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Abstract: Thalassemia is a heterogeneous congenital hemoglobinopathy common in the Mediterranean region,
Middle East, Indian subcontinent, and Southeast Asia with increasing incidence in Northern Europe and North
America due to immigration. Iron overloading is one of the major long-term complications in patients with
thalassemia and can lead to organ damage and carcinogenesis. Hepatocellular carcinoma (HCC) is one of the
most common malignancies in both transfusion-dependent thalassemia (TDT) and non-transfusion-dependent
thalassemia (NTDT). The incidence of HCC in patients with thalassemia has increased over time, as better
chelation therapy confers a sufficiently long lifespan for the development of HCC. The mechanisms of iron
overloading-associated HCC development include the increased reactive oxygen species (ROS), inflammation
cytokines, dysregulated hepcidin, and ferroportin metabolism. The treatment of HCC in patients with
thalassemia was basically similar to those in general population. However, due to the younger age of HCC
onset in thalassemia, regular surveillance for HCC development is mandatory in TDT and NTDT. Other
supplemental therapy and experience of novel treatment for HCC in thalassemia population were also
reviewed in this article.
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1. Introduction

Thalassemia is a heterogeneous congenital hemoglobinopathy common in the Mediterranean
region, Middle East, Indian subcontinent, and Southeast Asia [1-4]. Immigration has led to the
gradual increase in the incidence of thalassemia in Northern Europe and North America [5,6].
Thalassemia can be classified based on defects in the globin chain, a-globin chain, or 3-globin chain
as a-thalassemia or 3-thalassemia, respectively. Thalassemia is the most common monogenic disease
worldwide, with approximately 1.5% of the population carrying the (3-thalassemia allele and 5%
carrying the a-thalassemia allele [5,7]. Clinical manifestations include anemia, jaundice, and iron
overload, and disease severity ranges from near-normal without complications to requiring lifelong
transfusion support [3,6]. Patients with thalassemia requiring transfusion support are classified into
transfusion-dependent thalassemia (TDT) and non-transfusion-dependent thalassemia (NTDT)
based on the frequency and regularity required. The lifespan will be less than 10-15 years without
transfusions, and with transfusion therapy, it can be extended to approximately 50 years depending
on the management of iron overloading resulting from repeated red cell transfusions, which damage
organ functions, especially heart, liver, lung, pancreas, and pituitary glands [3,8,9]. Besides
transfusions, increased dietary iron absorption is one of the major causes of liver iron overloading,
typically in patients with NTDT [6,8]. Liver iron deposit lead to liver fibrosis, cirrhosis, and HCC [8].
The relationship between iron overload and HCC development is clear in that the incidence of HCC
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is much higher in patients with hereditary iron overload than in the general population [10]. A
prospective study found that the incidence of HCC in patients with a beta-thalassemia major was
approximately the same as the risk for HCC in the general population but with a significantly
younger age at HCC diagnosis [11]. The incidence of HCC in patients with thalassemia has increased
over time as better chelation therapy confers a sufficiently long lifespan for HCC development [12].
According to an analysis based on the Taiwan Health Insurance Longitudinal Database (1998-2010),
patients with thalassemia had a significantly higher risk for abdominal cancer (aHR = 1.96, 95% CI
1.22-3.15) compared with the comparison group. Patients with thalassemia who received blood
transfusions were 9.12 times more likely to develop abdominal cancer than those who did not receive
blood transfusions [13]. Iron accumulation can also lead to various endocrinopathies, such as
hypogonadism, impaired pancreatic excrete function, hypothyroidism [14]. This review discusses the
pathogenesis, molecular mechanisms, management, and perspectives of iron overloading associated
with HCC in patients with thalassemia.

2. Risk factors for HCC

2.1. Risk factors for HCC in the general population- focus on hepatitis virus, fatty liver disease

HCC is the sixth common cancer worldwide and the third leading cause of cancer death. The
incidence in general population varies widely in different world regions, with the highest in
Mongolia (85.6 per 10,0000) and the lowest in Sri Lanka (1.2 per 10,0000) [15]. Before the advent of
vaccine against hepatitis B virus (HBV), hepatitis B and C viruses (HCV) were the main risk factors
for HCC in the past 40 years. The risk of HCC development in HBV carriers were ranged from 9.6%
in Hepatitis B surface antigen (HBsAg) positive patients to 60% in double positive (HBsAg + Hepatitis
B e antigen (HBeAg)) patients [16]. In HCV-related cirrhosis patients, the risk of progression to HCC
is estimated to be 2%—6% each year [17].

Nowadays, with modern high-fat/sugar diet, sedentary lifestyle and increasing alcohol
consumption, alcoholic liver disease (ALD) and non-alcoholic fatty liver disease (NAFLD) are
gradually recognized as risk factors for HCC nowadays. Alcohol-related cirrhosis accounted for
about 15-30% of HCC cases in report [18]. The pathogenesis from ALD to HCC is complex, liver
injury from the insult of reactive oxygen species (ROS) and acetaldehyde are contributing factors [16].
In chronic viral hepatitis patients, alcohol intake is associated with higher all-cause mortality and
increases HCC development risk then non-alcoholic intake group [19,20]. The global prevalence of
NAFLD is estimated about 25% [21] and it is recognized now as the most common cause of cirrhosis
and a growing risk factor for HCC [22]. Oxidative stress, chronic inflammation, immune cell
infiltration of fatty liver are all factors to HCC formation [23].

2.2. Risk factors for HCC in the thalassemia group: focus on hepatitis virus, fatty liver disease

Because of life-long, frequent blood transfusions, thalassemic patients had higher incidence of
acquiring transfusion-transmitted viral infection, especially HBV and HCV. HBsAg positive was
estimated in 0.3~5.7% of thalassemic patients [24]. Anti-HCV Ab was estimated 4.4%~85.4% [25]. The
actual incidence may varied widely because of different reginal HBV/HCV prevalence.

As mentioned in introduction, Thalassemia major patients had impaired pancreatic function
because of iron overload. The prevalence of diabetes mellitus (DM), mostly type 1, and impaired
fasting sugar in Thalassemic patients were about 6.54% and 17.21% respectively [26]. NAFLD was
deemed as a result of insulin resistance and metabolic syndrome in the past but now a high
prevalence in type 1 DM patients is noted. Altered dynamic insulin pulsatile, altered insulin
clearance, hyperglucagonemia and hepatic glucagon resistance are parts of NAFLD pathogenesis in
type 1 DM. These are slightly different from type 2 DM and metabolic syndrome patients [27].
Although there are no formal statistics of NAFLD prevalence in Thalassemic patients. We inferred
that owing to type 1 DM and iron overload (discussed next), the prevalence of NAFLD is high in
thalassemic patients.
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2.3. Risk factors for HCC in the thalassemia group: focus on iron overload

Besides the abovementioned risk factors, a special concern regarding HCC in the thalassemia
group is iron overload resulting from lifelong blood transfusion and ineffective hematopoiesis. The
NTDT group also suffers from iron overload to a lesser degree because of excessive hemolysis and
chronic anemia. Iron overload was mainly due to blood transfusion and destroyed red blood cells
(RBCs) in excess. To make things worse, patients with thalassemia generally had low hepcidin levels
because of chronic anemia so that their enterocytes still absorb iron greedily under an iron overload
status [28].

Iron, an essential element for most species to live, is the most abundant metal in our planet [29].
Iron can easily gain or lose electrons by switching between the iron form (Fe2+) and the iron form
(Fe3+). This characteristic enables iron to participate in the respiratory chain reaction, electron
transfer, and signal transduction in cells and functions as an oxygen carrier in hemoglobin and
myoglobin. The human body absorbs iron from food through enterocytes. They mostly go to the bone
marrow for hemoglobin formation. RBCs are the biggest iron reservoir in our body. After meeting
the need for basic cellular function, surplus iron is mainly stored in the liver. Iron is such a precious
metal for humans that we did not evolve the ability to excrete iron out of our body actively. Instead,
we decrease our iron store reluctantly (passively) from blood loss. Menstruation is the only non-
traumatic and natural way of losing blood [30,31]. To sum up, it is easy to accumulate iron in the
body and almost impossible to excrete them, except menstruation in women.

From the cellular level, various iron importers exist on the cell membrane, such as transferrin
receptor protein 1 (TfR1), transferrin receptor 2 (TfR2), L-type calcium channel (LTCC), divalent
metal transporter 1 (DMT1), zinc transporter 8 (ZIP8), and transient Receptor Potential Cation
Channel Subfamily C Member 6 (TRPC6); however, ferroportin is the only exporter [30,31]. When
thalassemia patients are forced to receive iron (ex. blood transfusion), there is no way for them to
excrete excessive iron. In the long-run, more and more iron participated in the body, main in liver,
and cause organ damage and affect cell function profoundly.

Iron overload is a risk factor for HCC. As seem in hereditary hemochromatosis patients, they
were more likely to have liver cancer comparing to general population [32,33]. It is estimated that
iron-overloaded patients have 10.6 times risk to have HCC and even got HCC before cirrhosis
development [34]. Furthermore, hepatitis virus and iron can interact with each other and aggravate
liver cirrhosis process and HCC formation [35].

3. Pathogenesis of iron overload and HCC

3.1. Iron and inflammation

When intrahepatic iron overflowed, hepatocytes were also stimulated to differentiate into a
proinflammatory state through the excessive intracellular ferritin by enhancing the NF-«kB expression
pathway [36]. Prolonged activated hepatocytes can differentiate into myofibroblasts and lead to
neovascularization and extracellular matrix formation. Excessive iron molecules are not only
deposited in but also injure hepatocytes. They also affect immune system function. Liver, as the
largest reticuloendothelial system in the body, contains the largest population of macrophages
(Kupffer cells). Macrophages, as scavengers in the body, phagocytize not only external harmful
agents, such as bacteria, but also old, dysfunctional cells, such as senescent RBCs and destroyed
hepatocytes. Thus, they are prone to contain excessive amounts of iron, especially in patients with
thalassemia. Excessive amounts of iron induces the macrophage to secrete proinflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-a) and interleukin-12 (IL-12) [37]. Together, with
the proinflammatory status of hepatocytes, complicated chronic inflammatory interaction ensues.
Hepatic stellate cells, endothelial cells, and lymphocytes inside the liver are all participated, and
cirrhosis begins [38]. Cirrhosis provides an oncogenic environment for HCC formation [39—41]. A
study of human liver tissue revealed that hepatocytes were polarized to myofibroblasts when the
liver iron concentration (LIC) was >60 pmol/g. Cirrhosis ensues when the LIC is >250 umol/g [42].
Fibrosis developed when the LIC is >400 umol/g [43].
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The reaction of peroxides with Fe2+ to yield soluble hydroxyl (HO®) or lipid alkoxy (ROe®)
radicals is referred to as the Fenton reaction.

3.2. Iron and reactive oxygen species (ROS)

When intracellular iron is excessive, these iron molecules participate in the Fenton reaction
(Figure 1) and cause the accumulation of ROS [44]. Healthy cells can detoxicify ROS through non-
enzymatic and enzymatic antioxidants, such as glutathione, flavonoids, superoxide reductase,
catalase, and glutathione peroxidase. If ROS formation exceeds the detoxicifying ability of cells,
excess ROS can cause genomic instability and reprogram cell metabolism toward carcinogenesis [45].
ROS induce hypoxia-inducible factor-1a expression and related angiogenic gene expression and thus
promote angiogenesis [46]. ROS can also promote ERK/NF-kB pathway activation and facilitate
tumor cell growth, migration and deposition of extracellular matrix [47].

Mitochondrion
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Figure 1. Mechanism of ROS accumulation caused by Fenton reaction.

3.3. Hepcidin and ferriportin

Hepcidin is a polypeptide hormone, isolated from plasma and urine samples with antimicrobial
activities by two research groups in 2000 [48,49]. It showed that hepcidin is mainly produced by liver,
followed by heart, brain and lung [48]. Almost at the same time, Pigeon et al tested the hepatic gene
expressions in the iron overload mouse models and showed that hepcidin (HEPC), the gene encoding
hepcidin, overexpressed in iron overload hepatic cells. In the report, they also mapped the gene to
the human chromosome 19 close to the upstream stimulatory factor-2 (USF2) gene [50].
Lipopolysaccharide, a main component of pathogenic molecules, act on macrophage, including
hepatic Kupffer cells, to induce interleukin-6 (IL-6) production, which in turn induces the
overexpression of hepcidin mRNA in hepatocytes [51,52]. In summary, iron overloading, infection,
and inflammation can induce hepatocyte hepcidin secretion, which leads to hypoferremia and the
anemia of chronic inflammation. Anemia and hypoxia suppressed hepcidin expression and results
in tissue iron overload. Hepcidin regulates the absorption of dietary iron from the intestine, the
release of recycled hemoglobin iron by macrophages, and the movement of stored iron from
hepatocytes by blocking iron transport in the intestinal epithelium, the placenta and macrophage [51].
Ferriportin, the only ion exporter in human cells, play a critical role in hepcidin-regulated iron
metabolism that ferriportin-hepcidin binding leads to internalization and degradation of ferriportin
and due to decreased amounts of ferripotin, iron is trapped inhepatocytes, macrophages, and
absorptive enterocytes. In consequences, cytoplasmic iron cumulates and reduce cell uptake of iron.
After plasma iron become depleted, mainly through hemoglobin synthesis by red cell precursors in
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the bone marrow, the hepcidin expression would be suppressed and restore the iron hemostasis
system [53].

As a key regulator of iron metabolism, hepcidin levels are influenced in the pathogenesis of
anemia. Inefficient erythropoietic anemias, such as thalassemia, whose clinical manifestation is iron
overload anemia, iron deficiency anemia, and congenital erythropoiesis, often have low or abnormal
hepcidin relative to the anemia [28]. Kijima et al. We examined hepcidin expression in cancerous and
noncancerous liver tissues from 40 HCC patients and found that hepcidin mRNA expression was
significantly suppressed in cancerous tissues compared to noncancerous liver tissues. It is non-
cancerous in HCC patients, regardless of disease state such as tumor differentiation. or time to relapse.
There was no significant difference in the mRNA expression of ferripotin and ransferrin receptor 2
(TfR2) between cancerous and non-cancer tissues [54]. On the other hand, Tan et al. found that
hepcidin, TfR?2, transferrin (Tf), ceruloplasmin (Cp), and iron regulatory protein 1 (IRP1) isolated in
24 HCC patients with chronic HBV infection were downregulated compared to adjacent tumor-free
liver tissue and normal liver controls [55]. Similarly, Tseng et al. found that hepcidin, ceruloplasmin,
transferrin and transferrin-phosphorus receptor 2 were downregulated, transferrin receptor 1 was
upregulated, and hepcidin levels consistently correlated with hepatic iron stores in 50 HCC patients
[56]. Kessler et al. showed that incirrhotic tissues, hepcidin expression was lower compared to healthy
liver samples in an HBV-related cohort as well as in HCV-infected patients and hepcidin expression
was even lower in HCC samples, and in their mouse models, they showed that hepcidin expression
is decreased in early hepatocarcinogenesis as well as in a later stage of murine tumorigenesis [57].
Hepcidin also ameliorates liver fibrosis by inhibiting hepatic stellate cells (HSCs) activation which
facilitates liver fibrosis via degradation of ferroportin in HSCs, increasing Akt phosphorylationand
finally prohibiting TGFb1-inducible Smad3 phosphorylation [58].

The underlying mechanisms of suppressed hepcidin in HCC included the suppression of
HAMP, TfR2, HJV, ALK2 and/or circular RNA circ_0004913, upregulations of matriptase-2 and/or
GDF15, and inactivation of RUNX3 and/or mutations in TP53 [59]. Hepcidin induced ferriportin
dysregulation has been reported associated with increased risk of cancer, including HCC. FPN
overexpression has been reported association with a significant reduction in clonogenic ability, tumor
regression, and liver metastasis in breast cancer cells [60,61]. Effects of hepcidin downregulation
involved increased cancer proliferation via activation of CDK1/STAT3 pathway and JAK/STAT
pathway-dependent manner [59,62].

4. Management

4.1. Management of iron overload

Once iron overloaded, patients with thalassemia should receive iron-chelation therapy. There
are three iron-chelating drugs commercially available, deferoxamine (DFO) in subcutaneous or
intravenous form, deferiprone (DFP) in oral form, and deferasirox (DFX) in oral form. All three drugs
are useful in TDT patients, while DFX remains the only approved drug in NTDT patients. Selection
of iron chelator should be on the basis of patient age, iron overload profile, presence or absence of
comorbidities, patient preference and adherence, and side effects. For TDT patients with serum
ferritin 21000 ng/mL or after transfusion of 10 units of packed red blood cells, iron-chelation therapy
is recommended. For NTDT patients, iron-chelation therapy starts when serum ferritin 2800 ng/mL
or LIC =5 mg/g [9,63].

Iron overload and increased non-transferrin-bound iron lead to ROS production and subsequent
oxidative damage. It is reasonable that antioxidant therapy will be beneficial to iron overloaded
thalassemia patients. Encouraging results from several randomized controlled trials have shown that
natural antioxidants such as green tea and curcumin may be helpful; however, studies with longer
duration are needed to assess long-term effects [64—67]. In 2021 Thalassemia International Federation
guidelines for the management of TDT, a diet rich in foods high in vitamin E, such as plant oils, eggs,
nuts, and cereals, is recommended. To support prolonged use of vitamin E supplements, further
research is still needed [68].
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4.2. Management of HCC

Because of limited data, the treatment of HCC in patients with thalassemia is primarily based
on experience in non-thalassemic patients. Current treatment recommendations for HCC in the
general population follow the Barcelona Clinic Liver Cancer (BCLC) staging system, in which
patients with HCC are classified into five stages (stage 0: very early HCC, stage A: early HCC, stage
B: intermediate HCC, stage C: advanced HCC, and stage D: terminal HCC) according to several
prognostic variables, including tumor status, liver function (defined by Child-Pugh class), and
performance status. In principle, patients with stage 0 and stage A should undergo surgical resection
if they are candidates or local ablation. Liver transplantation is also a potentially curative treatment
option for unresectable disease if eligible. For patients with stage B, embolization is the preferred
treatment. For patients with advanced disease, systemic therapies will be applied first [69-71].

The treatment modalities have been reported and shown to be safe for HCC in thalassemia
patients include surgical resection, radiofrequency ablation, microwave ablation, percutaneous
ethanol injection, chemoembolization, radioembolization, sorafenib, and liver transplantation [11,72—
78].

For a long time, liver transplantation has been refused to thalassemia patients mainly due to
cardiac comorbidities. Based on the success stories reported in a series of cases, thalassemia per se
should no longer be considered a contraindication to liver transplantation [73,78]. Liver
transplantation is a potential treatment option for thalassemia patients once there is no significant
comorbidities, such as severe pulmonary hypertension and overt heart disease [12,63,79,80].

In 2007, sorafenib became the first approved systemic therapy for HCC. Currently there are
many approved therapies for advanced HCC, such as lenvatinib, regorafenib, carbozantinib,
ramucirumab, nivolumab, pembrolizumab, combination of atezolizumab and bevacizumab,
combination of nivolumab and ipilimumab, and combination of tremelimumab and durvalumab [69-
71,81-83]. Published data are lacking on use of these agents in patients with thalassemia and HCC.
However, treatment of HCC in thalassemia patients should follow the same recommendations as in
non-thalassemic population. Novel immunotherapies, combination therapies, and chimeric antigen
receptor (CAR)-T cell therapies are being tested for HCC, and thalassemia should not be regarded as
a contraindication.

5. Prognosis

Worldwide, liver cancer is the sixth most common cancer and the third leading cause of cancer-
related death. HCC accounts for 75%—-85% of liver cancer cases [15]. Thanks to advances in early
diagnosis and treatment, survival rates for HCC have increased over the past three decades, with
Surveillance Epidemiological Final Results reporting 1-year survival rates, with an overall increase
from 18.2% to 51.2% [84]. The recently reported median survival of HCC in the general population
was approximately 6.1-10.3 months. Survival differences were noted across etiologies of HCC due to
differential screening and treatment practices, with more favorable survival in HBV-related HCC
[80]. More studies have focused on HCC in patients with thalassemia; however, survival data for this
population are still limited. In 2004, Borgna-Pignatti et al. from Italy reported that based on data
collected from 52 centers, the median survival after HCC diagnosis was 3.5 months in patients with
TDT and HCC [72]. Ten years later, in their update report, the median survival rose to 11.5 months
[73]. In a previous study, the prognostic factor of survival in patients with TDT and HCC was
investigated, and the only significant factor was Barcelona Clinic Liver Cancer staging [74].

6. Surveillance

In patients with thalassemia, iron overload and liver fibrosis must be monitored, and early-onset
HCC detected. For the measurement of LIC, magnetic resonance imaging (MRI) T2* or R2* is a
validated tool and has replaced invasive liver biopsy in current clinical practice. The current
surveillance program suggests that the frequency of MRI should be based on the baseline LIC. If the
baseline LIC is <3 mg/g, MRI is encouraged every 2 years; if 3-15 mg/g, MRI is recommended
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annually; and if >15 mg/g or the LIC or serum ferritin is rapidly increasing, MRI is advised every 6
months [85].Transient elastography (e.g., Fibroscan®) is a reliable and accurate noninvasive test to
assess liver fibrosis. According to current practice, transient elastography should be performed every
6—-12 months if available [85,86].

Surveillance programs for HCC aimed to detect cancer at early stages in patients at a high risk,
for which potentially curative treatment options are indicated. The proposed mean doubling time of
an HCC lesion is 117 days[87]. Current guidelines from the American Association for the Study of
Liver Disease recommend biennial follow-ups with abdominal ultrasonography, with or without
PFA. Considering cost-effectiveness and safety, multiphasic computed tomography (CT) and
multiphasic MRI are reserved for diagnostic evaluation despite their high diagnostic efficiency [71].
In a previous meta-analysis, ultrasonography combined with Alpha-Fetoprotein (AFP) provides 63%
sensitivity, higher than the 45% sensitivity with ultrasonography alone [88]. To improve the
sensitivity for the early detection of HCC, further studies may clarify the role of advanced imaging
as a primary modality in selected cases.

Besides AFP, several new biomarkers and models such as the GALAD score are being evaluated
[89-91]. Novel biomarkers assays, such as cell-free DNA and microRNA, are also promising [90-94].
However, the optimistic results come from early-phase biomarker studies. New biomarkers need to
be evaluated and validated in further studies before they can be incorporated into routine clinical
practice.

HCC surveillance in thalassemia using abdominal ultrasonography, with or without AFP, has
been proposed in the literature. The frequency of the majority of surveillance programs is every 6
months. However, differences exist regarding the target population. Some authors suggest screening
all patients with thalassemia, while other authors suggest screening those with risk factors for HCC,
including serum ferritin 21000 ng/mL, LIC 25 mg/g in NTDT, LIC =7 mg/g in TDT, concurrent HBV
and/or HCV infection, and advanced cirrhosis [12,63,80]. In one review, the authors recommend
screening all patients with thalassemia aged >30 and younger patients if a risk factor is present, given
that the youngest patient reported to have thalassemia with HCC was 33 years old [86].

7. Conclusions

HCC is one of the most common cancers worldwide and the third leading cause of cancer death.
In patients with thalassemia, repeated transfusion and increased gastrointestinal absorption of iron
lead to liver iron deposit, which in turn result in ROS accumulation and proinflammatory pathway
activation. Under the chronic inflammation status, cirrhosis gradually develops and become an
oncogenic circumstance of hepatocyte. Therefore, HCC is one of the major complications in patients
with thalassemia and management for iron chelation, regular surveillance and other supplementary
treatment, like antioxidant therapy were recommended. Treatment of HCC in patients with
thalassemia was based on that in non-thalassemia patients except more consideration should be given
to the cardiac and pulmonary conditions which are also influenced by iron overload. In the future,
new treatment modalities, such as Luspatercept and gene therapy for thalassemia, can reduce the
transfusion requirement and the iron deposit, and may be beneficial for preventing HCC
development in patients with thalassemia.
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