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Impact statement

Our data for the first time revealed that
ROBOS is aberrantly expressed in non-M3
AML. High ROBOS3 expression is associ-
ated with increasing diagnosis age, poorer
risk classification, and inferior gene muta-
tions. Significantly, worse overall survival
and event-free survival were observed in
ROBOG3 high expression patients.
Multivariate analysis indicated that high
ROBOG3 expression was an independent
risk factor for poor overall survival in non-
M3 AML patients who are younger than 60
and received intensive chemotherapy
during remission induction. Functional
pathways analysis revealed that cell
adhesion and extracellular matrix-related
pathways may take part in high ROBO3
expression associated non-M3 AML.
Future mechanistic studies will further illu-
minate the roles of ROBO3 in non-M3 AML.

Abstract

Roundabout guidance receptor proteins are crucial components of the SLIT/ROBO signaling
pathway. This pathway is important for the nervous system and in embryonic development.
Recently, increasing evidence has shown that roundabout guidance receptor proteins and
the SLIT/ROBO signaling pathway also participate in tumorigenesis. Here, by analyzing tran-
scriptome data from the TCGA and GEO databases, we found that ROBO3 is highly
expressed in non-M3 acute myeloid leukemia. High ROBO3 expression was associated
with increased age at diagnosis and poorer risk classification (both P < 0.01). Patients with
high ROBO3 expression had higher rates of TP53 and RUNX1 mutations (both P < 0.05).
Significantly worse overall survival and event-free survival were observed in high ROBO3
expression patients compared with low ROBOS3 expression patients (OS: P =0.004; EFS: P=
0.012). High ROBOS3 expression was also associated with poorer overall survival and event-
free survival in a subgroup of patients who received intensive chemotherapy (OS: P = 0.024;
EFS: P =0.040). Moreover, multivariate analysis indicated that high ROBO3 expression was
an independent risk factor for poor overall survival in non-M3 acute myeloid leukemia patients
who are younger than 60 and received intensive chemotherapy during remission induction.

Bioinformatics analysis by Kyoto Encyclopedia of Genes and Genomes and Gene Ontology revealed that high ROBO3 expression
significantly altered cell adhesion and extracellular matrix-related pathways (adjusted P < 0.05). Taken together, the data demon-
strate that ROBO3 is upregulated in non-M3 acute myeloid leukemia and may be a potent biomarker of inferior prognosis.
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Introduction o o
heterogeneity in AML. In the last decade, the precision

medicine based on deep sequencing technology has uncov-
ered kinds of important genetic alterations in human can-
cers including AML.>” Drugs targeting specific genetic
alterations have achieved remarkable success in the treat-
ment of AML.5™

Roundabout guidance receptor (ROBO) family members
consist of four conserved transmembrane receptor proteins
(ROBO1, ROBO2, ROBO3, and ROBO4), which are mainly
expressed in nerve cells.'** Slit guidance ligand (SLIT) and
the ROBO-mediated SLIT/ROBO signaling pathway have
been studied for their critical roles in embryonic and nervous

Acute myeloid leukemia (AML) is the most common acute
leukemia type that originates from myeloid precursors.'?
Standard anthracyclines and a cytarabine-based 7 + 3 regi-
men followed by hematopoietic stem cell transplantation
(HSCT) is recommended for younger patients who can tol-
erate side effects.” The use of hypomethylating agents, such
as decitabine and azacitidine, also improves the outcome of
older patients or those who are unsuitable for intensive
chemotherapy.*® However, the prognosis of AML patients
is still not ideal’ and conventional treatment methods often
yield quite different therapeutic effects owing to the huge
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system development.>”'® Mutations in ROBO proteins have
been identified in some human neurological diseases.'®"”
Recently, increasing evidence has shown that the SLIT/
ROBO signaling pathway also participates in various
human cancers.'®*

The SLIT/ROBO signaling pathway is involved in tumor-
igenesis mainly by promoting cell proliferation and migra-
tion. For example, high expressions of SLIT1, ROBO2, and
ROBO4 are reportedly important in the tumorigenesis of
colorectal cancer.”** In nasopharyngeal carcinoma, high
expression of ROBO1 is linked with increased tumor
growth and poor survival.*®> On the other hand, the SLIT/
ROBO pathway also acts as a tumor suppressor in some
conditions. For instance, upregulation of SLIT2 and SLIT3
can inhibit tumor cell invasion in pancreatic cancer and lung
carcinoma, respectively.**? Interestingly, some studies have
reported that even the same member in SLIT/ROBO families
may have exactly the opposite roles in different cancers. An
example is the oncogenic role of ROBO2 in colorectal cancer
and hepatocellular cancer, and its tumor suppressor role in
ovarian cancer and pancreatic cancer.”**?” Such opposing
roles indicate the complex biological functions of the SLIT/
ROBO signaling pathway in different human cancers.

Compared with other ROBO family members, the role of
ROBO3 in human cancers is relatively less studied.
Overexpression of ROBO3 plays important roles in the
tumor development of pancreatic carcinoma by increasing
Wnt/ f-catenin pathway activity.'® Inactivation of ROBO3
by promoter hypermethylation is associated with tumor
progression in cervical cancer.”® However, the role of
ROBO3 in hematological malignancies is unknown. Here,
combining data from TCGA database and GEO database,
we illustrate the expression features, clinical significance,
and potential biological functions of ROBO3 in AML. We
found that ROBO3 is increased in non-M3 AML patients. Its
high expression is associated with poor clinical parameters
as well as inferior outcomes. Upregulation of ROBO3 and
dysregulated SLIT/ROBO signaling pathway activity may
drive the leukemogenesis of non-M3 AML.

Materials and methods

GEPIA and UALCAN databases

The expression difference of ROBO3 between AML patients
and normal controls was first examined using the GEPIA
database.”® The cutoff values of |1og2FC | and P were set as
1 and 0.01, respectively.

The expression feature of ROBO3 based on the French-
American-British (FAB) classification was visualized using
the UALCAN database.”® Both the GEPIA and UALCAN
databases provide convenient access to publicly available
cancer OMICS data for further bioinformatics analysis.

Acquisition of detailed transcriptome and clinical data
from the GEO and TCGA databases

The validation of ROBO3 expression between AML
patients and normal controls was performed using tran-
scriptome data acquired from the GEO database.
The index words were set as acute myeloid leukemia,

Homo sapiens, and expression. Finally, dataset GSE13159
was selected, as it enrolled both AML patients (n =542) and
normal controls (n =74). GSE37642 was selected to validate
the prognostic significance of ROBO3 expression in non-M3
AML patients.

Transcripts per million (TPM) and clinical data of 173
newly diagnosed AML patients who underwent RNA-seq
in the TCGA AML cohort were acquired from the
cBioPortal database.” Four patients without specific FAB
classification or ROBO3 expression data were excluded
from further analysis. The median TPM of ROBO3 was
set as the cutoff and the patients were divided into high
and low ROBO3 expression groups. The mutation condi-
tions of DNMT3A, FLT3, NPM1, TET2, TP53, EZH2, IDH]I,
IDH2, RUNX1, and U2AF1 in 173 AML patients were also
downloaded from the cBioPortal database.

Identification of differentially expressed genes, and
Kyoto encyclopedia of genes and genomes and gene
ontology pathway enrichment analyses

TCGA transcriptome data were used to identify the DEGs
between high and low ROBO3 expression patients. In order
to reveal the underlying mechanism more effectively, we
used a stricter grouping method. We defined high ROBO3
expression patients as ROBO3 expression level in the top
25% and low ROBO3 expression patients as ROBO3 expres-
sion level in the bottom 25%. The DEseq2’ R language pack-
age was used to analyze the DEGs. The threshold was set as
adjusted P <0.05, and |log2 FC|>1.

KEGG and GO analyses were performed using DAVID
Bioinformatics Resources 6.8 based on the DEGs between
patients with high and low ROBO3 expression.*

Gene function network prediction of ROBO3

Gene function networks including co-expression, genetic
interaction, co-localization, shared protein domains, and
pathway of ROBO3 were predicted by GeneMANIA
(https:/ /genemania.org/) and  STRING  database
(https:/ /string-db.org/).****  GeneMANIA works best
under the condition that most of the input genes are func-
tionally related. Under the condition that only a single gene
is inputted, GeneMANIA can make gene function predic-
tions based on GO annotation patterns.

Statistical analyses

This paper used the Cox proportional hazard model for
multivariate analysis to search independent risk factors.
The difference in ROBO3 expression between different
groups (AML patients vs. normal controls; non-M3 patients
vs. M3 patients) was analyzed by Mann-Whitney U-test.
The Kruskal-Wallis test was carried out to analyze the
expression difference of ROBO3 between different age
groups. Chi-squared test was conducted to reveal the rela-
tionship between ROBO3 expression and patients’ clinical
chrematistics. The differences in prognosis between high
and low ROBO3 expression patients were analyzed using
the Kaplan-Meier method and log-rank test. P-values
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<0.05 were considered statistically significant. All statisti-
cal analysis was performed with SPSS 24.0 software.

Results

ROBO3 is increased in non-M3 AML patients

Since the data source of GEPIA was based on the TCGA
AML cohort, we first investigated the expression feature
of ROBO3 in AML patients using the GEPIA database.
The expression of ROBO3 was significantly higher in
AML patients compared with normal controls (P <0.01,
Figure 1(a)). To validate this finding, we analyzed the
microarray data of GSE13159 from the GEO database.
Coincident with its high expression in the TCGA AML
cohort, the expression of ROBO3 was also significantly
upregulated in AML patients in the validation cohort
GSE13159 (P < 0.001, Figure 1(b)).

Next, we investigated the detailed expression profile of
ROBO3 in AML patients based on the FAB classification.
Results from the UALCAN database indicated that M3
patients had an obviously lower ROBO3 expression level
than patients in other classifications (Figure 1(c)). Further
statistical analysis showed that ROBO3 expression was sig-
nificantly lower in M3 patients in both the TCGA AML
cohort and GSE13159 (both P < 0.001, Figure 1(d) and (e)).
Since M3 is a very special subtype of AML due to its unique
genetic alteration (PML-RAR« fusion gene) and remarkably
better prognosis than other AML subtypes, we further
tested the expression feature of ROBO3 after excluding
M3 patients. As shown in Figure 1(f) and (g), non-M3
AML patients still exhibited a high ROBO3 expression pro-
file in both TCGA AML and GSE13159 cohort (P < 0.001).

High ROBO3 expression is associated with increasing
age at diagnosis and poorer risk classification

To illustrate the clinical relevance of high ROBO3
expression, we studied the association between ROBO3
expression and clinical parameters in non-M3 AML
patients. ROBO3 high expression patients were significant-
ly older at diagnosis (median age 64 years) compared with
patients with low expression of ROBO3 (median age
54 years) (P < 0.001, Table 1, Figure 2(a)). Next, we regraded
the patients into four groups with respect to age at diagno-
sis (<30, 30-60, 60-80, and >80years) to explore the
detailed relationship between ROBO3 expression and
patient age at diagnosis. The expression of ROBO3
increased significantly with increasing age at diagnosis
(P=0.002, Figure 2(b)). The relationships between ROBO3
expression, age at diagnosis, and FAB classification in AML
patients are shown in Figure 2(c).

In contrast, we observed that poor cytogenetic risk clas-
sification accounted for a much higher percentage in
ROBO3 high expression patients compared with ROBO3
low expression patients (33.3% wvs. 14.7%, P=0.007;
Table 1). Likewise, more than half of ROBO3 high expres-
sion patients (52.0%) had adverse European Leukemia Net
(ELN) risk stratification. In contrast, this ratio was only
26.7% in ROBO3 low expression patients (P=0.001).
Interestingly, ROBO3 high expression patients had a

significantly lower white blood cell (WBC) level than
ROBO3 low expression patients (median: 11.0 vs. 30.1,
P=0.002). The differences in sex, bone marrow blasts,
and peripheral blood blasts between ROBO3 high expres-
sion patients and ROBO3 low expression patients were not
significant (all P > 0.05). Taken together, these data indicat-
ed that high ROBO3 expression was linked with high-risk
clinical features, suggesting its potential clinical relevance
in non-M3 AML patients.

High ROBO3 expression is associated with inferior
gene mutations in non-M3 AML patients

With the recent development of sequencing technology and
precision medicine, the importance of genetic alterations
in human cancers has received extensive attention. In
AML, besides the classical gene mutations like TP53 and
FLT3-ITD, a growing number of novel mutations have been
identified and shown to play important roles in leukemo-
genesis.>”> We acquired DNA sequencing data and
explored the relationship between ROBO3 expression and
common recurrent gene mutations in non-M3 AML
patients. TP53 and RUNX1 mutations were more frequent-
ly detected in patients with high ROBO3 expression (TP53:
13.0% vs. 3.95%, P=0.045; RUNXI: 24.7% vs. 6.58%,
P=0.002; NPM1: 19.5% vs. 42.1%, P=0.002) (Table 2).
In contrast, ROBO3 low expression patients had a signifi-
cantly higher NPM1 mutation rate compared with ROBO3
high expression patients. No statistical differences were
observed in DNMT3A, FLT3-ITD, TET2, EZH2, IDHI,
IDH2, and U2AF1 mutations between the two groups of
patients (all P>0.05). TP53 and RUNXI1 mutations have
been widely recognized as inferior genetic alterations in
AML patients. Moreover, patients harboring NPM1 muta-
tions have a better prognosis than patients lacking NPM1
mutations in AML. These results further suggest that high
ROBO3 expression may have significant clinical relevance
in non-M3 AML patients.

High ROBO3 expression predicts poor survival in
non-M3 AML patients

The above results provided evidence of the association of
ROBO3 with some important clinical and laboratory
parameters in non-M3 AML. Considering that older age,
poor cytogenetic/ ELN risk classification, and TP53 and
RUNX1 mutations are all high-risk factors for an inferior
outcome, we wondered whether high ROBO3 expression
was associated with poor survival in non-M3 AML
patients. To unravel this, we performed survival analysis
to directly investigate the prognostic significances of
ROBO3 expression in non-M3 AML patients. Patients
with PML-RARu« fusion gene (M3) were excluded because
their remarkably favorable prognosis may have influenced
the analysis. Results showed that there was a distinct dif-
ference in survival between high and low ROBO3 expres-
sion non-M3 patients. A prominently worse overall
survival (OS) and event-free survival (EFS) was observed
in ROBO3 high expression non-M3 patients (Figure 3(a)
and (b)) (median OS: 11.2 vs. 24.6months, P=0.004;
median EFS: 7.7 vs. 10.2months, P=0.012). To further



Cai et al. Association of ROBO3 with poor survival in non-M3 AML 1187

@ ~ (b)

i — % g = -10

z .3 Sasq  BTASI0

=6l & £

S f ¥ 0.6~

S

)

24 =

% Q 0.4-

E >

Z 2 & § 0.2-

o € = =

S £ = S E :

=] " =

ga 0 — —_ s 0.0 T T
AML NC - AML NC
(N=173) (N=70) (N=542) (N=T4)

(c)

-3
izl

ROBO3 expression (TPM)
o

==

R

n
T

-,
-
i
al

1 e
MO M1 M2 M3 M4 M6 M7
(N=16) (N=42) (N=39) (N=16) (N=35) (N=18) (N=2) (N=3)

I

—
L

—
@
—

Normalized ROBO3 expression

P=1.80x10"%
154
10 . I

=S . ?

1 I 1 1
non-M3 AML M3 non-M3 AML M3
(N=155)  (N=16) (N=505)  (N=37)

d -11
@ 0gn  P=1.68x10

ROBO3 expression (log; TPM+1)

) P=1.94x10""* (@)

15
104 . I
1

T T T
non-M3 AML NC non-M3 AML. NC
(N=155) (N=70) (N=505) (N=74)

-12
g P=2.36x10

0.4

0.2

0.0

ROBO3 expression (log; TPM+1)
Normalized ROBO3 expression

Figure 1. ROBO3 is increasedly expressed in AML patients. (a) ROBO3 expression feature in AML patients and normal controls in TCAG AML cohort (Analyzed by
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Table 1. The association of ROBO3 expression with clinical features in non-M3 AML patients.

ROBO3 "ish ROBO3 “°*
(TPM>median, n =77) (TPM<median, n = 76) P
Sex, n (%) 0.690
Female 34 (44.2) 36 (47.4)
Male 43 (55.8) 40 (52.6)
Age, years 0.000
Median(range) 64 (21-88) 54 (18-81)
BM blasts, (%) 0.455
Median(range) 72 (30-100) 71 (30-99)
PB blasts, (%) 0.532
Median(range) 44.0 (0-98) 41.0 (0-97)
WBC (x10%L) 0.002
Median(range) 11.0 (0.6-117.9) 30.1 (1.2-297.4)
Cytogenetic risk classification, n (%)? 0.007
Favorable/ intermediate 50 (66.7) 64 (85.3)
Poor 25 (33.93) 11 (14.7)
ELN risk stratification, n (%)® 0.001
Favorable/ intermediate 36 (48.0) 55 (73.3)
Adverse 39(52.0) 20 (26.7)

2Evaluable patients’ number is 150 for three patients who do not have cytogenetic information.
BM: bone marrow; PB: peripheral blood; WBC: white blood cell; ELN: European Leukemia Net.
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Figure 2. High ROBOS3 expression is associated with increasing diagnosis age in non-M3 AML patients. (a) Difference of diagnosis age between ROBO3 high
expression patients and ROBO3 low expression patients. (b) Expression prolife of ROBO3 based on patients’ diagnosis age. (c) Sankey diagram of the relationship
between ROBOS3 expression, patients’ diagnosis age, and FAB classification in AML patients. (A color version of this figure is available in the online journal.)
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Table 2. The association of ROBO3 expression with common gene mutations in non-M3 AML patients.

ROBO3 Hish ROBO3 -°*
(TPM>median, n =77) (TPM<median, n = 76) P
DNMT3A, n (%) 0.551
Wild type 58 (75.3) 54 (71.1)
Mutated 19 (24.7) 22 (28.9
FLT3, n (%) 0.873
Wild type 61 (79.2) 61 (80.3)
FLT3-ITD 16 (20.8) 15 (19.7)
NPMT1, n (%)
Wild type 62 (80.5) 44 (57.9) 0.002
Mutated 15 (19.5) 32 (42.1)
TET2, n (%)
Wild type 67 (87.0) 71 (93.40) 0.183
Mutated 10 (13.0) 5 (6.58)
TP53, n (%) 0.045
Wild type 7 (87.0) 73 (96.05)
Mutated 10 (13.0) 3 (3.95)
EZH2, n (%) 0.082
Wild type 74 (96.10) 76 (100)
Mutated 3 (3.90) 0 (0)
IDH1, n (%) 0.578
Wild type 70 (90.92) 68 (88.2)
Mutated 7 (9.08) 8 (11.8)
IDH2, n (%)
Wild type 66 (85.7) 71 (93.42) 0.119
Mutated 11 (14.3) 5 (6.58)
RUNXT, n (%)
Wild type 58 (75.3) 71 (93.42) 0.002
Mutated 19 (24.7) 5 (6.58)
U2AF1, n (%) 0.424
Wild type 73 (94.81) 74 (97.37)
Mutated 4 (5.19) 2 (2.63)

validate the relationship between high ROBO3 expression
and inferior prognosis, we analyzed two additional data
sets: GSE37642-GPL96 (n =383, non-M3 AML patients)
and GSE37642-GPL570 (n=126, non-M3 AML patients).
We observed that high ROBO3 expression was still related
with poor overall survival in both GSE37642-GPL9%6
(Figure 4(a)) (median OS: 273 vs. 521 days, P =0.012) and
GSE37642-GPL570 (Figure 4(b)) (median OS: 352 vs.
548 days, P=0.028).

Treatment choice in remission induction also significant-
ly affected patient outcomes. For non-M3 patients, anthra-
cyclines and cytarabine-based 7 + 3 regimen is the standard
treatment option for remission induction. However, not all
patients can tolerate the side effects of intensive chemother-
apy. Low-intensity therapy (low-dose cytarabine or hypo-
methylation agents) is recommended for patients who
cannot withstand intensive remission induction therapy,
such as patients with significant comorbid conditions. To
better confirm the prognostic significance of ROBO3
expression in non-M3 patients, we further excluded
patients who did not receive intensive therapy during
remission induction. ROBO3 high expression was linked
with poorer OS and EFS in non-M3 patients who received
intensive chemotherapy (Figure 3(c) and (d)) (median OS:
171 wvs. 27.0months, P=0.024; median EFS: 8.3 ws.
13.4 months, P = 0.040). Since intensive remission induction
therapy is highly recommended for non-M3 AML patients
who are younger than 60, survival analysis showed that

ROBO3 high expression was still related with poorer OS
and EFS in this subgroup of patients although the differ-
ence in EFS was not statistically significant (Figure 3(e) and
(f)) (median OS: 19.0 vs. 56.3 months, P =0.023; median
EFS: 8.5 vs. 16.4 months, P =0.075).

In multivariate analysis, the relationship between
ROBO3 high expression and poorer OS and EFS was no
longer detected after adjusted for age, DNMT3A, FLTS3,
NPM1, TET2, TP53, and RUNXI mutation (P> 0.05)
(Figures 5(a) and (b), 6(a) to (c)). However, subgroup anal-
yses revealed that ROBO3 high expression was an indepen-
dent risk factor of worse OS in non-M3 AML patients who
are younger than 60 and received intensive therapy during
remission induction (Figure 5(c)) (HR=2.187, 95% CI
1.110-4.307, P=0.024). In conclusion, above results
revealed that ROBO3 high expression was associated with
high-risk clinical and laboratory parameters, and also pre-
dicted poor survival in non-M3 AML patients.

Functional pathway enrichment analysis between
ROBO3 high expression and ROBO3 low expression
non-M3 AML patients

Previous studies have shown that ROBO family members
play important roles in kinds of human cancers through
various functional pathways.'®'*?” However, the potential
biological function of ROBO3 in non-M3 AML patients
remains largely unknown. To investigate the underlying
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Figure 3. High ROBO3 expression is associated with inferior outcome in non-M3 AML patients. (a, b) Survival analysis results of non-M3 AML patients. Differences in
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biological significance of high ROBO3 expression in non-
M3 AML, we performed bioinformatic analysis to explore
the significantly dysregulated genes and pathways
between ROBO3 high expression patients and ROBO3
low expression patients. A total of 1209 DEGs were identi-
fied between ROBO3 high and low expression patients
(Figure 7(a)). Among these 1209 DEGs, the number of upre-
gulated genes and downregulated genes in ROBO3 high
expression patients was 965 and 244, respectively.
Detailed information of the top 20 upregulated and down-
regulated genes is shown in Table 3.

Next, KEGG and GO pathway enrichment analyses were
performed based on the 1209 DEGs. The KEGG analysis
revealed that the nervous system-related pathways (seroto-
nergic synapse, neuroactive ligand-receptor interaction,
and axon guidance) were significantly enriched between
ROBO3 high expression patients and ROBO3 low expres-
sion patients (Figure 7(b)). This result was consistent
with the classical biological function of ROBO family
members and the SILT/ROBO signaling pathway in the
nervous system. In addition, we also identified some

pathways involved in human cancers (protein digestion
and absorption, extracellular matrix (ECM) receptor inter-
action), although the degree of enrichment was not as sig-
nificant as the pathways involved in the nervous system
(Figure 7(b)).

GO analysis further provided more information about
the potential functions of ROBO3 in non-M3 AML patients
based on the three aspects of molecular function, cellular
component, and biological process. Similar to the KEGG
enrichment results, a nervous system-related pathway in
biological processes (nervous system development) was
significantly enriched in GO analysis (Figure 7(c)). Since
ROBO family members are transmembrane receptor pro-
teins, we found that three cell membrane-related terms
(plasma membrane, integral component of plasma mem-
brane, and integral component of membrane) were in the
top 10 most enriched GO results (Figure 7(c)). In addition to
the canonical functions of ROBO family members, cell
adhesion and ECM organization pathways, which have
long been recognized as critically important factors in
tumor progression and invasion were also significantly
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patients and ROBOG3 low in GSE37642-GPL96 (a) and GSE37642-GPL570 (b). (A
color version of this figure is available in the online journal.)

enriched between ROBO3 high expression patients and
ROBO3 low expression patients (Figure 7(c)). Intriguingly,
we observed that both KEGG and GO results demonstrated
that pathways associated with the ECM exhibited a high
degree of enrichment, suggesting their possible roles in
ROBO3 highly expressed AML. Finally, the DEGs that par-
ticipated in multiple GO pathways (>3) and their relation-
ship with the significantly enriched GO pathways are
shown in Figure 7(d).

Prediction of protein—protein interaction network
of ROBO3

To explore the potential functional partners or regulators of
ROBO3, we performed PPI network prediction using the
STRING and GeneMANIA databases. Since ROBO3 is an
important member of the SLIT/ROBO signaling pathway,
we identified that ROBO3 interacts with other proteins in
the SLIT/ROBO signaling pathway (SLIT1, SLIT2, SLIT3,
and ROBOL1) in both STRING prediction (Figure 8(a)) and
GeneMANIA prediction (Figure 8(b)). Besides SLIT/ROBO
signaling pathway members, we observed that some other
proteins that play vital roles in the nervous system (NELL2,
CHN1, NTN1, and HOXA1) interacted with ROBO3
(Figure 8(a)). More importantly, we found that PAKS,
APBA2, and SALL4 were also in the PPl prediction net-
work. Considering previous work has shown that PAKS3,

APBA2, and SALL4 take part in tumor formation and
development in different ways, their interaction with
ROBO3 indicates their potential cooperative relationships
in human cancers. Taken together, these results indicate the
underlying PPI network of ROBO3, suggesting its complex
roles in the nervous system and human cancers.

Discussion

In this study, we performed a series of bioinformatic anal-
yses using data from public databases. The analyses dem-
onstrated that ROBO3, an important member of the SILT/
ROBO signaling pathway, was highly expressed in non-M3
AML patients. Moreover, high expression of ROBO3 was
related with increasing age at diagnosis, poor risk classifi-
cation, and inferior outcome. Our data provide evidence
that high ROBO3 expression may be a potential prognostic
biomarker for non-M3 AML patients.

The SILT/ROBO signaling pathway was originally iden-
tified in the nervous system, particularly in axon guidance
and axon repulsion.'*'® More recently, the SILT/ROBO sig-
naling pathway has been shown to play vital roles in other
biological processes, such as angiogenesis, heart develop-
ment, and inflammatory cell chemotaxis.>®~®® Likewise, the
function of the SILT/ROBO signaling pathway in cancer
progression has also aroused widespread concern.
Dysregulated ROBO family members have been reported
to have diverse clinical significance in different human can-
cers. For example, ROBO1 overexpression was significantly
associated with poorer OS in pancreatic ductal adenocarci-
noma and nasopharyngeal cancer.”>*” In pancreatic carci-
noma, ROBO3 expression was positively correlated with
tumor stage, and high ROBO3 expression was associated
with inferior outcome.'® On the other hand, ROBO2 was
downregulated and was implicated as a tumor suppressor
in prostate cancer.® These results indicated that the SILT/
ROBO signaling pathway produced oncogenic or anti-
cancer activity that was largely dependent on the specific
cancer types.

The underlying roles of ROBO family members in hema-
tological malignancies have not been intensively investigat-
ed. Mutations in ROBO1 and ROBO2 have been detected in
myelodysplastic syndromes (MDS).* Moreover, ROBO1
and ROBO2 mutations were independent factors of inferior
outcome in MDS patients.” In vitro experiments demon-
strated that upregulation of ROBO1 or ROBO2 suppressed
proliferation and promoted apoptosis in K562 chronic mye-
logenous leukemia cells and HEL acute erythrocytic leuke-
mia cells.”” Considering the oncogenic role of ROBO1 in
pancreatic carcinoma, its antineoplastic activity in leuke-
mia cell lines further supports the functional complexity
of the SILT/ROBO signaling pathway in human cancers.

Our data revealed that ROBO3 was increased in non-M3
AML patients. Patients with PML-RARa fusion gene exhib-
ited a relatively lower ROBO3 expression level compared
with other AML subtypes. High expression of ROBO3 was
associated with increasing age at diagnosis and poorer risk
classification in non-M3 AML patients. These results were
similar to the finding that higher ROBO3 expression corre-
lated with progressive tumor stages in pancreatic
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Figure 5. Forest plots of the association between ROBOS3 high expression and OS in non-M3 AML patients. Cox proportional hazards model for OS in non-M3 AML
patients (a), non-M3 AML patients who received intensive therapy during remission induction (b), and non-M3 AML patients are younger than 60 and received intensive
therapy during remission induction (c). (A color version of this figure is available in the online journal.)

carcinoma. Interestingly, we observed that ROBO3 high
expression patients had lower WBC counts than ROBO3
low expression patients. This may be partly explained by
the significantly older age and accompanying hematopoi-
etic failure of ROBO3 high expression patients. We further
analyzed the relationship between ROBO3 expression and
common recurrent gene mutations in non-M3 AML
patients. TP53 and RUNX1 mutations were more frequent-
ly detected in ROBO3 high expression patients. TP53 is
broadly recognized as the most important tumor suppres-
sor gene in human cancers. Mutations of TP53 have been

linked with extremely poor prognosis in all studied cancer
types.”® On the other hand, the RUNX1 mutation is a newly
established marker of inferior outcome in AML patients,
although its specific clinical significance is still conten-
tious. All these results strongly indicated that high
ROBO3 expression may predict poor survival in non-M3
AML patients. Further survival analysis directly corrobo-
rated these results. In contrast to ROBO3 low expression
patients, the OS and EFS were obviously shorter in
ROBO3 high expression patients. This relationship between
ROBO3 expression status and survival still existed in a
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Figure 6. Forest plots of the association between ROBO3 high expression and EFS in non-M3 AML patients in validation cohort. Cox proportional hazards model for
EFS in non-M3 AML patients (a), non-M3 AML patients who received intensive therapy during remission induction (b), and non-M3 AML patients who are younger than
60 and received intensive therapy during remission induction (c). (A color version of this figure is available in the online journal.)

subgroup of patients who received intensive remission
induction therapy. For patients who are younger than 60
and received intensive therapy during remission induction,
the differences in EFS were no longer statistically signifi-
cant. Since patients who can tolerate the side effects of
intensive chemotherapy commonly are in better physical
condition, it is understandable that these patients exhibit
greater consistency in clinical characteristics and have obvi-
ously better outcomes compared with other patients. We
also observed that high ROBO3 was not an independent
risk factor of poorer OS and EFS in non-M3 AML patients
if age and remission induction treatment choice were not

taken into consideration. Since older age is strongly associ-
ated with inferior outcome in AML patients, the significant
relationship between ROBO3 expression and patients’ age
may interference the effect of high ROBO3 expression as an
independent survival factor. This can also explain why high
ROBO3 expression was an independent risk factor of
poorer survival in patients who are younger than 60 and
received intensive therapy during remission induction.
Previous studies have exposed that aberrant SILT/
ROBO signaling pathway takes part in tumor formation,
angiogenesis, and metastasis via a variety of mechanisms.
For instance, overexpression of SLIT2 and ROBOI1 can
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Figure 7. Pathways enrichment analysis between ROBOS3 high expression and ROBO3 low expression non-M3 AML patients. (a) Heatmap of 1209 differential
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and their relationship with the significantly enriched GO pathways. (A color version of this figure is available in the online journal.)

Table 3. Top 20 most up-regulated and down-regulated genes in ROBO3 high expression non-M3 AML patients.

log2 FC P adj log2 FC P adj
FAM155B 5.48 6.56E-16 C2CcD4B —3.26 4.47E-06
C6orf141 4.44 1.26E-07 FOXF2 -3.04 2.36E-03
DLK1 4.32 1.58E-09 RUNX1T1 —3.00 1.16E-05
NBPF4 4.32 5.67E-09 CD163 —2.85 3.59E-11
SPONT1 4.12 1.79E-30 LMX1B —2.50 2.80E-05
UCHL1 4.06 6.88E-15 POU1TF1 —2.71 2.23E-03
KCNIP1 4.00 3.46E-08 EMX2 —2.69 1.04E-04
MFAP2 3.91 1.06E-15 IL22RA2 —2.59 3.42E-04
ELN 3.89 5.25E-17 IDO1 —2.31 2.57E-03
NOVAT1 3.89 1.20E-04 EPB41L3 —2.24 1.33E-06
GREM1 3.80 2.31E-06 FOXL1 —2.21 3.25E-02
BEND7 3.75 9.563E-12 LOC401463 -2.12 2.45E-03
COBL 3.66 7.31E-09 Clorf141 —2.07 2.05E-02
HMX3 3.65 3.90E-02 ARHGAP29 —2.02 1.71E-07
FIGN 3.64 3.83E-06 MSR1 -1.97 2.19E-05
CREG2 3.60 8.36E-08 PDK4 —1.96 9.08E-07
ANKFN1 3.53 2.80E-05 C7orf16 —1.96 7.77E-03
RIMBP2 3.43 2.14E-06 PRR16 -1.95 3.02E-03
MEG3 3.39 3.26E-11 ROBO2 -1.94 4.57E-02

CECR7 3.19 1.59E-14 BHLHE22 —1.88 2.69E-03
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database (b). (A color version of this figure is available in the online journal.)

promote epithelial-mesenchymal transition, tumor cell pro-
liferation, and liver metastasis during colorectal cancer
development by mediating E-cadherin ubiquitination and
lysosomal degradation.” In pancreatic cancer, overexpres-
sion of ROBO3 activates the Wnt-f-catenin pathway by
enhancing the expression of f-catenin, phosphorylated
GSK3p, and Wnt signaling target C-myc.'® Presently, the
analysis of the DEGs and the potentially altered pathways
between ROBO3 high expression patients and ROBO3 low
expression patients revealed significant enrichment of a
series of cancer-related pathways, including cell adhesion
and ECM organization pathways. Particularly, the results
showed that ECM-related pathways were significantly
enriched in both KEGG and GO analyses. Although cell
adhesion and ECM are generally considered to contribute
to the tumor invasion and metastasis of solid tumors,
increasing evidence indicates that they also play important
roles in hematological malignancies.* ™ Leukemic cells
adherent to the ECM are responsible for the chemotherapy
resistance and inferior outcome.*> Our results provide bio-
informatic evidence that cell adhesion and ECM-related
pathways may act downstream of aberrant high ROBO3
expression in non-M3 AML. On the other hand, the PPI
prediction indicated a complex interaction network and
suggested that ROBO3 may have a close relationship with
some oncogenes, such as PAK3, APBA2, and SALLA4.

Further studies illustrating the detailed underlying mech-
anisms of how ROBO3 regulates or cooperates with these
oncogenic pathways and genes will lead to a better under-
standing of its roles in non-M3 AML.

In conclusion, our data revealed the high expression of
ROBO3 in non-M3 AML patients. Upregulated ROBO3
expression was associated with increased age at diagnosis,
poor risk classification, high TP53 and RUNXI1 mutation
rates, and shorter survival. These results indicated that
ROBO3 may be a potent biomarker of inferior outcome in
non-M3 AML. Dysregulated cell adhesion and ECM-
related pathways may take part in high ROBO3-mediated
leukemogenesis. Exploring the detailed biological func-
tions of ROBO3 or the SILT/ROBO signaling pathway in
AML may be an illuminating direction for fundamental
and clinical research in the future.
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