute lymphoblastic

appeared to promote the immature erythrocyte differenti- leukemia patients after chemotherapy

ation (Figure 5B). In addition, stat1 MO injection increased To examine whether ARHGEF12 polymorphism-associ-
gatat expression (Figure 5C a, a', b, b') but reduced ae/- ated anemia after chemotherapy in ALL patients may
globin expression (Figure 5C ¢, ¢, d, d'), similar to that by  engage the p38 pathway, we measured p38 phosphoryla-
arhgef12 MO injection. It is thus likely that STAT1 is tion in erythroid cells in seven remission-related BM from
involved in the ARHGEF12-p38 MAPK signaling function ~ALL patients during maintenance therapy by phospho-

in erythroid differentiation. flow.® All seven patient samples with the rs10892563 CC
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Figure 3. Knockdown by morpholino (MO) or knockout by CRISPR/Cas9 of arhgef12 impairs erythroid differentiation in the zebrafish model. (A) Whole-mount in
situ hybridization (WISH) results of hematopoietic and vascular markers in both control and arhgef12a & arhgef12b double MO injected embryos at 36 hours post
fertilization (hpf). Definitive hematopoietic markers runx1 (A-a, b) , c-myb (A-c, d) , and endothelial cell marker flk.1 (A-e, f) indicated no obvious defect of definitive
hematopoiesis and vasculogenesis in arhgef12 morphants at 36 hpf. The erythrocyte marker aE1-globin (A-g, h) indicated obvious defect in erythroid differentiation
in arhgef12 morphants at 36 hpf. Red arrowheads indicate the yolk sac region and posterior blood island. (B) WISH results of erythrocyte markers in both control
and arhgefl2a & arhgef12b double MO injected embryos at 4 dpf. The increased progenitor erythrocyte marker gatal (a, b), and decreased mature erythrocyte
markers aE1-globin (c, d), BE1-globin (e, f), BE2-globin (g, h), band3 (i, j) and alas2 (k, |) indicated obvious block in erythroid differentiation in arhgef12 morphants
at 4 dpf. The corresponding magnifications are indicated as a’-I'. (C) The decreased O-Dianisidine staining of hemoglobin, which labeled mature erythrocytes, in both
control and arhgefl2a & arhgef12b double MO injected embryos at 36 hpf (a, @', b, b’) and 4 dpf (c, ¢/, d, d’) suggested the defect in erythroid differentiation. Red
arrowheads indicated the mature erythrocytes in yolk sac region (a’, b’), caudal hematopoietic tissue (CHT) (c, d) and heart (c’, d’). (D) The decreased O-Dianisidine
staining of hemoglobin, in both control and arhgefl12a & arhgef12b double knockout embryos at 4 dpf (a, b) suggested the defect in erythroid differentiation. Red
arrowheads in a and b indicated the CHT, and the ventral view was shown in a’ and b’. (E) Genotyping of arhgef12a and arhgef12b mutants constructed by
CRISPR/Cas9. The gRNA target sites are as labeled.
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genotype showed consistently reduced phosphorylated
p38 in pro-erythroblasts (Figure 6C and D). Similar to the
case of arhgef12 MO, where the p38 activity is inhibited in
the zebrafish, these rs10892563 CC genotype patients
showed an erythroid differentiation block at the erythrob-
last stage (Figure 6A and B), suggesting a strong associa-
tion with the ARHGEF12-p38 pathway.

Discussion

For leukemia patients, hematologic toxicity is the most
common side effect of chemotherapy as the hematopoiet-

N I 2

ic cells are among the tissues most vulnerable to therapy-
related damage, in part due to their active cell cycle status.
Anemia is one of the most frequently recorded manifesta-
tions of the hematopoietic toxic effects during the course
of chemotherapy. Chemotherapy-induced anemia can be
caused by cytotoxic inhibition of normal hematopoiesis
similar to chemotherapy-induced neutropenia and throm-
bocytopenia. Chemotherapy agent-related autoimmune
hemolysis®* and chemotherapy-induced eryptosis can
also cause anemia.*® Our current GWAS studies have
found that chemotherapy-induced anemia is associated
with SNP in CHPT4," BSG,""" ANAX7,"“ EPB42,”" and
ABCC417 that may be related to increased erythrocyte
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10uM) for 24 hours (from 3dpf to 4dpf).
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loss. There is evidence to suggest that: (i) ANAXY is relat-
ed to erythrocyte death;* (ii) EPB42"" is related to hered-
itary spherocytosis in which eryptosis is an important
cause of anemia; (iii) CHPT1° and BSG"* may be related
to the vulnerability of RBC to chemotherapy; and (iv)
ABCC4,” a membrane transporter, is related to accumula-
tion of cytotoxic agents in cells and chemo-sensitivity of
hematopoietic cells. Other direct or indirect evidence

Control MO

arhgef12 MO

ARHGEF12 in erythropoiesis of chemotherapy patients

based on the known functions of the gene products sug-
gests that the remaining genes in the top ten list of GWAS
in our study, TFDP2, LPIN2, TNS1, RAP1GAP,
ARHGEF12, could also be related to impaired
hematopoiesis in response to chemotherapy.
Erythropoiesis is a tightly regulated process in which
the hemoglobin level is maintained in a narrow window
between 135g/L and 155g/L under normal conditions or in
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Figure 5. STAT1 expression rescues the erythroid differentiation phenotype by arhgef12 knockdown in zebrafish. (A) O-Dianisidine staining results of embryos
injected with control morpholino (MO) (a), arhgefl12a & arhgef12b MO (b), and arhgefl2a & arhgef12b MO with stat1a mRNA (c) at 4dpf. Yolk sac ventral views of
the indicated microinjected embryos (a’-c’). Whole-mount in situ hybridization (WISH) results of ael-globin in the embryos injected with control MO (e), arhgef12a
& arhgef12b MO (f), and arhgefl2a and arhgef12b MO with stat1a mRNA (g) at 4dpf and the corresponding magnifications of CHT (e’-g’). (B) Wright-Giemsa results
of erythrocytes, which were isolated from control MO (a), arhgef12a and arhgef12b MO (b), and arhgef12a & arhgef12b MO with statla mRNA (c) injected embryos
at 4 dpf. (C) WISH results of gatal in the embryos injected with control MO (a), statla MO (b) at 4dpf and the corresponding magnifications of CHT (a’,b’). WISH
results of ael-globin in the embryos injected with control MO (c), statla MO (d) at 4dpf and the corresponding magnifications of CHT (c’,d’).
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response to stress such as chemotherapy. A complex line-
age-specific transcription factor network underlies the
homeostatic hematopoiesis and erythropoiesis mecha-
nisms. In such a transcription network, the GATA tran-
scription factor family plays a central role in the proper
differentiation of erythroid cells together with Friend of
GATA (FOG-1). The GATA family is composed of six
members in mammals that are highly conserved in expres-
sion patterns in vertebrates, and GATA-1, GATA-2 and
GATA-3 are classified into the hematopoietic GATA sub-
family based on their expression profiles and domain
structures. GATA-1 is important in adult hematopoiesis
especially for erythropoiesis and regulates multiple target
genes during the development and differentiation of ery-
throid and megakaryocytic lineages by binding to the
GATA motif (A/T)GATA(A/G). In this study, we identified
a novel SNP of ARHGEF12 gene, rs10892563, located in a
regulatory GATA motif and found that the erythroid
expression of AEHGEF12 is significantly down-regulated
in rs10892563 homogeneous ALL patients who have
undergone chemotherapy.

ARHGEF12 encodes a RhoA specific guanine nucleotide
exchange factor which positively regulates the RhoA
GDP/GTP exchange reaction. ARHGEF12 plays crucial
roles in the cyclic-stretch-induced cell and stress fiber
reorientation responses,” mesenchymal stem cell fate,*
and cell migration and invasion,” by regulating RhoA
activity. ARHGEF12 is important for platelet activation
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and thrombosis in mice,” but its role in erythropoiesis has
not been defined. As a founding member of the Rho
GTPase family, RhoA is involved in many important cel-
lular functions, including gene transcription, survival,
adhesion, and cytoskeleton reorganization. RhoA is
important for hematopoiesis, regulating HSPC trafficking,
interaction with the BM microenvironment, proliferation,
survival, and self-renewal, and for fetal erythropoiesis in
mitosis and cytokinesis.” Interestingly, among the top ten
in our GWAS list, there are three genes related to small
GTPase functions: TNS1, RAP1GAP, and ARHGEF12. We
focused our attention on ARHGEF12 because RhoA
knockout in mice causes cytokinesis failure in erythrob-
lasts through actomyosin and midbody dysregulation and
p53 activation.'

To define the functional and mechanistic role of arhgef12
in erythropoiesis, we have used a zebrafish model to
knockdown or knockout arhigef12 isoforms. We show a
causal role of the ARHGEF12-RhoA signaling in this
model in mediating the p38 MAPK and Statl pathway in
erythropoiesis. In zebrafish, erythroid defects caused by
arhgef12 knockdown can be rescued by p38 MAPK activa-
tor and stat1 expression. Conversely, a p38 inhibitor can
induce erythropoiesis defects mimicking that of the
arhgef12 knockout or knockdown. This signaling effect
seems to be conserved in mammals, as the ARHGEF12-
RhoA-p38 function appears to also regulate the erythroid
differentiation of erythroleukemia cell line K562. A num-
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Figure 6. The ARHGEF12-RhoA-p38 pathway is associated with erythroid regeneration from chemotherapy-induced anemia in acute lymphoblastic leukemia (ALL)
patients. (A) Erythroid differentiation evaluation by flow cytometry of cryopreserved bone marrow (BM) samples from patients in remission with different rs10892563
genotypes. Three populations of different development stages, i.e. CD71°CD235a- pro-erythroblasts (Pro-E), CD71*CD235a* erythroblasts and CD71CD235a* ery-
throcytes can be discriminated. Representative flow cytometry dot plots showing the percentage of erythroblasts in patients with CC genotype was higher than TT

genotype, whereas the pro-erythroblasts (Pro-E) and erythrocytes were reduced in

CC genotype. (B) The TT group and the CC group each had nine samples. Proportion

statistics of each stage of erythroid differentiation are shown. (C) Statistics of mean fluorescence intensity of phospho-p38. We compared the base-2 log of phos-
pho-p38 levels between the CC and TT genotypes, phospho-p38 levels are lower in the CC genotype patients (P=0.0471, one-tailed t-test). (D) Phospho-flow his-
tograms of phospho-p38 on pro-erythroblasts with different rs10892563 genotypes. Phosphorylated p38 was stained with anti-pT180/pY182 antibody on cryopre-
served BM samples from patients in remission with different rs10892563 genotypes as well as CD71 and CD235a monoclonal antibody. Histograms showing phos-

pho-p38 peaks shifted left in CC genotype (black) comparing TT genotype (gray).
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ber of studies have reported that p38 MAPK is involved in
erythroid differentiation,”"' yet the role of p38 MAPK in
stress erythropoiesis is still poorly understood. P38a. regu-
lates erythroblast enucleation in a cell-autonomous man-
ner in vivo during fetal and anemic stress erythropoiesis.”
Remarkably, loss of p38o leads to downregulation of
p21Cip1, and decreased activation of the p21Cip1 inacti-
vates Rb, both of which are critical regulators of erythrob-
last enucleation. Hu ez al. suggested P38a could act as a
molecular brake to limit over-active erythropoiesis in
response to stress-relief of this molecular brake by inhibit-
ing P38-enhanced stress erythropoiesis and accelerated
recovery from anemia.”® Our observed association of a
down-regulated erythroid p38 phosphorylation in patients
with the ARHGEF12 polymorphism who need multiple
RBC transfusions to overcome chemotherapy-induced
anemia also supports the involvement of such a pathway:.
Pharmacological activation of wild-type pd3 is a logical
therapeutic strategy for leukemia where the p53 pathway
could be down-regulated by abnormalities in p53-regulato-
ry proteins.” It has been reported that p38 kinase can pos-
itively regulate p53, and activation of p38 not only pro-
motes erythropoiesis, but also potentially maintains a
higher level of p53 in cancer cells, which can be a dual ben-
efit for cancer patients who carry wild-type p53 alleles.
Several reported GWAS studies related to hematologic
traits failed to find a correlation between ARHGEF12 and
erythroid phenotypes®* in normal populations, which
may suggest there are functional redundancies to the
ARHGEF12-RhoA-p38 pathway in homeostatic erythro-
poiesis. Suboptimal level of guanine nucleotide exchange
activity may be compensated by down-regulated RhoA
negative regulator, GTPase-activating proteins, or by other
guanine nucleotide exchange factors, such as ARHGEFS,
which was shown to be important for erythropoiesis
through RhoA in a zebrafish model.” Our GWAS results
draw a clear association between ARHGEF12 at
rs10892563 with erythrocyte regeneration under
chemotherapy stress, suggesting that this gene/SNP status
may be considered a biomarker to predict severity of
chemotherapy-induced anemia among the patients.
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