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Research Article  
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Abstract: Chronic Myeloid Leukemia, resulting due to chromosomal aberration t(9;22) through 
formation of oncogenic BCR-ABL fusion oncogene. Modern BCR-ABL inhibitors, called TKIs, have 
revolutionized CML treatment. CML has three stages: chronic, accelerated, and blast crisis. TKIs 
work well in CP-CML, where patients survive as long as the normal population, but they don't work 
in AP- and BC-CML. Even with advances in treatment, BC-CML has an average overall survival of 
less than a year, giving oncologists little time to clinically intervene. Oncologists can delay or 
prevent CML advancement by detecting patients at risk of disease progression early and making 
timely treatment decisions, especially with third and fourth generation TKIs. However, no universal 
molecular biomarkers exist to diagnose CML patient groups at risk of disease progression. A recent 
study found that all BC-CML patients have mutant FANCD2. Our study was designed to detect 
mutant FANCD2 in AP-CML (early progression phase) to investigate its potential as a novel 
biomarker of early CML progression from chronic phase to accelerated phase due to the urgent need 
for such a biomarker. Our study comprised of 123 CP-CML (control group) and 60 AP-CML patients 
(as experimental group) from Hayatabad Medical Complex, Peshawar, Pakistan, from Jan 2020 to 
July 2023. DNA was extracted from the patients and FANCD2 gene was sequenced using Illumina 
next generation sequencer (NGS) Illumina MiSeq sequencer.  NGS analysis revealed a unique 
splice site mutation in FANCD2 gene (c. 2022-5C>T). This mutation was detected in all CP-CML 
patients but in none of CP-CML. The mutation was confirmed by Sanger sequencing. FANCD2 is 
member of Fanconi anemia (FA-) pathway gene involved in DNA repair and genomic instability. 
Therefore, our studies show that FANCD2 (c. 2022-5C>T) mutation as a very specific molecular 
biomarker for early CML progression. We recommend to clinical validate this biomarker is 
prospective clinical trials.  
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1. Introduction 

Chronic Myeloid Leukemia (CML), is a chronic myeloproliferative malignancy of stem cells that 
is manifested in the blood (Senapati et al. 2023). It is caused by t(9;22), leading to formation of a 
chromosomal abnormality called as Philadelphia (Ph) chromosome (Narlı et al. 2023). This 
chromosomal abnormality results in BCR-ABL fusion oncogene responsible for onset of cancer in 
myeloid lineage of hematopoietic stem cells (Eden et al. 2023). Estimates of the annual prevalence 
range from 0.6 to 2.0 instances per 100,000 people monitored, or around 10-15% of newly diagnosed 
adult cases of leukemia (Sasaki et al, 2023, Siegel et al, 2017). The median age of diagnosis for CML is 
between 57 and 60 years old, and 1.2-1.7% more males than women get the disease (Apperley, 2015; 
Jabbour, 2020, Cortes, 2006, Lurlo et al, 2023). 

The modern BCR-ABL inhibitor drugs called tyrosine kinase inhibitors (TKIs) CML have 
revolutionized CML treatment. However, there are certain challenges in managing patients with 
these drugs (Senapati et al. 2023). CML has three disease phases called as chronic phase (CP-), 
accelerated phase (AP-) and blast crisis (BC-) CML (Boucher et al., 2023). TKIs are very effective in 
CP-CML, resulting in the overall survival rate improving from 20% to 80–90% (Venkitaraman, 2004; 
Senapati et al. 2023). This led to overall survival of CP-CML patients equal to general public, at least 
in technologically advanced countries like USA, Canada, Europe and Japan (Busch et al, 2023). 
Nevertheless, patients in early progression phase (AP-CML) and terminal progression phase (BC-
CML) show resistance to TKIs (Takahashi , 2023). Specifically in BC-CML, despite all advancements 
in treatment modalities, the average overall survival is less than a year, which provides a little time 
frame for oncologists to clinically intervene CML progression (Yoshimaru & Minami,, 2023). Early 
detection of CML patients at risk of disease progression can considerably help oncologists to delay 
or even avoid CML progression by timely treatment decision making specifically with the 
introduction of third and fourth generation TKIs (Shin et al., 2023). Nevertheless, no specific and 
universal molecular biomarkers exist for timely detection of CML patient groups at risk of disease 
progression (Li et al. 2023). 

Cancer has several mechanisms involved in the initiation and progression of its different types, 
including DNA repair defects leading to genomic instability (Telliam et al., 2023). Fanconi anemia 
(FA) is a rare autosomal recessive hereditary illness characterized by gene mutations that are 
predominantly involved in DNA damage response or repair (Leung et al., 2023). The FANC genes 
play a crucial role in the FA pathway, regulating DNA damage responses through complicated 
processes like ubiquitination, phosphorylation, and degradation signals, all of which are required for 
genome stability and genomic integrity (Dong, 2015). Due to increased genomic instability, it is well 
known that the FANC gene dysfunction increases the chance of developing various hematological 
and solid malignancies (D'Andrea, 2003). FANCD2 mutations have recently been found associated 
with BC-CML as a biomarker of terminal CML progression (Absar et al, 2020). Accordingly, this study 
was designed to find out the potential of mutated FANCD2 as a biomarker of early CML progression 
in AP-CML. For the first time in literature, we hereby report mutations in major FA-pathway genes 
associated exclusively with early CML progression in AP-CML patients.  

2. Materials and Methods 

Patient selection and recruitment:  Clinical Follow-up The study was conducted on CML 
patients enrolled in Hayatabad Medical Complex (HMC) Peshawar, Khyber Pakhtunkhawa (KP), 
Pakistan, from January 2020 to July 2023. The number of CP-CML patients included in this study was 
123. The experimental group compromised 60 Accelerated Phase (AP-CML) patients, while 123 
age/gender-matched Chronic Phase (CP-CML) patients were controls. All patients were initially 
treated with imatinib mesylate (IM), and patients with IM resistance were given nilotinib (NI). The 
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European Leukemia Net guidelines 2020 were utilized to determine the criteria of treatment 
responses (Baccarani, 2013; Baccarani, 2015, Yilmaz et. 2023). Standard terminologies, version 4.03 
was used to classify the hematological adverse events and other adverse events (Cortes, 2012). 

The regulations of the Declaration of Helsinki were followed throughout the study. All patients 
included in the study provided written informed consent (World Medical Association, 2007; 
Goodyear, 2007). The approval of study protocols was obtained from Scientific Committees and 
Ethical Review Boards (ERBs) of King Abdullah International Medical Research Center (KAIMRC); 
King Saud bin Abdulaziz University for Health Sciences (KSAU-HS), Hayatabad Medical Complex 
(HMC), Peshawar, Pakistan; and University of the Punjab, Lahore, Pakistan. 

Sample Collection and DNA Extraction 

Peripheral blood samples were collected in 3-5ml EDTA tubes (BD Vacutainer Systems, Franklin 
Lakes, N.J.) from all age groups and clinical phases of CML patients and stored at -70°C for further 
examination. Venous blood samples were obtained from registered CML patients biweekly, for 
follow-up and medication refills, during their visits to the outpatient department (OPD) of the 
medical oncology unit, HMC, Peshawar Khyber Pakhtunkhawa (KPK) Pakistan. All blood samples, 
DNA extraction kits, and reagents were set to room temperature (15-25°C) prior to DNA extraction 
by using a 56°C water bath. The extraction of genomic DNA from blood samples was performed 
using the QIAamp DNA Mini Kit (#51306) (Qiagen). 

Targeted Resequencing of FANCD2 using Next Generation Sequencing (NGS):  

To represent each clinical phase of the disease (Chronic Phase and Accelerated Phase), well-
characterized CML samples were selected and processed for NGS (Gnirke, 2009).  Illumina® DNA 
Prep with Enrichment, (S) Augmentation kit (Cat. # 20025523) was utilized for target enrichment 
(Gnirke, 2009; AlAsiri, 2015). The first step to NGS was DNA fragmentation, followed by 
tagmentation. Afterward, tagmented DNA fragments were amplified and then purified using 
magnetic beads. Next, Oligos were utilized to capture target regions. Enriched libraries were 
amplified by PCR and quantified using a Qubit fluorometer, while Agilent Bioanalyzer was equipped 
to measure the library size distribution. Finally, cluster generation and exon sequencing were 
performed using the Illumina NextSeq500 instrument by loading the quantified DNA libraries on the 
flow cell (AlAsiri, 2015, Absar et al., 2020). 

Next Generation Sequencing (NGS) Data Analysis 

The conversion of output files, BCL files to FASTQ files was done by BCL2FASTQ software. 
Alignment of FASTQ files to the human genome was performed by BWA Aligner, applying the BWA-
MEM algorithm. Variants were called by the Genome analysis tool kit (GATK). Illumina Variant 
Studio was used for the annotation and filtration of genomic variants (AlAsiri, 2015). 

Primary Analysis 

FANCD2 gene was analyzed in all AP-CML patients to detect shared biomarkers of CML 
progression. Filtration strategies that relied on calling rare variants and excluding intron and 
synonymous variants were applied to modify the excel file presenting NGS. Furthermore, all variants 
with known prediction were removed, either benign (B) or tolerant (T). Some variants were 
considered as B when it has 70% or more of B, while other variants were classified as T when T's 
frequency was 70% or more (Carson, 2014). Variants with more than 0.005 population frequency in 
the dbSNP and Exome Sequencing Project (ESP) database were also eliminated. Thus, variant calling 
was only limited to variants with intermediate and high protein effects along with splice variants, 
resulting in about 124 rare variants. Moreover, data was further analyzed to investigate novel gene 
mutations that are present in AP-CML patients but not in CP-CML patients and healthy controls, 
suggesting its role in disease progression (Branford, 2018; Xu, 2020). Access to data made by next-
generation sequencing can be obtained from NCBI, to which it was submitted, at 
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https://www.ncbi.nlm.nih.gov/sra/PRJNA734 750 (SRA accession number PRJNA734750; accessed on 
28 September 2022). 

Validation of Mutation by Sanger Sequencing 

Samples were prepared using ABI Prism 3730 Genetic Analyzer (Applied Biosystems, 
California, USA) and ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction kits, and 
Amplification of samples was done via PCR. Variants identified through NGS were validated by 
Sanger sequencing (Tsiatis, 2010). Forward and reverse sequencing of PCR amplified FANCD2 
fragments were performed by the Sanger sequencer and mutational analysis carried out, as described 
earlier (Absar et al. 2020).  

Statistical Analysis of Patient Clinical Data 

Categorical variables were represented with percentages and absolute numbers, while 
continuous variables were measured with mean and median according to the normality test. Chi-
Square and Fisher's exact test were utilized to compare categorical data of two groups, depending on 
Applicability, while the comparison of two groups of continuous data was done by Two sample 
independent test or Mann Whitney U test, depending on the normality hypothesis. ANOVA or 
Kruskal-Wallis test were performed to analyze data from more than 3 groups. Assessment of survival 
outcome was made using Kaplan-Meier survival analysis curves, and the log-rank test was used to 
compare groups. [SAS/STAT] software version 9.4 (SAS Institute Inc., Cary, NC, USA.) and R 
foundation were used for data analysis and statistical computing (Vienna, Austria), accordingly (R 
Core Team., 2012). Calculations of the Sokal risk score, Eutos risk score, and Euro risk scores were 
also done (Sokal, 1984; Hasford, 1998; Hasford, 2011).  

3. Results 

This study comprised 183 CML patients. The overall mean age of all patients was 34.6. However, 
mean age for CP-CML and AP-CML patients was 33.5 and 35.6, respectively. Regarding gender, CML 
was more common in males as they constituted 60.5%, while females were only 39.5%, giving a 
significant male-to-female ratio of 1.6:1(p = 0.0200). Moreover, the male-to-female ratios for CP-CML 
and AP-CML patients were 1.5:1 and 2:1, accordingly. The means of clinical characteristics calculated 
were 10.1 for hemoglobin, 317.9 for white blood cell count, and 400.2 for platelet count. Furthermore, 
anemia and leukocytosis of more than 50 × 109/L were observed in more than two third of the 
patients. In addition, various types of treatment were applied to patients, including Imatinib and 
chemotherapy. Overall, characteristics including male-to-female ratio, hemoglobin level, WBC count, 
platelet count, treatment type, hepatomegaly, splenomegaly, and survival status were significantly 
altered in AP-CML patients, compared to CP-CML patients. The comparison between CML phases 
in regard to patients' demographic and laboratory characteristics are displayed in Table 1. 

Table 1. A comparison between CP- and AP-CML patients in this study in regard to their 
demographic and laboratory characteristics. 

 Characteristics 

Patient Groups (%) n  

CP-CML AP-CML P value 

 123  (95.35 )  6 (4.65 ) 0  

Mean age (Range) 33.5  (range 7-69) 35.6 (range=27-43)  

Gender   
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Male 74 (60.2 )  4 (66.67) 0 0.60 

Female 49 (39.8 )  2 (33.33) 0 0.59 

RatioMale: Female  1.5:1 2:1 0.02 

Mean Hemoglobin (g/dL) 10.1  

Mean WBC count (×109/L) 313.7 315  

<50  20 (16.3 )  1 (20 ) 0 0.82 

 =/>50  (83.7) 103 5 (80 ) 0 0.02 

P value 0.005 0. 02752  

    

Platelets (× 109/L) Mean 400.2 

<450 75 (61) 40 (66.7)  

>/=450 33 (26.8) 20 (33.3)  

No data found 15 (12.2) 0  

P value 0.0011 0.47  

Imatinib   82 (66.7 )  4 (66.7 ) 0 0.72 

Interferon 41 (33.3 )  0 (0 )  0.0038 

Chemotherapy 10 (8.1 )  4 (66.7 ) 0 <0.0001 

Splenomegaly   

<5  cm  4 (3.3 )  0 (0 )  0.43 

5 –8  cm  9 (7.3 )  1 (16.7 ) 0 0.061 

>8  cm  70 (56.9 )  5 (83.3 ) 0 0.07 

splenomegalyNo  40 (32.5 )  0 (0 )  0.004 

Hepatomegaly   

Yes 35 (28.5 )  4 (66.7 ) 0 0.001 

Survival Status   

Confirmed Deaths 0 1(1.7) 0.0003 

Overall survival at last follow-up (100) 123 59 (98.3)  0.0003  
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Next Generation Sequencing (NGS) 

The results of NGS indicated a novel splice site mutation at genomic position 10,106,408, 
corresponding to leading to cytosine to thymine substitution (c. 2022-5C>T), in the FANCD2 gene. 
This gene is an important member of FA-pathway genes located in chromosome 3. This mutation was 
shared by all AP-CML patients but not CP-CML patients, suggesting its association with disease 
progression. 

Validation by Sanger Sequencing 

A heterozygous variant (C2022T) was found and validated by sanger sequencing. The FANCD2, 
c. 2022-5C>T (genomic position 10,106,408) detected by NGS was confirmed by Sanger sequencing as 
indicated in Figure 1. This demonstrates that the above-mentioned mutation is an indicator of early 
CML progression in CML patients.  

As a result of our clinical validation investigations, it is concluded that the FANCD2 gene is 
exclusively mutated in all AP-CML patients but not in any of the control subjects. Our research 
indicates that the FANCD2 (c. 2022-5C>T) mutation can serve as a highly specific molecular 
biomarker for the early progression of CML. 

 

Figure 1. Electropherogram showing mutation C > T in FANCD2 at splice site of intron 22 and its 
comparison with reference / wild-type sequence. 

4. Discussion 

In our study, 4.65% of 129 CML patients progressed to AP-CML. We found that the FANCD2 
gene was mutated in all patients in the accelerated phase, compared to healthy individuals and 
Chronic phase CML patients. To consolidate our findings, we found another study suggesting that 
the crucial FA pathway protein, FANCD2, has been linked to the advancement of the CML illness 
(Valeri, 2012). In 2007, a study concluded that the frequency of FANCD2 was greater than that of any 
other FA complementation group (Kalb, 2007). Although FANCD2's exact function is yet unclear, the 
upkeep of genomic stability is assumed to be mostly regulated by FANCD2(31). According to Valeri 
et al., BCR-ABL1 induces genetic instability in CML cells by inhibiting FANCD2 nuclear foci, leading 
to centrosomal amplification and DNA repair deficiencies. FANCD2, located at 3p25.3, plays a role 
in repairing impaired DNA (Valeri, 2012; Meetei, 2003). However, a mutated FANCD2 gene will 
result in its inability to continue the DNA-repairing cascade (Absar, 2023). The FANCD2 variant 
detected in this study was located in chromosome 3, and it was positioned at 10106408 along with a 
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displacement of Cytosine to Thymine. By the end of 2015, A similar FANCD2 variant, 
NM_001018115.3(FANCD2): c.2022-5C>T), had its first publication. Conflicting theories about the 
pathogenicity of both comparable variants were present. They have been associated with FA as a 
pathogenic and with Hereditary Breast Ovarian Cancer Syndrome as benign (National Center for 
Biotechnology Information). 

In our study, the splice site mutation between intron 22 and exon 23 resulted in the intron 22 
variant. The function of the intron 22 variant on FANCD2 mono-ubiquitination remains uncertain, 
but it could be predicted since it is close to intron 19, which is the FANCD2 mono-ubiquitination site 
(Lewis, 2005). A study in China identified a missense mutation c.3713T>A; p.M1238K in the FANCD2 
gene that leads to non-expression of the FANCD2 protein. Furthermore, function studies were 
applied to find that other splice site mutations in the FA gene cause exon skipping (Li, 2018). Another 
study in the US detected 25 intronic variants and 6 silent coding variants that lead to familial breast 
cancer. One of which was in exon 23 c.2148 C>G, resulting in T716T protein change (Lewis, 2005).   

The FANCI-FANCD2 heterodimer is where the FA pathway comes together (Wang, 2004). It 
serves as a substrate for the FA core complex as well as a potential collecting site for proteins involved 
in downstream DNA repairs, such as FAN1 nuclease and other FANC proteins (MacKay, 2012). 
Despite only possessing a 14% conservation in their solenoidal structures, FANCI and FANCD2 were 
known to have striking similarities in the 2011 discovery of the crystal lattice of mouse FANCI-
FANCD2 (Joo, 2011). More than 97% of FA patients have a deficiency caused by mutations in the 
genes encoding FANCD2 and FANCI (Wang, 2015). At the region of DNA damage, the FA proteins 
function as a ubiquitin E3 ligase to monoubiquitinate the FANCI-FANCD2 pair (van Twest, 2017). 
This results in enlisting downstream nucleases with ubiquitin-binding domains to restore the 
interstrand DNA bridge (Smogorzewska, 2010). Although monoubiquitination and FA pathway 
activation necessitate DNA binding of FANCI-FANCD2 (Liang, 2016). It is not certain how it triggers 
the repair of DNA (Li, 2020).  

High FA gene expression is typically associated with chemo-resistance; the high expression level 
of FANCD2 is associated with reduced chemotherapy sensitivity and a higher tumor mutation rate. 
It was observed in breast, lung, and ovarian cancers, Thus, resulting in reduced survival time (Dan, 
2021; Miao, 2022). FA pathway inhibition by targeted therapies is a promising approach for 
improving the efficacy of chemotherapy due to its role in chemoresistance across a wide range of 
cancers (Liu et al., 2020). In early studies, Curcumin, Wortmannin, H-9, and Alsterpaullone were 
found to inhibit FANCD2 by apoptosis through the NFκB pathway (Chirnomas, 2006). A study 
further assessed monoketone analogues of Curcumin and found that EF24 was more specific and 
active against monoubiquitination of FANCD2 (Shen et al. 2015). Lastly, a recent study has identified 
CU2 as a compound that shows potential biochemical ubiquitylation selectivity and activity against 
the FA pathway (Cornwell, 2019). Currently, three PARP inhibitors that target the FA pathway are 
FDA-approved for treating relapsed breast and ovarian cancers, olaparib, rucaparib, and niraparib 
(Niraj, 2019). 

In addition, there have been reports that linked cancer incidence with FA pathway mutations 
(Shen, 2015). The previously mentioned mutations were reported to cause FA bone marrow failure. 
Also, the most well-known genes that predispose to breast cancer are BRCA1 and BRCA2, both of 
which are considered part of the FANC gene family. This system is frequently referred to as the FA-
BRCA pathway given the growing relationship between FA and the genes for breast cancer 
(Williams, 2011). In addition, two studies were investigating the relationship between FANCD2 and 
breast cancer. In China, a poor prognosis was observed in sporadic breast cancer patients with high 
levels of FANCD2 (Feng, 2019). A study in Finland supports these findings by showing a significant 
association of variant (c.2715 + 1G > A) in the FANCD2 gene with breast cancer (Mantere, 2017). Also, 
studies conducted in the United Kingdom and Poland on ovarian carcinoma samples verified that 
the risk of recurrence and death are highly associated with the expression level of FANCD2 (Moes-
Sosnowska, 2019; Mani, 2021). On the other hand, in the United States, a study conducted on 181 
ovarian cancer patients provided evidence of an increased survival rate in patients with FANCD2 
mutation (Joshi, 2020). On the basis of its upregulation, FANCD2 has an unsatisfactory prognosis for 
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other types of cancer, which may contribute to tumorigenesis. Such cancers are esophageal squamous 
cell carcinoma, head and neck carcinoma, nasopharyngeal carcinoma, and lung adenocarcinoma (Lei, 
2020; Chandrasekharappa, 2017; Xu, 2019). 

In addition, the FANCD2 gene mutation has also been observed in non-cancer diseases. Two 
studies have proven the association of FANCD2 mutation with other diseases. The first one was a 
case report of a 2.5-year-old Saudi boy from Al-Ahsa diagnosed with ambiguous genitalia and 
intrauterine growth restriction (IUGR). This study found that ambiguous genitalia in Saudi male 
infants could be related to c.2605 + 1G>A variant resulting from a homozygous mutation in the 
FANCD2 gene. The second study revealed that the FANCD2 expression level is significantly 
increased in Glioblastoma patients. Moreover, it also plays a role in drug resistance and the 
progression of the disease (Xu et al., 2023). The impact of FANCD2 mutation on CML progression 
and drug resistance was evident as discussed above. This highlights the significance of 
understanding the relationship between FANCD2 and CML (Leung et al., 2023; Valeri net al., 2023).  

5. Conclusions 

We discovered that the FANCD2 gene was mutated in every AP-CML patient. FANCD2 is 
member of Fanconi anemia (FA-) pathway gene involved in DNA repair and genomic instability. 
Therefore, our studies show that FANCD2 (c. 2022-5C>T) mutation as a very specific molecular 
biomarker for early CML progression. We recommend to clinical validate this biomarker is 
prospective clinical trials. 
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