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Abstract: Fanconi anemia (FA) is a congenital aplastic anemia, characterized as congenital bone marrow failure,
developmental malformation, and the malignant tendency, which may develop into acute myeloid leukemia (AML).
However, few studies have been conducted on the progression from FA to AML. In this study, we used proteomic pro-
filing, together with bioinformatics analyses, to explore the molecular mechanisms by which FA progresses to AML.
Quantitative proteomic analyses of bone marrow samples identified 168 differentially expressed proteins (DEPs),
including 7 upregulated proteins and 161 downregulated proteins in the bone marrow of the FA patient compared
with the healthy people. The upregulated proteins were enriched in response to stress, oxygen transport, and hy-
drogen peroxide catabolic process. The downregulated proteins were enriched in myeloid leukocyte mediated im-
munity, response to interleukin-12, platelet degranulation and regulation of ATPase activity. Based on these results,
we discovered 155 DEPs (142 upregulated and 13 downregulated) in the bone marrow samples between FA and
AML patients, of which HISTAH1D, HIST1H3A, PSME1 and THRAP3 may play important roles in the progression of
FA to AML and may be used as markers for AML early diagnosis. Finally, cell-line based experiments confirmed that
PSME1 had an important effect on the proliferation of leukemia cells.
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Introduction althy people, FA and AML patient samples may
discover key proteins altered during disease
development and provide new insights in the

development of FA and AML.

Fanconi anemia (FA) is a congenital aplastic
anemia, an autosomal recessive genetic syn-
drome, which is characterized by congenital
bone marrow failure, developmental deformity
and malignant tendency [1, 2]. Hematopoietic
stem cell genes in FA patients are constantly
changing throughout their lives, and FA patients
can develop into acute myeloid leukemia (AML),
which is characterized by genomic imbalance
and chromosome translocation, resulting in

Currently, the progression of the disease from
FA to AML remains unclear. There is still no
good method to determine whether FA patients
will further deteriorate into AML. Proteomics is
a high-throughput method to study the protein
changes in the process of disease. By analyzing

copy number abnormality [3-6]. However, how
and whether FA develops into AML is unknown.
Quantitative proteomics can be used to ana-
lyze the differentially expressed proteins in dif-
ferent disease states and explore the potential
dysregulated functions and pathways involved
in disease progression. Omics analysis of he-

the protein changes in bone marrow samples of
FA and AML patients, the evolution process
from FA to AML can be revealed, providing
research ideas for disease diagnosis and treat-
ment. At the same time, potential diagnostic
biomarkers in the disease process can also be
found.
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In this study, we performed quantitative pro-
teomics analysis for the bone marrow of heal-
thy people, FA and AML patients, and identified
the differentially expressed proteins (DEPSs).
The functions and pathways of DEPs were ana-
lyzed and visualized using the ClueGO plug-in in
CytoScape. The protein-protein interaction net-
work of DEPs was built using STRING online
data analysis. The core interaction was extra-
cted by using MCODE in Cytoscape. Through
comprehensive analysis, we identified 12 key
proteins that may play important roles in the
progression of FA to AML. Analysis of the overall
patient survival showed that the high expres-
sion of HIST1H1D, HIST1H3A, PSME1, and
THRAP3 was associated with poor prognosis
of AML, which may be used as diagnostic mark-
ers from FA malignant progression to AML. This
study provides molecular and cellular informa-
tion in the disease progression of leukemia
from FA and may provide a molecular basis for
the elucidation of the occurrence of leukemia in
the FA patients.

Methods

Samples collection from healthy people, FA
and AML patients

Normal bone marrow samples were taken from
healthy people. The FA and AML bone marrow
samples were taken from an unidentified
patient. Patient information was from the pri-
mary pathological examination report. In this
study, the use of human bone marrow tissue
samples was approved by the ethics committee
ofthe Children’s Hospital of Soochow University.

Protein sample preparation and LC-MS/MS
analysis

Bone marrow cells were centrifuged under
12000 rpm at 4°C for 10 min. The collected
sediment was washed three times with ice-cold
PBS (pH 7.4). The samples were ground into
powder under liquid nitrogen and proteins were
extracted with cell lysis buffer. Cell lysate was
centrifuge at 12000 rpm and 4°C for 15 min.
The supernatant was collected and proteins
were precipitated with cold acetone. The pre-
cipitated proteins were dissolved in the lysis
buffer and digested with trypsin in gel. The
resulting peptides from each sample were then
labeled with 6-plex TMT labeling reagents for 4
h at room temperature. Labeled samples were
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mixed at 1:1:1 ratio, fractionated, desalted and
analyzed on an Orbitrap mass spectrometry
with a previously described procedure [7].

Database search for protein identification

The raw MS/MS data were searched with
Proteome Discoverer (Version 1.4) against the
UniProt human database [8], which included
20,417 protein sequences. The false discovery
rate was set to 1%. The reporter ions from TMT
reagents were used for peptide quantification
and the relative abundance was normalized
with the median ratio. The results were export-
ed to Microsoft Excel for further analysis. The
fold changes of > 1.50 were considered as dif-
ferentially expressed proteins (DEPs).

GSEA analysis

Gene set enrichment analysis was performed
by using the Java GSEA Desktop application [9].
The expression matrix (gct file), the phenotype
label file and the CLS file were prepared. The
enrichment statistic was selected weighted
and metric for ranking genes was selected sig-
nal to noise. The parameter of number of per-
mutations was set to 1000. The maximal size
(exclude larger sets) was set to 500 and mini-
mal size (exclude smaller sets) was set to 5.
Then, the file was imported into the GSEA soft-
ware and the calculation was performed.

GO and KEGG analysis of DEPs

The functions of DEPs were analyzed using the
ClueGO [10] plug-in application in Cytoscape
[11]. KEGG pathway enrichment analysis was
carried out and visualized using ClueGO and
CluePedia [12] with P < 0.05 as the cut-off
value.

Integration of protein-protein interaction (PPI)
network

The online database STRING (http://string-db.
org) [13] was used to build the PPl network of
DEPs. The protein interaction network table
was downloaded and visualized using Cyto-
scape software. MCODE plug-in of Cytoscape
was used to perform sub-module analysis.

Survival analysis of AML patients

Survival analysis of AML patients were carried
out using the online gene expression profiling
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interactive analysis tool (GEPIA, http://gepia.
cancer-pku.cn/index.html) [14]. Hazard ratio
and 95% confidence were selected and datas-
ets used for the analysis were acute myeloid
leukemia.

Results

Sample information and gene test results of FA
patients

The bone marrow samples of the control group
were taken from healthy people. The FA and
AML samples were taken from a female patient
who was diagnosed as FA at 8 years old and
again AML at 14 years old. Next generation
gene sequencing discovered that FANCA gene
had a loss of function homozygous mutation in
exon34 ¢.3348+ 1G > A. Because she had a
fever for 2 months, the patient was given bone
marrow aspiration which identified that blast
cells was 20% and she was diagnosed as AML-
Mb5a. Immunotyping confirmed the diagnosis
with blast cells expressed aberrant myeloid
phenotype.

Statistical analysis of proteome in the bone
marrow of the FA patient and healthy person

To explore the potential biomarkers for the
development of FA, we sought to identify the
differentially expressed proteins in the bone
marrow of the healthy person and FA patient
using quantitative proteomics according to the
TMT labeling procedure (Figure 1A). The analy-
sis of physicochemical properties of proteins
reflects the quality of the data obtained from
mass spectrometry analysis. In this study, the
sequence coverage of the most identified pro-
teins was greater than 5%, indicating that pro-
teins identified by proteomics were credible
(Figure 1B). The molecular weight of most iden-
tified proteins is within the range of 10-90 kDa
(Figure 1C). Only three proteins are less than
10 kDa and 47 proteins are more than 90 kDa.
Peptide spectrum matches (PSMs) roughly
reflects the protein abundance. The PSMs of
most proteins in this experiment were greater
than 2, indicating that the identified results
were reliable (Figure 1D). Most of the identified
proteins have an isoelectric point between 5
and 10. The isoelectric point distribution of the
identified proteins was also reasonable (Figure
1E).
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Function and pathway analysis of differentially
expressed proteins in the bone marrow of the
FA patient compared with healthy person

Compared with normal samples from healthy
people, quantitative proteomics identified 168
differentially expressed proteins (DEPs), inclu-
ding 7 upregulated and 161 downregulated pr-
oteins in the FA samples. The GSEA analysis
(Figure 2A) showed that adipogenesis, glucoly-
sis and MYC targets were decreased in FA
patients. The enrichment results indicated that
the normal physiological function of FA pati-
ents was affected compared with healthy peo-
ple. Enrichment analysis of GO and KEGG path-
ways was conducted with CytoScape ClueGo
plug-in. GO functional enrichment analysis in-
cludes biological processes (BP), molecular
functions (MF) and cellular compartment (CC).
The enrichment analysis (Figure 2B) showed
that the upregulated proteins were related to
the response to stress, oxygen transport, gas
transport and hydrogen peroxide catabolic pro-
cesses. Downregulated proteins were mainly
involved in myeloid leukocyte mediated immu-
nity, cellular response to interleukin-12, plate-
let degranulation, cellular oxidant detoxification
and plasminogen activation. ClueGO analysis
of KEGG pathways of down-regulated proteins
showed that these proteins were associated
with regulation of actin cytoskeleton, systemic
lupus erythematous, glycolysis/gluconeogene-
sis and longevity regulating pathway (Figure
2C).

The construction and modularization analysis
of the PPI of the DEPs in the bone marrow of
the FA patient and the healthy person

To further explore the possible connection
among the DEPs, we conducted the protein-
protein interaction (PPI) network analysis for
the 160 downregulated proteins by STRING
[15]. The cutoff score for the PPl network analy-
sis was set as 0.4 (medium confidence). The
final PPl network includes 152 nodes and 1051
edges. We used the MCODE plug-in module to
select the most important submodules in PPl to
further understand the biological significance
of DEPs resulted from the FA patient. The most
significant module (MCODE score = 17.579)
consisted of 20 nodes and 167 edges (Figure
3A). KEGG analysis showed that these proteins
were mainly concentrated in protein process-
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Figure 1. Statistical analysis of proteins identified from the bone marrows of the healthy person, FA and AML pa-
tients. A. Procedure for sample preparation, TMT labeling, LC-MS/MS and data analysis. B. Sequence coverage
distribution of the identified proteins. The results showed that protein coverage was high and protein identification
was reliable. C. Protein mass distribution of the identified proteins. The results showed that the molecular weight
distribution of the protein was reasonable and there was no obvious abnormal distribution of the proteins. D. The
distribution of peptide spectrum matches (PSMs) of the identified proteins. E. Protein isoelectric point distribution
of the identified proteins. The results showed that the distribution of isoelectric points of proteins was reasonable
and the identification results were reliable.

ing in endoplasmic reticulum, ribosome biogen- proteins in the most significant modules were
esis in eukaryotes and AMPK signaling pathway mainly related to nuclear-transcribped mRNA
(Figure 3B). Further enrichment analysis was catabolic process, nonsense-mediated decay,
carried out on the proteins in these submod- cytoplasmic translation, positive regulation of
ules, and the enrichment results showed that DNA biosynthetic process, telomere mainte-
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Figure 2. HALLMARK, Gene oncology and signaling pathway enrichment analysis of DEPs in the bone marrow of
healthy person and FA patients. A. HALLMARK analysis of DEPs. Results showed that adipogenesis, glycolysis and
myc targets were decreased in FA patients. B. GO analysis of DEPs. The results showed that compared with healthy
people, patients with FA had increased oxidative stress, oxygen transport and gas transport capacity, but decreased
cellular immune response. C. KEGG pathways of downregulated proteins. The downregulated proteins were associ-
ated with regulation of actin cytoskeleton, glycolysis/gluconeogenesis and longevity regulating pathway. Function
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and signaling pathway enrichment of DRPs were conducted using the plug-in application in Cytoscape. DEPs, dif-
ferentially expressed proteins; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 3. Protein-protein interaction (PPI) network of the most significant modules. A. Most significant module of the
PPI network. The PPI network contains 20 nodes and 167 interacting relationships. PPl network selection score is
greater than 0.4. B. Enriched pathways of the most significant modules. The results showed that protein processing
in endoplasmic reticulum, AMPK signaling pathway, ribosome biogenesis in eukaryotes and proteasome pathways
were significantly enriched. C. Enriched biological processes in the most significant modules. The results showed
that cytoplasmic translation, positive regulation of DNA biosynthetic process and regulation of telomerase activity

functions were significantly enriched.

nance via telomere lengthening, positive regu-
lation of telomerase activity, positive regulation
of telomere maintenance via telomere length-
ening and regulation of telomerase activity
(Figure 3C). Cellular compartment analysis sh-
owed that these proteins were enriched in the
ribosome. Molecular function analysis indicat-
ed that the downregulated proteins were mainly
related to the function of rRNA binding.

GO and KEGG enrichment analysis of DEPs
between FA and AML

To further understand the biological process of
FA deterioration into AML, we conducted GO
and KEGG enrichment analysis on DEPs. A total
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of 155 DEPs were identified (142 upregulated
and 13 downregulated) in the bone marrow of
the FA and AML patient. The GSEA analysis
(Figure 4A) showed that compared with FA
patients, the epithelial mesenchymal transi-
tion, MYC targets, PIBK/AKT/mTOR signaling,
oxidative phosphorylation and mitotic spindle
were increased while the heme metabolism
function was decreased in the bone marrow of
the AML patient. The upregulated DEPs were
particularly abundant in leukocyte activation
involved in immune response, myeloid leuko-
cyte activation, actin cytoskeleton reorganiza-
tion, and tumor necrosis factor superfamily
cytokine production. Meanwhile, downregulat-

Am J Transl Res 2020;12(4):1415-1427
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downregulated functions and pathways. The size of dots and triangles indicates the number of proteins accumu-
lated and the color represents degree of enrichment.
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Figure 5. Protein-protein interaction network and GO enrichment analysis of the upregulated proteins in the bone
marrow of FN and AML patients. A. PPI network of upregulated proteins. The PPl network contains 142 nodes and
523 interacting relationships. B. Most significant module of the PPI network. C. Biological process enrichment analy-
sis of most significant modules of the PPl network. The cytoplasmic translation, SRP-dependent cotranslational
protein targeting to membrane and regulation of telomere maintenance functions were increased. D. Cellular com-
ponent enrichment analysis. The differences in cell composition were mainly concentrated in cytosolic ribosome
and nuclear matrix. E. Molecular function enrichment analysis. The rRNA binding, pre-mRNA binding and mRNA

binding functions were enriched.

ed proteins were mainly involved in cell activa-
tion involved in immune response, blood coa-
gulation, hemostasis bicarbonate transport
and oxygen binding (Figure 4B). KEGG pathway
enrichment analysis showed the upregulated
DEPs were enriched in the pentose phosphate
pathway, regulation of actin cytoskeleton, tight
junction, leukocyte transendothelial migration,
salmonella infection and system lupus erythe-
matosus and other aspects (Figure 4C).

Modularization analysis of the PPI of the DEPs
in the bone morrow of the AML and FA patient

The protein-protein interaction network of 142
upregulated proteins was established with
STRING. The total PPI network includes 142
nodes, 523 edges and 221 expected number
of edges. The PPI enrichment P-value was less
than 1.0x10¢ (Figure 5A). The most significant
module (MCODE score = 13.304) consisted of
24 nodes and 153 edges (Figure 5B). Further
enrichment analysis was carried out on the pro-
teins in this submodule, and the biological pro-
cess enrichment analysis showed that proteins
in the most significant module were mainly
related to signal recognition particle (SRP)-
dependent cotranslational protein targeting to
membrane, ribosomal large subunit assembly
and regulation of telomere maintenance via
telomere lengthening (Figure 5C). Cell compo-
sition analysis showed that these proteins we-
re enriched in the cytosolic ribosome and nu-
clear matrix (Figure 5D). Molecular function
analysis showed that the downregulated pro-
teins were mainly related to the mRNA 5-UTR
binding, rRNA binding and pre-mRNA binding
(Figure 5E).

Key genes modulating the overall survival rate
of AML

Through the analysis of proteomics data, we
found that a series of proteins decreased dur-
ing the process from healthy people to FA and
increased during the process from FA to AML.
To further investigate the altered proteins dur-
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ing the progression of FA into AML, Venn dia-
gram analysis was performed on proteins do-
wnregulated by FA/Normal, upregulated by
AML/FA, and differentially expressed proteins
of AML/Normal. This analysis revealed 12
common proteins, including ARPC5, HIST1H1B,
HIST1H1D, HIST1H2AB, HISTAH2BA, HIST1H3A,
PSMEZ1, S100A8, SPTAN1, THRAP3, and UTRN
(Figure 6A). In our previous study, we have
found that high level of S100A8 expression had
a worse outcome in pediatric AML patients
[16]. In this study, we further analyzed the
effect of other proteins on the outcome of
pediatric AML in mRNA level with GEPIA
(http://gepia.cancer-pku.cn/index.html). We ch-
ose AML (acute myeloid leukemia) in the da-
tabase and set a 95% confidence interval
for this analysis. The analysis found that the
high expression of four proteins HIST1H1D,
HIST1H3A, PSME1, and THRAP3 was related to
the poor prognosis of leukemia (Figure 6B-E).
These data suggest that these four proteins
may be key proteins in the progression of the
disease and may serve as early markers for the
evolution to AML.

PSME1 affects the biological function of leuke-
mia cells

To further investigate the biological functions
of key proteins derived from proteomics, we
investigated the effects of PSMEL on leukemia
cells (K562). The results showed that all three
knockdown shRNA could significantly reduce
the expression of PSME1 protein (Figure 7A).
Further experiments showed that PSME1 kno-
ckdown could significantly inhibit the prolifera-
tion of K562 cells (Figure 7B). The results indi-
cate that PSME1 plays an important role in leu-
kemia cells.

Discussion

The development of proteomic techniques pro-
vides more possibilities for the study of disease
progression. Only a small size of samples is
required to detect important regulatory pro-
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Figure 6. A. Venn diagram of proteins that are downregulated in FN/Normal, upregulated in AML/FN, and DEPs
in AML/Normal bone marrow samples. Twelve common proteins were listed. B. Overall survival curve between
patients with low (green line) and high (red line) HISTAH1D mRNA expression. Compared with AML patients with
low expression of HISTAH1D, patients with high expression of HISTLH1D had a significantly shorter survival time.
C. Overall survival curve between patients with low (green line) and high (red line) HIST1AH3A expression. The ex-
pression of HIST1H3A protein was negatively correlated with the survival time of patients. D. Overall survival curve
between patients with low (green line) and high (red line) PSME1 expression groups. The higher the expression of
PSME1 protein, the shorter the survival time of patients. E. Overall survival curve between patients with low (green
line) and high (red line) THRAP3 expression groups. The higher the expression of THRAP3 protein, the shorter the
survival time of patients. The X axis indicates overall survival time (months), and the Y axis indicates the present
survival (%). The dotted line represents the confidence interval.
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Figure 7. Biological function of PSME1 in K562 cells. A. After shRNA PSME1 trans-
fection, the expression level of PSME1 was detected. B. The effect of PSME1 on
the proliferation of leukemia cells. The results showed that knockdown of PSME1

protein could significantly inhibit cell proliferation.

teins and to analyze the associated biological
functions. Using proteomic profiling and bio-
informatics analysis, we comprehensively ana-
lyzed the pathogenesis, disease progression,
and functions and pathways that differ between
FA and AML in a small size of patient samples.
In this study, high-throughput proteomics was
used to study the whole proteome in the bone
marrow of healthy person, FA, and AML pa-
tients. The differences in functions and path-
ways between FA and healthy person were
revealed by analyzing the DEPs using various
databases. A series of specific proteins with
high expression level were discovered during
the process from FA to AML. Analysis of overall
survival rate revealed that HIST1H1D, HIST-
1H3A, PSME1, and THRAP3 were important
regulators for leukemia. Therefore, this work
provided valuable information and basis for the
high susceptibility of FA patients to AML.

The rate for the gene mutation of genetic dis-
eases in the chromosomal repair system of FA
patients is relatively high (14.4%) while the
DNA repair ability is defective, leading to the
increased chromosome aberration and organ
malformation. There are defects in pluripotent
stem cell function caused by humoral inhibitory
factors in the bone marrow microenvironment
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Time (h) 20]. In this study, the re-
sults of key MCODE ana-
lysis (Figure 3C) showed
that many telomerase-
related functions were at-
tenuated in patients with
FA compared with normal
subjects. Apoptosis dysregulation and telome-
re maintenance abnormalities were also dis-
covered in FA cells [21, 22]. The spontaneous
apoptosis of FA cells was increased, which may
be associated with the ability of FA cells to
repair damage. Telomeres are involved in chro-
mosome stability and cell proliferation and
telomeres shorten when cells divide. Telomere
shortening is accelerated in the FA cells and is
more pronounced in severe FA cases. It had
high breaks for the telomere sequence in FA
cells. This information suggests that telomer-
es remain defective in FA. In another aspect,
the hematopoietic dysfunction of cannabine-
mia is probably due to high apoptotic rate and
defects in telomere maintenance.

In this study, abnormal oxygen metabolism was
found in FA patients. Dysfunction in oxygen
metabolism is an important factor in the defec-
tive pathological DNA repair in FA cells [23]. FA
cells are damaged by accumulated oxygen free
radicals that are produced by mutagens such
as high oxygen tension, gamma rays, attrac-
tants, and drugs that produce active hydroxide
[24-27]. The cell cycle progression of FA is also
abnormal. FA cells grow slowly, G2 phase is pro-
longed, and G2/M phase transition is delayed
or completely arrested, which further increase
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the exposure of cells to high oxygen concentra-
tion, resulting in an increase in oxidative dam-
age [28-30]. This oxidative damage also incre-
ases the possibility that FA deteriorates into
AML. Abnormal oxygen metabolism may be cor-
related with the pathogenesis of AML and oxy-
gen metabolism disorder is an early event in FA
patients that develop into leukemia.

Histones regulate gene expression as they
interact with DNA to form chromatin and pro-
tect or unwrap DNA. Histones mainly affect the
epigenetic function and epigenetic alteration,
such as DNA methylation and histone modifica-
tions, can modulate gene expression and play
important roles in the occurrence and develop-
ment of tumors [31]. Our study suggests that
histones may be involved in the deterioration of
FA into AML [32].

Conclusions

FA Patients are at increased risk of myelopoi-
etic cell carcinoma-acute myeloid leukemia
(AML). Proteomics analysis can detect proteins
that are differentially regulated and thus bioin-
formatics analysis can be used to discover
abnormalities in the functions and pathways
between the bone marrow of FA and AML. This
work would provide key markers for the future
analysis of the progression of FA to AML. Our
study revealed the functions and pathways of
the differentially regulated proteins in the bone
marrow of FA and healthy people, and also
explored the biological processes that are dys-
regulated during the development of FA o
AML. These results suggest that HIST1H1D,
HIST1H3A, PSME1, and THRAP3 may be useful
markers for the diagnosis of FA-induced AML.
Further functional experiments confirmed that
PSME1 could significantly affect the prolifera-
tion of leukemia cells and play an important
role in the development of leukemia, which is
worthy of further study.
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