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Due to the repeating, devastating impact of cancer worldwide, modern medicine is striving to develop a wide range of approaches
to investigate its intricacies. Specifically, acute myeloid leukemia (AML) poses a significant challenge for oncology due to
its complex genetic makeup and wide spectrum of clinical appearances. Many theories have been proposed to explain this
puzzling occurrence over the years, but epigenetic phenomena stand out as a leading influence. Zhang et al utilized three
fundamental methodologies: RT-qPCR, Western Blot, and Methylation-Specific PCR. It exhibited how the pathophysiology of
AML is significantly impacted by DNA methylation patterns on SOCS1 (silencing suppressor of cytokine signaling-1) DNA,
a tumor suppressor gene, by altering its gene expression. Using the published data from the Zhang paper as a framework, we
will elucidate and analyze three methodologies for studying DNA methylation on SOCS1, presenting them as an accessible
approach for aspiring young researchers. We also proposed a recent method, CasID, which can be used further to investigate
the epigenetic factors that lead to the changes in DNA methylation on SOCS1 DNA. The overarching goal of this study is to
help young researchers approach and study the epigenetic network of SOCS1 in AML and thus guide researchers to under-
stand this tumor suppressor gene better and facilitate their findings on the potential targets that can be used for therapeutic purposes.

Keywords: Acute myeloid leukemia, Cancer, Tumor suppressor gene, Bisulfite, Epigenetics, DNA methylation, Proximity-
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1 Introduction

1.1 Epigenetics

Gene expression in the vast field of molecular biology is made up
of more than simple nucleotide sequences. To specify, canonical
gene expression is the process of the DNA sequence used to
produce proteins in a cell through the processes of transcription
in the nucleus and translation that occurs outside of the nucleus.
Epigenetics, for example, explains the process of altering the
canonical gene expression without affecting the DNA sequence
itself. Uncovering the definition of the word epigenetics itself,
we can learn it means “on top of” or “above” genetics, which
can turn on or off genes1.

In addition, the various factors that can influence these
changes consist of environmental factors, such as nutrients,
lifestyle, and age2. The major crucial epigenetic mechanisms
include processes of DNA methylation and histone modification.
These mechanisms either promote or inhibit the transcription
of certain genes and have a significant effect on cellular de-
velopment and response. Thus, the epigenetic mechanism for
these genes needs to be tightly controlled3. A good example of
this is the tumor suppressor gene, which is crucial for cellular
proliferation.

1.2 Tumor Suppressor Genes and Cancer

Tumor suppressor genes are crucial for the regulation of cell
division and averting tumor growth due to their ability to func-
tion as brakes on the cell cycle. Ultimately, they prevent can-
cer by controlling cell development and inhibiting unchecked
multiplication. These genes usually block growth-promoting
signals or trigger pathways that result in cell death when cells
are under stress or injury. Maintaining cellular homeostasis and
preventing health issues depend on the strict control of tumor
suppressor genes4. Disruptions of these can lead to cancer, neu-
rological disorders, and many more diseases. Research about
the gene expression program in cancer biology, especially the
tumor suppressor genes, is often associated with abnormal DNA
methylation patterns5.

1.3 DNA Methylation and SOCS1

DNA methylation is when methyl groups are added to cyto-
sine bases in the DNA molecule, which happens at CpG dinu-
cleotides. This therefore attracts chromatin-modifying enzymes
to compact the chromatin region and blocks the transcription
factor that binds and activates the transcription process. The
changes in DNA methylation patterns that lead to the silencing
of certain genes are used as a marker for the diagnosis of cancer

© The National High School Journal of Science 2025 NHSJS Reports | 1



and other associated illnesses, such as metabolic syndrome and
neurological conditions. Among these genes, SOCS1 (Suppres-
sor of Cytokine Signaling 1) is particularly significant since it
is necessary for controlling inflammation, the immune system,
and immunological response. Tumor suppression and immuno-
logical regulation are among its other roles6,7. Understanding
the functions and control of SOCS1 in illnesses is essential for
creating targeted treatments and cancer identification methods8.

1.4 Acute Myeloid Leukemia (AML)

Leukemia is a malignancy of the body’s blood-forming tissues
caused by an abnormal growth of hematopoietic cells in the bone
marrow. Because of its rapid onset and quick progression, AML
is one of the most severe forms of the disease that damages the
immune system. When the bone marrow creates an excessive
number of abnormal myoblasts, a subtype of white blood cells
that do not mature, the body lacks efficient white blood cells that
fight infections. This subtype of leukemia is correlated with the
excess production of defective myoblasts9. Following the many
other different forms of malignancies, chemotherapy, radiation
therapy, and targeted therapy are all part of the challenging
treatment strategy. Despite these noteworthy developments in
treatment modalities, an extensive information gap about AML
pathogens continues to impede the development of targeted
treatments with improved efficacies10.

1.5 SOCS1 methylation in AML

Through negative feedback regulation of the cytokine-activated
JAK-STAT signaling pathways, the SOCS1 gene, in immune
cells, has been revealed to function as an inflammation inhibitor.
It’s involved in many cancers. Regarding the SOCS1 gene, the
uncertainty arising is that studies propose that this gene could act
as a tumor suppressor as well as a potential tumor promoter. The
evidence of SOCS1’s relation with cancers as an oncogene is still
emerging11. Despite the SOCS1 gene being an acknowledged
tumor suppressor gene with its presence in the development of
tumors including cervical and liver cancers, it hasn’t yet been
well explored. SOCS1 methylation remains an understudied
aspect of AML due to the highly controversial nature of its role
in both autoimmunity and cancer. The complexity arises from
significant variation among SOCS1 methylation status and its
dynamic in AML patients. This variability makes it challenging
to uncover clear correlations between SOCS1 methylation pat-
terns and AML disease progression, prognosis, or therapeutic
response12.

1.6 Methodologies to Study the DNA Methylation on
SOCS1

Reverse transcription-polymerase chain reaction (RT-qPCR),
Western Blot, and Methylation-Specific PCR (MSP) are always

the three fundamental approaches to studying the gene expres-
sion and epigenetics status of a tumor suppressor gene in can-
cer13–19. RT-qPCR is an efficient and direct way to analyze the
expression level of the target genes. Western Blot is an advanta-
geous lab method because it can identify the quantity of a target
protein even in a complex mixture of proteins. Lastly, MSP is
beneficial as it’s cost-effective and is sensitive to methylated
and unmethylated DNA. The research conducted using these
three methods uncovered a negative correlation between SOCS1
levels and AML severity. However, the mechanism for how the
DNA methylation was established on SOCS1 promoter in AML
patients is still unknown20.

1.7 Exploring the relationship between SOCS1 methylation
and AML

After carefully reviewing most of the modern technologies to
study DNA methylation and epigenetics, we proposed biochem-
ical methods called CasID. CasID can be used to study the
mechanism by identifying the essential factors that mediate
the methylation and silencing of SOCS1 in AML patients21,22.
The results will emphasize the pivotal role of SOCS1 in can-
cer development and draw attention to the possible influence
of epigenetic control on its tumor-suppressive properties. The
epigenetic factors that mediate the DNA methylation changes
behind AML will be elucidated after this approach, which also
paves the way for targeted treatment strategies that try to stop
the spread of cancer by restoring SOCS1 function.

1.8 Overview of Zhang Paper

This data analysis paper reviews and analyzes the published
data in the Zhang paper, in which they discovered the gene
expression of SOCS1 mRNA, protein, and its methylation status
in AML patients using the three gold methodologies that were
mentioned23. This study will elucidate three key fundamental
techniques to study the connection and correlation between
SOCS1 methylation and its gene expression in AML and make
it an accessible approach for young scientists. Together with the
data from Zhang’s paper as an example, we have analyzed the
actual research data for SOCS1 methylation. We also predict the
potential methodology to study the unknown epigenetic factors
that contribute to the dynamics of SOCS1 methylation in AML.

2 Materials and Methods

2.1 Data Attributes

The research from the Luo Lab and their corresponding research
methods are focused on the bone marrow cells isolated from
110 patients diagnosed with AML and 10 normal controls for
healthy people obtained from the Department of Hematology at
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The Second Hospital of Hebei Medical University. The different
research groups were assigned names: IT represents the initial
treatment group, RR indicates the “relapsed/refractory group”,
RE is the remission group, and NC represents the healthy control
group.

2.2 RT-qPCR for the Level of mRNA Expression

Total RNA in the patients’ bone marrow cells was extracted with
the RNeasy Qiagen kit (Qiagen Inc., Valencia, CA, USA). Using
the enzyme Reverse Transcriptase (RT) from The RevertAidTM
First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.),
500 ng RNA was employed as a template to synthesize the com-
plementary DNA (cDNA) by matching the nucleotide bases.
After synthesizing the cDNA, a Polymerase Chain Reaction
was performed. Firstly, denaturation occurred at 95°C for 10
minutes, which was then followed by 40 cycles at 95°C for
10 seconds, and specific primer annealing was at 60°C for 20
seconds. SOCS1 forward primer is GACGCCTGCGGATTC-
TAC, and the reverse primer is AGCGGCCGGCCTGAAAG.
The forward and reverse primers were designed to bind to the
SOCS1 gene to generate 181 base pairs of qPCR products. If
the SOCS1 gene was not expressed, the primers would not be
able to bind. The next step was a primer extension at 72 °C
for 10 minutes, which lets the Polymerase incorporate the com-
plementary nucleotide bases starting from the designed primer.
Furthermore, the SYBRGreen enzyme (SuperReal PreMix Plus,
Tiangen Biotech Co. Ltd., Beijing, China) was bound to this
DNA that was effectively forming the double-strand DNA and
illuminated it. The gene expression of β -actin mRNA was
measured simultaneously as an internal control expression for
each sample, as β -actin mRNA was constantly and normally
expressed among all samples. Thus, β -actin mRNA level was
used as an internal control. The forward primer for β -actin
is GAGCTACGAGCTGCCTGAC, and the reverse primer is
GGTAGTTTCGTGGATGCCACAG. The gene expression for
the SOCS1 in AML samples, including IT, RR, and RE, were
normalized with the SOCS1 mRNA level in the NC group and
the internal control expression of β -actin mRNA using the 2-∆∆

Ct method. The data presents the mean ± SD from 50 samples
in the IT group, 50 samples in the RE group, and 10 samples in
the RR group along with the NC group24.

2.3 Western Blot for SOCS1 Protein Expression

The process started with lysing the bone marrow cells with RIPA
buffer (50mM Tris (pH7.4), 150mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS sodium orthovanadate,
sodium fluoride EDTA, and phosphatase inhibitors) to extract
all soluble cellular proteins. Next, 50µg of the protein was
loaded on the 10% SDS-PAGE gel, and the total proteins were
separated by size. Gel electrophoresis followed, and it resulted

Fig. 1 Relative gene expression of SOCS1 and SOCS1
methylation-related genes. (A) qPCR results of SOCS1 in IT (initial
treatment group), RR (relapsed/refractory group), RE (remission
group), and NC (normal control group).

that the proteins with the lower molecular weight would move
faster to the bottom of the gel. The proteins with the higher
molecular weight would move slower. Then, the gel was placed
directly into the polyvinylidene fluoride (PVDF) membrane in
the sponge’s middle and appropriately filtered paper to create
a ‘sandwich’. The sandwich was put in gel electrophoresis to
transfer all the proteins from the gel to the PVDF membrane.
The membrane containing associated proteins was blocked with
5% milk (w/v) for 1 hour. Following this, primary antibodies
for SOCS1 and β -actin were probed with the membrane and
so they bound to where SOCS1 and β -actin proteins are on
the membrane. The membrane was incubated with anti-rabbit
IgG, HRP-linked secondary antibody for 1 hour, which bound
to SOCS1 and β -actin primary antibodies and are visible when
exposed to chemiluminescence.

2.4 Methylation-Specific Polymerase Chain Reaction
(MCP)

The genomic DNA (2ug) was extracted using the DNA extrac-
tion kit, and bisulfite modification by EZ DNA was performed
with the EZ DNA Methylation-GoldTM kit. The normal cyto-
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VARIABLES IT RR RE NC
MALE 22 8 21 5
FEMALE 28 2 29 5
MEDIAN AGE 48.4 (19–67) 45.3 (17–66) 34.8 (22–64) 50 (19–66)

Table 1 Characteristics of patients: IT (initial treatment), RR (relapsed group), RE (remission group), and NC (normal, control group). These
patients made up the experimental groups for RT-qPCR.

Fig. 2 Schematic for western blot experiment to analyze the
expression of SOCS1 proteins in the AML patients’ bone marrow cells.
The total proteins were extracted from the bone marrow cells of all 4
groups of patients and the proteins were separated on the 10%
SDS-PAGE gel. The proteins on the gel were transferred to the PVDF
membrane and blotted with primary SOCS1 and β -actinantibodies.

sine (C) on the genomic DNA was changed to uracil (U) and
the methylated cytosine was resistant to bisulfite and maintained
as cytosine. Next, PCR was performed with specific primers
designed for methylated and unmethylated sequences in the
SOCS1 promoter region. PCR was performed by heating the
genomic DNA at 95°C for 10 min, followed by 40 cycles of
denaturing at 95°C for 30 sec, primer annealing at 58°C for 40
sec, primer extension at 72°C for 45 sec, and final extension for

72°C for 10 min. Each PCR product was run on the 2% agarose
gel containing ethidium bromide (EtBr) to stain and make vis-
ible the DNA PCR product. The products were viewed under
UV illumination and analyzed based on the expected size. If the
designed methylated primers could not bind to the SOCS1 pro-
moter region and could not yield any PCR product, the SOCS1
promoter is not methylated, and vice versa.

Fig. 3 Schematic for Methylation-Specific PCR for SOCS1 in AML
patients’ bone marrow cells. Genomic DNA from the bone marrow
cells from each group of AML patients was extracted and treated with
bisulfite. Bisulfite modified the unmethylated C to U (green) and
maintained methylated C to C (C-CH3, red). The ‘M’ stands for the
primers designed for methylated SOCS1, and the ‘U’ stands for the
primers designed for unmethylated SOCS1.

2.5 CasID to Find the Factor that Mediated SOCS1 Silenc-
ing

CasID will be done in normal bone marrow cells and different
AML patients’ bone marrow cells. The normal cell lines and
AML cell lines will be grown on 15-cm plates. The biotin ligase
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(BioID), an enzyme that can label the biotin to lysine amino acid
residue of other proteins within a 10 nm distance closed by, can
be fused to the C-terminal of dead Cas9 to generate a plasmid
called dCas9-BioID. By manipulating the CRISPR technology,
the designed sgRNAs that targeted the SOCS1 DNA can bring
the dead Cas9 to the SOCS1 locus. Thus, the plasmid dCas9-
BioID and the designed sgRNAs will be delivered to the cell
to aim for having the BioID at the SOCS1 gene loci. Cells will
be supplemented with 50 uM of free biotin for 24 hours. The
BioID could take the free biotin and transfer this biotin to the
lysine residue of the protein within a 10 nm proximity distance.
Once the labeling is well established, cells can be collected and
washed with a cold PBS buffer. The cells can be lysed with 1
mL RIPA lysis buffer (10% glycerol, 25 mM Tris-HCl pH 8.0,
150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% NP-40, and 0.2%
sodium deoxycholate), and 1 uL benzonase and incubated on ice
for 1 hr. The mixture was centrifuged at maximum speed for 30
min at 4 °C, and the supernatants or the total proteins extracted
from the cells can be collected and incubated with Streptavidin
beads overnight in the cold room (4°C). Protein that has biotin
labeled will bind to the Streptavidin magnetic beads strongly.
The magnetic rack can then be used to keep the labeled proteins
on the beads. The beads were washed twice with RIPA buffer,
TAP lysis buffer (10% glycerol, 350 mM NaCl, 2 mM EDTA,
0.1% NP-40, and 50 mM HEPES, pH 8.0) and three times with
ABC buffer (50 mM ammonium bicarbonate, pH 8.0) to wash
away all the non-specific and unlabeled proteins in cells. The
labeled proteins on the beads will elute with 50 uL 2x Laemmli
buffer by heating at 95 °C for 5 min and resolving on 4-20%
SDS-PAGE gel. The gel slices corresponding to the labeled
protein will be gel-purified and analyzed by Mass Spectrometry,
a technique that can identify the unknown proteins from the
mixture by comparing their unique mass spectra to the known
mass spectra in the database.

3 Results

3.1 RT-qPCR Analysis

Real Time RT-qPCR aimed to look at the endogenous SOCS1
RNA in each of the groups of AML patients, IT, RR, RE, and
NC. The laboratory method consists of extracting the total RNA
in the cells, converting it to cDNA, and performing qPCR to
observe the mRNA expression of the SOCS1 gene. RT-qPCR
will showcase what cDNA contains SOCS1 mRNA as the genes
containing mRNA will be fluorescent and the ones where the
SOCS1 was not expressed would not have fluorescent lighting.
The fold change in RNA expression of SOCS1 in IT, RR, and RE
was normalized with the normal RNA expression level in the NC
sample. The phenotypic changes were then confirmed by nor-
malizing with an internal control gene, β -actin, a housekeeping
gene with a constant and stable expression in all samples. The

Fig. 4 Schematic for CasID experiment to investigate the unknown
protein factor that mediates the abnormal DNA methylation on SOCS1
in AML patients. The dCas9-BioID and the SOCS1 targeted sgRNAs
were generated and delivered to the bone marrow cells on a culture
dish. The biotin (red rectangle) was supplemented to the cell and a
biotinylated reaction occurred for 24 hrs. The cells were lysed, and the
protein factors from the nuclei were extracted and incubated with
streptavidin beads (The gray S sphere, magnetic bead, with the pink A
sphere, avidin) to isolate all the biotinylated proteins. These proteins
were gel purified and analyzed by mass spectrometry. The negative
control, when no biotin was added, should not have any biotinylated
proteins. The positive control, when replacing the targeted SOCS1
gRNA with the empty vector guide RNAs (non-targeting sgRNA and
NT), should have a lot of non-specific biotinylated proteins labeled as
the dCas9 will be floating everywhere and not target any specific locus.

results proved that in the patients IT and RR, a lesser amount
of SOCS1 gene was expressed, a 0.03-fold change for IT and
a 0.02-fold change for RR. Comparably, patients RE and NC
expressed a much higher level of SOCS1, a 1.2-fold change for
RE, and a 1.5-fold change for NC. This method concluded that
patients suffering from AML had less SOCS1 in their cDNA and
vice versa regarding RE and NC.

3.2 Western Blot/Gene Expression Analysis

From the central dogma, we know that SOCS1 DNA will need
to transcribe to RNA and translate to protein. Furthermore, pre-
vious data suggested that the expression of SOCS1 RNA and
SOCS1 protein for IT and RR were very low. Thus, the data
strongly suggested that the transcription of SOCS1 is dysregu-
lated in AML. DNA methylation modification is often installed
on the CpG islands and CpG islands are a group of cytosine and
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Fig. 5 The expression of SOCS1 mRNA in the AML patients’ bone
marrow cells. The level of SOCS1 mRNA expression normalized by
the SOCS1 in the NC and the internal control β -actin for IT (initial
treatment), RR (relapsed group), RE (remission group), and NC
(normal, control group). The graph was generated based on the
published data set from the Luo Lab, Zhang et al., 201823. Total RNA
was extracted from bone marrow mononuclear cells and gene
expression was detected with the qPCR method. Fold change
difference was compared to a normal control group using the 2-∆∆Cq
method. Data represent the mean ± SD from 50 samples in the IT
group, 50 samples in the RE group, 10 samples in the RR group, and
10 samples in the NC group. *P<0.05.

Fig. 6 Relative expression of mRNA of SOCS1 methylation-related
genes - DNMT1. Data is presented as the mean ± SD and is presented
as fold change differences between ME (methylation group), NM
(non-methylation group), RR (relapsed group), and NC (normal control
group). *P<0.05. The gel result was the published data from the Luo
Lab, Zhang et al., 2018 23. 3.2 Western Blot/Gene Expression Analysis

guanine nucleotides with a phosphate backbone associated with
gene promoters. Undoubtedly, the Zhang paper hypothesized
that SOCS1 has the DNA methylation modification on SOCS1,
especially the SOCS1 promoter of the CpG islands, and this
methylation can result in the gene being silenced, preventing
transcription from occurring. Indeed, the Zhang paper used
bisulfite to treat the extracted genomic DNA. The methylated cy-
tosines were resisted with bisulfite and maintained as cytosines,
but the unmethylated cytosines were converted into uracil. They
then performed methylation-specific PCR with designed primers
specifically for SOCS1 unmethylated and methylated promoter
regions to test this hypothesis. If the hypothesis is right, then the
designed primers for methylated SOCS1 promoter can bind to
the target DNA and result in expected PCR products. The paper
also used the designed primers for unmethylated SOCS1 promot-
ers as a control. If the SOCS1 promoter is not methylated, then
there will be an expected PCR product shown on the gel. As a
result, the research showed that most patients in the IT group
were methylated on the SOCS1 promoter. Patients in the RR
group have both methylated and unmethylated SOCS1 promot-
ers and this could be a result of their status. Patients in the RR
group are those who relapsed after receiving the treatment from
the hospital or who cannot recover completely after two courses
of treatment. All patients in the RE and NC have only unmethy-
lated SOCS1 promoters. According to the findings, SOCS1 is
silenced because DNA methylation was installed at the gene’s
promoter, which contributes to the aberrant development and
spread of AML cells. The designed primers for the methylated
region are limited and MSP would be a challenge to screen for
all possible methylated regions in the entire SOCS1 gene, thus
the methylation status on the entire SOCS1 gene and the global
methylation in the patient’s bone marrow cells are needed for
further analysis by whole genome bisulfite sequencing. Never-
theless, the methylation at CpG sites on SOCS1 can serve as a
significant biomarker for AML cancer detection.

IT: initial treatment
RR: relapsed group
RE: remission group
NC: normal control group
M: methylated
U: unmethylated

This method aimed to look at the total SOCS1 proteins in the
bone marrow cells extracted from each of the groups of AML
patients, IT, RR, RE, and NC. Using this method, researchers
determined the target proteins’ existence, amount, and size. The
results of this technique showed a lesser scale amount of SOCS1
proteins for IT and RR, while higher amounts for RE and NC.
There is an abundance of β -actin protein level as a control, and
the changes in protein expression for SOCS1 proteins.

6 | NHSJS Reports © The National High School Journal of Science 2025



Fig. 7 The expression of SOCS1 proteins and the downstream
signaling pathway proteins in the AML patients’ bone marrow cells
were determined by western blotting. The level of SOCS1 and β -actin
protein expression were shown in the IT (initial treatment), RR
(relapsed group), RE (remission group), and NC (normal, control
group). The gel result was the published data from the Luo Lab, Zhang
et al., 2018 23.

Fig. 8 Western Blot and gene Expression analyzes the relative
expression of proteins. Values were normalized against β -actin. The
quantification was performed using ImageJ 1.8 software (National
Institutes of Health, Bethesda, MD, USA). *P<0.05. The gel result
was the published data from the Luo Lab, Zhang et al., 201823.

3.3 CasID to Find the Factor that Mediated SOCS1 Silenc-
ing

3.3.1 CasID Experiment Setup
Since the DNA methylation on SOCS1 is very dynamic, espe-

cially in the patients first diagnosed with AML, we will perform
a CasID experiment for the bone marrow cells line cultured
from different groups of patients with AML to find the unknown
protein factors that mediate the DNA methylation on SOCS1 in
AML. Taking advantage of a well-studied CRISPR system, a
process that needs a designed single guide RNA (sgRNA) that
can guide a CRISPR-associated endonuclease protein called
Cas9 to a specific genome locus, and so Cas9 will cleave the
double-strand DNA of the target gene loci. For our experiment,
we will use the dead Cas9 (dCas9) protein, which contains the

Fig. 9 The methylation-specific PCR shows the methylation status of
SOCS1 in AML patients’ bone marrow cells. The ‘M’ stands for
methylated SOCS1, and the ‘U’ stands for unmethylated SOCS1. The
ladder was loaded in the first and the last lane of the gel. The gel result
was the published data from the Luo Lab, Zhang et al., 201823

mutation in the endonuclease domain, so dCas9 will only bind
to the target gene in the genome and will not be able to cleave
the double-strand DNA of that target gene. We will genetically
fuse a biotin ligase enzyme (BioID) to the dCas9, which gener-
ates the dCas9-BioID that employs the CRISPR system to do a
proximity-dependent labeling protein experiment called CasID.
3.3.2 BioID Proximity-Dependent Labeling Reaction

BioID is a proximity-labeling enzyme that can take biotin as
a substrate and attach the biotin to the lysine residue of other
proteins close within 10 nm distance. This means once we deliv-
ered dCas9-BioID to the cell, the designed sgRNA targeted the
SOCS1 promoter, where epigenetic modification is regulated,
will also bring the dCas9-BioID onto the SOCS1 gene. dCas9
will not cleave the DNA and will just bind stably on the gene,
while the BioID will constantly take the free biotin added, and
attach the biotin to the other proteins that interacted with the
SOCS1, and these proteins are now called biotinylated proteins.
Thus, BioID will label all the proteins that are active and in-
volved in this methylation region. Biotinylated proteins will be
isolated and purified using streptavidin beads and the proteins’
identity can be quantified and revealed by mass spectrometry.
3.3.3 Positive and Negative Control for CasID Experiment

The proteins obtained from the sgRNA-targeted SOCS1 pro-
moter can be analyzed as they are unique to SOCS1 DNA when
comparing it to the non-targeting sgRNA (NT sgRNAs) – so
NT sgRNA and NT serve as a negative control group for the
background noise proteins that come from the dCas9 diffusion.
Each sample will be run in triplicate and the p-value for each
protein/peptide will be quantified. Future experiments will have
another negative control, which is without biotin added so that
there is no labeling and no biotinylated proteins. Western blot
streptavidin antibodies or immunofluorescence with streptavidin
staining is required to demonstrate the spatial resolution of
biotinylated and determine the localization of biotinylated pro-
teins within the cells. ChIP-qPCR is also required to validate
the specific binding of dCas9-BioID to SOCS1 locus. The mass
spectrometry results can be tracked based on the known fac-
tor, like the enzyme DNMT in the DNA methyltransferase ma-
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chinery, which adds the methyl group on the cytosine of the
DNA for the SOCS1 in the cells in the IT and RR groups. The
known interacting partners of SOCS1 in literature, such as the
DNMT1/DNMT3A, RUNX, STAT5, or NF-kB (RELA, RELB,
p60/p65), will also be validated. The abundance of SOCS1 in-
teractors from dCas9-BioID will be divided by the background
protein expression in the non-targeting sgRNA samples to gen-
erate a log of 2 fold-change. The top 500 potential candidates
that are more enriched in the SOCS1 dCas9-BioID will be fur-
ther analyzed using gene ontology (GO) enrichment analysis.
The background proteins, such as cytoskeleton proteins and
ribosomal proteins, will be filtered, leaving behind a rank of
fold-changes for the enrichment of factors that interact with the
SOCS1 promoters. The epigenetic factors, histone regulators,
transcription regulators, co-repressors, or epigenetic association
factors are the predicted proteins that will be involved. The
top 10-20 candidates in this experiment will be the ones that
potentially contribute to the dysregulation of SOCS1 expression
via DNA methylation; however, further experiment is required
to validate these factors.

Fig. 10 CasID results and the expected potential factor that can
mediate SOCS1 silencing. All the factors in the black or blue circle
represent the control factors in the bone marrow cells from the NC and
RE patients’ groups. All the factors in the red circle represent the
factors in AML bone marrow cells from IT (initial treatment) and RR
(relapsed group) patients. Other than the known internal control factors
like the ribosomal proteins or cytoskeleton proteins that all might have
in common, and the DNA methyltransferase (DNMT1) in IT (initial
treatment) and RR (relapsed group) cells, the unknown factor that
regulates DNA methylation on SOCS1 promoter region will stand out
(factor A, shown as a red dot).

4 Discussion

Other than AML, the expression of SOCS1 is also altered in
many cancers, including cervical, esophageal squamous, hepa-
toblastomas, and so on25–27. For example, the same three gold
methodologies were used to study SOCS1 in human pancre-
atic cancers and found that SOCS1 was also methylated, but
little is known about this mechanism28. Thus, SOCS1 can be

used as a marker to diagnose AML and other cancers. The re-
search analyzed in this paper investigated how SOCS1 became
methylated in cancer and proposed an approach to screen for
the unknown factors that might be involved in this epigenetic
modification. The question remains as to whether it is possible
to design an inhibitor to target merely the unknown factor and
eventually demethylate the methylation mark on SOCS1 DNA
to cure AML and other types of cancer. SOCS1 also has other
CpG regions and whether it has DNA methylation spread out
to other regions of the genes or if there was a global disrup-
tion of the DNA methylation is still unknown. A genome-wide
bisulfite sequencing (GWBS) will give us a better understand-
ing of the methylation status of the entire SOCS1 locus and
other loci in our genome. Furthermore, epigenetic modifiers
can be used to erase the DNA methylation on SOCS1, such as
the demethylating agents. The author of the Zhang paper used
demethylating agents, 5-azaC and 5-aza-dC, and noticed that
methylated SOCS1 was converted to unmethylated SOCS1 and
found that the apoptosis rate was increased and cell viability was
reduced. The finding reflected that methylation on SOCS1 medi-
ated the cell growth and proliferation in the bone marrow cells
of AML patients. However, using demethylating agents might
disrupt the global DNA methylation in both cancer and healthy
cells. Another approach is required to target DNA methyla-
tion specifically for cancer cells and not have any influence on
our healthy cells. The CasID experiment is necessary and the
study of protein factors that mediate the epigenetic regulation
of SOCS1 in cancer will lead to designing a specific therapeutic
target. Further investigation of the fundamental mechanisms
behind the condition aims to produce targeted therapies, which
are preferable over chemotherapy and transplantation for pa-
tients’ bone marrow. As a result, this suggests treatment for
AML is more focused on suppressing the cause of cancer in
the genetic makeup. In consideration of histone modification,
DNA methylation often mediates gene expression together with
other histone modifications, such as repressive histone modifi-
cation marks like the tri-methylation on lysine 9 of histone 3
(H3K9me3). That is, the alteration of SOCS1 expression might
involve the regulation of different histone modification enzymes
that can remove the activation marks to substitute repression
marks. The CasID experiment will also be able to provide in-
formation about the epigenetic factors that mediated histone
modification, and ChIP-qPCR can be used to further explore the
epigenetic landscape on SOCS1 locus.

4.1 Limitations of the Study

This study presents several limitations in establishing the base-
line SOCS1 expression and methylation levels resulting in com-
plications in understanding the relationship between SOCS1 and
therapeutic outcomes. For future direction, choosing a broader,
healthier population for the RT-qPCR lab technique, consis-
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tent with the ages and genders of the AML group as a control,
would decrease disparities. The Zhang Paper did not uncover
critical information on the statistics of the experimental groups.
Thus, we could not analyze the variation in samples and corre-
late them with the examination of treatment regimens, patient
stratification, or duration of remission for the patients in the
remission group. Furthermore, to ensure more precise results
and have transparent control factors, we can profile the SOCS1
methylation and SOCS1 expression for individuals and overlap
these data with their age, gender, and comorbidities to further
explore the influencing factors that might contribute to SOCS1
expression in AML patients. Next, β -actin is often known as a
traditional housekeeping gene, however, recent studies by Zhang
et al., 2019, have shown that the expression of the β -actin gene
and protein may vary under pharmacological agents, certain
experimental conditions or diseases, such as cancer29. Thus, it
would be more accurate to examine and use other stable genes
like B-Tubulin or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) for AML samples.

5 Conclusion

This data-analytic research work explores the complex relation-
ships between DNA methylation and the onset of acute myeloid
leukemia. For those with AML, the SOCS1 gene’s extremely
important function has been hampered by the expression of ab-
normal DNA methylation patterns. These inhibitory changes
have an impact on gene expression, which in turn influences
leukemogenesis. The RT-pPCR analysis showcased that the
patients in groups IT and RR had less SOCS1 in their cDNA
when compared to groups RE and NC. Similarly, the western
blot analysis portrayed that the SOCS1 proteins presented in
IT and RR were a lesser amount than RE and NC. Next, the
Methylation-Specific PCR results illustrated that the patients
in group IT had methylated SOCS1 promoters, while RR had
some methylated and some non-methylated promoters. Alterna-
tively, groups RE and NC had unmethylated SOCS1 promoters.
The final goal of this study is to determine the potential targets
and a cellular mechanism that can provide a defense mecha-
nism against the epigenetic modification of a tumor suppressor
gene and thus advance people for target therapy. Ultimately,
these findings will help us understand the epigenetic network of
SOCS1 in AML and thus guide researchers to find and determine
the potential targets that can be used for therapeutic purposes.
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