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L etter to Editor

B-thalassemia comprises a group of heterogeneous autosomal recessive hereditary
anemias characterized by the reduction or absence of 3-globin chain synthesis, and it
is a highly prevalent disease affecting 1.5% of the global population.® Three different
clinical conditions are recognized in patients with B-thalassemia minor (trait) being
the asymptomatic form, B-thalassemia major (TM) being the most severe form of the
disease and B-thalassemia intermedia (TI) presenting with variable severity. Despite
extensive characterization of the genetic basis of disease pathogenesis®, currently the
classification of patients relies on the severity of symptoms and HbF levels regardless
of the underlying genotype. Thus, the aim of the study was to develop an approach for
patient stratification based on gene expression, pinpoint the targets that dictate each
phenotype and provide a framework for the development of therapeutic strategies
focused on these targets. To this end, we have analysed the gene expression profiles
of TI, TM and healthy individuals using RNA-seq (NCBI, GSE117221) and we have
studied the differentially expressed genes (DEGs) and pathways irrespective to patient
genotype. Interestingly, after analysis of various confounding factors, we identified
gender differences in the patients’ expression profiles suggesting that males and
females are differentially affected by B-thalassemia. Thus, taking gender into account
might benefit prognosis, diagnosis, stratification and therapeutic management of the
disease.

In particular, 49 subjects (after exclusion of low quality samples) were
included in the analysis and organized in groups of three age- and gender-matched
samples within each group (Tables S1-2). RNA-seq libraries were generated from
erythroid precursor cell cultures after the isolation of peripheral blood mononuclear
cells from all participants, as previously described.> We identified 716 genes with
aberrant expression between TI patients and healthy subjects, and 2885 between TM
patients and healthy subjects with most of DEGs seen in Tl patients being also present
in TM patients when compared to healthy subjects, albeit with more pronounced
changes (Figure 1A; Tables 1, S3-5). However, no significantly DEGs were found
when TM patients were compared directly to Tl patients suggesting that either the
global gene expression profile was very similar between the two types of the disease
or that substantial variability in expression did not allow the identification of
consistent changes, or both (Table S6). In general, only small changes were detected
when TM and Tl were directly compared (Figure 1B) and the increased gene
expression variability seen in Tl patients, which did not allow the identification of the
same number of significantly DEGs as in the case of TM patients, also hindered the
identification of DEGs between Tl and TM patients. Increased gene expression
variability in TI potentially reflects the high level of phenotypic heterogeneity for Tl
patients.

Nonetheless, the expression profiles accurately portrayed the clinical
observations of f-thalassemia. The severe TM phenotype was associated with
induction of organismal injuries, as well as inhibition of key haematological system
genes and inflammatory response molecules compared to the less severe type of the
disease (TI) (Figure 1C-D, Table S7). Moderate changes were seen in the expression
levels of various globin and other interacting proteins in Tl patients, whereas in TM
patients the data portrayed the marked repression of p-thalassemia-related proteins
with concomitant up-regulation of other globin proteins as a means of compensating
for the ineffective erythropoiesis (Figure S1). Focusing on molecular pathways
affected by the disease, gene set enrichment analysis (GSEA) revealed very similar



pathways in both Tl and TM patients as differentially represented when compared to
healthy participants, in accordance with the gene expression profiles (Figure S2).
Several of the pathways identified have been previously linked to B-thalassemia
validating our results, such as the impaired packaging of telomere ends’, impaired
unfolded protein response (UPR) pathway® and lipid abnormalities® ’. Nonetheless,
the lack of significant changes between Tl and TM patients in terms of global gene
expression profiles or molecular pathways suggest that a continuous spectrum
describes the disease and not distinct conditions.

We then sought for other biological confounders that could affect global
expression patterns allowing patient stratification, since the study was designed to
limit as much as possible all technical sources of variation (balanced groups in terms
of gender and age, standardized cell culture protocol in all centers with the matched
samples being cultured at the same time, library construction performed by a single
user and balanced sequencing runs). Distinct analyses performed per research center,
age group and other clinical characteristics of the patients (such as HbF levels and
presence or absence of splenectomy, hepatomegaly, extramedullary hematopoiesis or
bone deformities) were not able to detect any major differences in the expression
profiles. To further explore the data, we performed Principal Component Analysis
(PCA), which visualizes strong patterns in a dataset by reducing the dimensionality of
the dataset and clustering of samples based on their similarity. PCA did not yield clear
clustering when taken into account all the different patient characteristics, with the
striking exception of gender, where all samples were clustered into two distinct
groups representing males and females irrespective of the disease status (Figure 2A).
Although a clear distinction between males and females was anticipated, it raised the
question whether the two genders were affected in distinctive ways by the disease. To
examine such a possibility, same gender analysis between healthy participants and
patients was performed expecting fewer changes due to the lower number of samples
used per differential expression analysis (from 49 participants, 23 were males and 26
were females) and similar DEGs between genders, as B-thalassemia presents with
similar phenotype in both genders and it has not been linked to gender-defining genes.
Interestingly, very different results were yielded for males and females suffering from
TI against healthy participants, with 1559 DEGs in males, but only 14 DEGs in
females (Tables 1, S8-S9). The very low number of DEGs in females highlights the
increased biological variability seen in females and suggests that other factors might
play an important role in determining the disease outcome. When comparing the
significantly DEGs identified in both male and female TI patients with the genes
identified only in male TI patients, a significant overlap was seen in down-regulated
genes, not only in terms of specific genes, but also in terms of gene functionality
through Gene Ontology (GO) terms (Figures 2B, S3A-B; Table S5). In contrast, in
up-regulated genes, fewer common genes were identified and fewer similarities in
their functionality suggesting less conserved changes. Different results were also
found for males and females suffering from TM when compared to healthy
participants, albeit less prominent, with 441 DEGs identified in males and 310 DEGs
in females (Tables 1, S10-S11). Furthermore, the overwhelming majority of genes
identified in either male or female TM patients were also yielded when all TM
patients were analysed against healthy subjects irrespective of the gender (Figures 2C,
S3C-D; Table S5). The limited number of deregulated genes in common between
female and male TM patients could demonstrate gender-specific differences, further
supported by the association of different terms related to diseases and body functions
in male and female patients when compared to same gender healthy subjects (Figure



S4). Dissection of the molecular pathways involved through pathway and GO analysis
revealed pathways with opposing status between males and females, such as the
production of nitric oxide and reactive oxygen species in macrophages, and glioma
invasiveness signalling (Figures 2D-F, S4). Per gender, all the significant DEGs
identified exhibited a unanimous direction of transcription, but different members of
the pathway were differentially expressed in males and females. The DEGs identified
in male or female Tl and TM patients could be potentially invaluable for the
development of gender-specific treatment options and stratification strategies (Table
S5, S12-S13, Figure S5).

To our knowledge no other studies exist comparing gene expression profiles in
males and females suffering from B-thalassemia, however, there have been reports of
correlations of disease symptoms or complications related to gender. For instance,
HbF levels have been found significantly higher in the female population of TM
patients and this difference became more apparent after the age of 30 years.® When
considering complications of the disease, male TM patients have shown a strong
association with diabetes® and although no clear reason currently exists for such an
association, it can be partly attributed to increased sensitivity of males to iron
overload.'® Better survival rate has also been reported in females rather than males
with fewer occurrences of cardiac complications and cardiac-based morbidities.** In
terms of development of osteoporosis and osteopenia in TM patients, a gender
difference was seen in the prevalence and the severity of the disorder with males
being more frequently and severely affected than females.*> In general, various
pathways have been found to exhibit gender-related differences, many of which are
linked to B-thalassemia, such as oxidative stress defense™, lipid metabolism** and
erythropoietin activity'. The present study, besides the identification of gender-
specific transcriptional profiles in B-thalassemia through public availability of our
data, represents a novel resource for meta-analyses and follow-up studies. In
conclusion, our data highlight the need for considering gender as an important
variable of the disease, which should be taken into account when developing
differential diagnostic and therapeutic strategies.
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Table 1. Numbers of significantly differentially expressed genes. Numbers of
significantly differentially expressed genes are shown for all comparisons performed.
The analysis is produced by DESeq2 and differentially expressed genes were defined
as significant when padj < 0.1.

Analysis All Males Females
Samples 16 Tlvs. 17 H 7Tlvs.8H 9Tlvs.9H
Up-regulated 147 315 5
ThvsH 5 own-regulated 569 1,244 9
Total 716 1,559 14
Samples 16TMvs.17H | 8TMvs.8H | 8 TMvs.9H
Up-regulated 939 40 100
TMVs-H 5o wn-regulated 1,946 401 210
Total 2,885 441 310
Samples 16TIvs. 16 TM [8TMvs. 7Tl | 8 TM vs. 9 Tl
Up-regulated 0 0 0
T™Mvs.Ti Down-regulated 0 0 1
Total 0 0 1

Figure L egends

Figure 1. Differential gene expression analysis of Tl or TM patients against
healthy participants. (A) Venn diagram depicting common significantly DEGs when
TI (N =16) or TM (N = 16) patients were compared to healthy (H) participants (N =
17). (B) Heatmap depicting relative normalized gene expression levels (z score) of all
2999 genes that were found significantly differentially expressed in Tl or TM patients
when compared to healthy participants. The log2FoldChange values of the genes used
range from -3.0 to 3.0. (C-D) Mosaic graphs produced by IPA depicting enriched
terms regarding diseases and biological functions when TI patients were compared to
healthy participants (C) or when TM patients were compared to healthy participants
(D). The z-score depicts predicted inhibition or activation of disease/function,
whereas the size of the box represents the significance of each identified term (-
logiopValue). Due to visualization purposes, category labels are not shown in full, but
detailed enrichment terms can be found in Table S7.

Figure 2. Differential gene expression analysis of p-thalassemia patients against
healthy participants according to gender. (A) PCA graph showing clustering of
samples according to gender irrespective of disease status. (B-C) Circos plots
depicting the down-regulated (left) and up-regulated (right) significantly DEGs when
Tl (B) or TM (C) patients were analysed against healthy participants. Outer circle
represents the type of analysis with red depicting analysis of all samples (16 Tl or 16
TM samples), green depicting analysis of male samples only (7 Tl or 8 TM samples)
and blue depicting analysis of female samples only (9 Tl or 8 TM samples). Inner
circle represents the overlap with dark orange depicting genes that exist in multiple
lists and light orange depicting genes that are unique to that particular list. Purple
lines link the same genes when shared by multiple lists, whereas blue lines link
different genes that fall into the same ontology term. (D) Heatmap produced by IPA
depicting enriched terms regarding canonical pathways when all TM patients were
analyzed against healthy participants, male only TM patients were analyzed against
healthy males or female only TM patients were analyzed against healthy females. The



activation z-score depicts predicted inhibition or activation of the pathway. (E-F)
Heatmaps produced by IPA for two example canonical pathways; Glioma
Invasiveness Signaling (E) and Production of Nitric Oxide and Reactive Oxygen
Species in Macrophages (F). The heatmaps depict gene expression levels (Expression
Log Ratio, i.e. logzFoldChange), whereas the boxes above the heatmaps depict the z-
score corresponding to panel D and showing the predicted inhibition or activation of
the pathway.
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Supplemental Methods

Participants

All participants were enrolled to the study after submission of written informed
consent according to the Declaration of Helsinki and approval by the Ethical
Committee of Ferrara Hospital, the Ethical Committee of Rovigo Hospital or the
Cyprus National Bioethics Committee, as appropriate. 24 samples were collected
from the Ferrara and Rovigo Hospitals in Italy (8 healthy subjects, 8 TI patients and 8
TM patients) and 30 samples were collected from the Thalassemia Clinics in Nicosia
and Larnaca, the Limassol General Hospital and the Cyprus Institute of Neurology
and Genetics in Cyprus (10 healthy subjects, 10 TI patients and 10 TM patients). All
samples were organized in 18 groups, each one consisting of one TI patient, one TM
patient and one healthy subject (Table S1). All samples per group originated from the
same research center or hospital were cultured at the same time, and were gender- and
age-matched. The average SD for age per group of matched samples was 1.83 years
(range 0.58-3.46 years).

Erythroid Precursor Cell (ErPC) cultures

Separation of PBMCs from peripheral blood was performed using Lympholyte-H Cell
Separation Media (Cedarlane Labs), and CD34" cells were isolated using anti-human
CD34" beads and two rounds of enrichment on pre-chilled and equilibrated MACS
LS columns (Miltenyi Biotec). The cells were resuspended in 5 ml expansion medium
StemSpan SFEM II (STEMCELL Technologies) supplemented with 1% CC-100
Cytokine Cocktail (STEMCELL Technologies), 2 U/mL erythropoietin, 10° M
dexamethasone and 1x Penicillin/Streptomycin solution. Cell confluency was
maintained below 0.5x10° cells/ml during expansion, and erythroid differentiation
was initiated around the 14™ day of expansion. Expansion time was variable across all
samples and unrelated to the analysis group (healthy, TI, TM).

For erythroid differentiation, cells were resuspended in differentiation medium
containing 70% MEMao (Corning Cellgro), 30% defined FBS (HyClone Defined
FBS), 10° M 2-mercapto-ethanol, 10 U/ml erythropoietin, 10 ng/ml Stem Cell Factor
and 1x Penicillin/Streptomycin solution. ErPC cultures were characterized using flow
cytometry staining for surface markers prior to and after differentiation (at the 1"
and 13" day of expansion, and at the 4 day of differentiation). The antibodies used
for characterization of differentiation stage included APC-conjugated mouse anti-
human CD235a monoclonal antibody (BD Pharmingen, 551336), PE-conjugated
mouse anti-human CD117 monoclonal antibody (eBioscience, 12-1178-42), PE-
conjugated mouse anti-human CD29 monoclonal antibody (eBioscience, 12-0299-42)
and PE/Cy7-conjugated rat anti-human CD44 monoclonal antibody (Biolegend,
103030). Cells for RNA-seq analysis were collected on the 4 day of differentiation,
where levels of differentiation and cell death were similar between all three analysis
groups, as assessed by flow cytometry and visual inspection after cytocentrifugation.

Library Preparation and Sequencing

Total RNA extraction was performed using Tri Reagent (Sigma) and RNA quality
was verified prior to library construction using spectrophotometry, electrophoresis
and measurement of RNA Integrity Number (RIN) values using an Agilent
Bioanalyzer 2100 (RNA 6000 Nano Kit, Agilent, 5067-1511). The RNA-seq libraries
were constructed using the TruSeq RNA Sample Preparation kit v2 (Illumina RS-122-
2001) using 1.5-2.0 pg of total RNA according to manufacturer’s instructions. All
sequenced libraries contained single-end reads with no strand specificity and the read



lengths were 50-51 bp depending on the library (Table S2). An Agilent Bioanalyzer
2100 was used to perform quality control of the RNA-seq libraries (DNA chips 1000,
Agilent, 5067-1504) and all libraries were sequenced on the Illumina HiSeq2000
high-throughput sequencer.

NGS Data Analysis

After sequencing, quality control of all libraries was performed using the FastQC
algorithm.' Trimming of library reads due to low base-calling quality (1-3 bp from the
start of the read) and removal of primer/adapter sequences was performed using
Trimmomatic (v0.30),> if necessary. The reads were then aligned to the human
transcriptome (hg38), allowing for split reads, using TopHat2.> HTSeq (v0.5.4)* was
used for expression quantification and DESeq2 (v1.8.1)° for differential expression
analysis with normalization steps for eliminating batch effects using the ‘groups’ as
blocking factor. After analysis, five samples (1 healthy subject, 3 TI patients and 1
TM patient) were excluded from further studies due to the low quality of sequencing
or alignment efficiency. In addition, one TM patient was re-classified by medical
personnel to TI after the patient selection and library construction. After DE analysis
and multiple testing correction, differentially expressed genes were defined as
significant when padj < 0.1 in all the performed analyses. More information regarding
the patients and libraries quality can be found in the Supplementary Data (Tables S1-
S2).

For visualization of expression levels, data matrices were created and represented as
heatmaps using the Java TreeView software.® Gene set enrichment analysis (GSEA)
was performed by ranking the genes according to their log,FoldChange values (pre-
ranked analysis option) and testing them against datasets from the Molecular
Signatures Database (MSigDB v6.1).” Gene Ontology (GO) analysis was also
performed using Metascape® either for single gene lists or for comparison of GO
terms between multiple lists. Moreover, the data were further explored using the
Ingenuity Pathway Analysis (IPA, Qiagen Inc.) for additional interpretation.’ Data
have been deposited in NCBI'® and are accessible through accession number
GSE117221.

Validation by Reverse Transcriptase quantitative PCR (RT-qPCR)

19 participants from Cyprus and Italy were recruited and CD34" cells
isolation/cultures were performed as described above (ErPC cultures). Total RNA was
extracted using Trizol (Sigma), treated with RQ1 RNase-Free DNasel (Promega) and
reverse transcribed with MMLV Reverse Transcriptase (Invitrogen), as previously
described.'" '* Real-time PCR was performed with SYBR Green on an ABI PRISM
7000 Sequence Detection System (Applied Biosystems). The amount of template was
normalized using primers for HPRT'' and specific gene primer sequences (5'-3') are:
ELF3: CAGATGTCATTGGAGGGTACAG (F), CTTCTCCACTTGGTAGCTGATC
(R); S441: CCATTCTGAAGGTGTCTTATCTCC (F), GCCAAGGAACGAA
AAGAAGC (R); TACC2: AAAAGGAAGCAGCAGGACA (F), CAGAACTC
TCAGAAGCGGTG (R). The relative quantitation was performed using the AACt
method." The log2FC values were calculated from the ratios of the AACt values for
TMM vs HM, TMF vs HF, TIM vs HM, TIF vs HF, and compared to RNA-seq data
(DESeq2 1og2FC).



Supplemental Results

To validate the RNA-seq data, RT-qPCR was performed in randomly selected
differentially expressed genes. The genes tested show a corresponding change in
expression for RT-qPCR and RNA-seq analyses, with different levels for each
method, owing to differences in sample numbers and methodology. However, similar
trend was seen for both methods validating gender-related differences that will be
further explored with greater patient numbers in future studies (Figure S5).
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Supplemental Figures

Figure S1. Protein networks in p-thalassemia. Key proteins in B-thalassemia are
depicted and colored according to their gene expression levels (green depicts down-
regulation and red depicts up-regulation), as produced by the Ingenuity Pathway
Analysis (IPA) program. Only significantly differentially expressed genes are colored
according to logy(Fold Change) values (padj < 0.1). Solid lines show direct
interactions, whereas dotted lines show indirect interactions. (A) Gene expression
levels were determined after differential expression analysis of TI patients (N = 16)
against healthy (H) participants (N = 17). (B) Gene expression levels were determined
after differential expression analysis of TM patients (N = 16) against healthy
participants (N = 17).

Figure S2. Molecular pathways affected by B-thalassemia. Gene Set Enrichment
Analysis (GSEA) was performed by ranking all genes according to their
logoFoldChange values (pre-ranked analysis option) and testing them against datasets
from the Molecular Signatures Database. Positive Normalized Enrichment Score
(NES) shows enrichment of term in the up-regulated genes, whereas negative NES
shows enrichment of term in the down-regulated genes. The molecular pathways
identified were yielded after comparison of all TI patients against healthy subjects
(A), all TM patients against healthy subjects (B) or after all TM patients against all TI
patients (C). Only the top statistically significant terms are shown (FDR g-value <
0.01).

Figure S3. Comparing differentially expressed genes in male and female -
thalassemia patients. (A-B) Venn diagrams depicting common and unique
differentially expressed genes showing down- or up-regulation when comparing
analyses of all TI patients against healthy subjects (16 TI vs. 17 H), males only (7 TI
vs. 8 H) or females only (9 TI vs. 9 H). (C-D) Venn diagrams depicting common and
unique differentially expressed genes showing down- or up-regulation when
comparing analyses of all TM patients against healthy subjects (16 TM vs. 17 H),
males only (8 TM vs. 8 H) or females only (8 TM vs. 9 H).

Figure S4. Gene ontology analysis and gender bias in p-thalassemia. Mosaic
graphs produced by IPA depicting enriched terms regarding diseases and body
functions per gender. For better visualization, category labels are not shown in full,
but detailed enrichment terms can be found in Table S7. (A) On the left, female TI
patients (N = 9) were compared to healthy female participants (N = 9) and on the right
male TT patients (N = 7) were compared to healthy male participants (N = 8). (B) On
the left, female TM patients (N = 8) were compared to healthy female participants (N
= 9) and on the right male TM patients (N = 8) were compared to healthy male
participants (N = 8). The z-score depicts predicted inhibition or activation of
disease/function, whereas the size of the box signifies the possibility of a non-random
association (-logjgpValue).

Figure SS. Validation of RNA-seq data by RT-qPCR. Relative mRNA expression
levels for selected genes were measured by RT-qPCR. The samples used (N=19)
included TM patients [N=7, males (N=4), females (N=3)], TI patients [N=6, males
(N=3), females (N=3)] and healthy participants [N=6, males (N=3), females (N=3)].
For RT-qPCR (left) the histograms represent the log;FoldChange values calculated
from the ratios of the AACt values for TMM vs HM, TMF vs HF, TIM vs HM, TIF vs



HF and for RNA-seq (right) the histograms represent the DESeq2 log,FoldChange
values for the same comparisons; M: male, F: female.



Supplemental Tables as Excel file only

Table S1. List of participants used in transcriptomics analysis. The table presents
all the participants recruited, as organized in age- and gender-matched groups.

Table S2. List of RNA-seq libraries generated from healthy participants, TI and
TM patients. The library size is shown, as well as alignment information to reference
genome of each library.

Table S3. Differential expression analysis of TI patients (N=16) versus healthy
participants (N=17). The analysis is produced by DESeq2. All significantly
differentially expressed genes with p-adjusted value below 0.1 are highlighted in red.

Table S4. Differential expression analysis of TM patients (N=16) versus healthy
participants (N=17). The analysis is produced by DESeq2. All significantly
differentially expressed genes with p-adjusted value below 0.1 are highlighted in red.

Table S5. Common and unique genes that show significant differential gene
expression between different analyses. The following comparisons are included in
the Table: a. DE genes of (TI vs. H) and (TM vs. H) analyses, b. down-regulated DE
genes of (TI vs. H) analysis present in males, females and all participants, c. up-
regulated DE genes of (TI vs. H) analysis present in males, females and all
participants, d. down-regulated DE genes of (TM vs. H) analysis present in males,
females and all participants and up-regulated DE genes of (TM vs. H) analysis present
in males, females and all participants.

Table S6. Differential expression analysis of TM patients (N=16) versus TI
patients (N=16). The analysis is produced by DESeq?2.

Table S7. List of enriched disease terms presented in mosaic plots (Figure 1C-D,
Figure S4) according to differential expression levels, as produced by IPA
software. The lists include the terms, the p-value generated, the z-score, as well as the
molecules represented by each term; IPA: Ingenuity Pathway Analysis.

Table S8. Differential expression analysis of female TI patients (N=9) versus
female healthy participants (N=9). The analysis is produced by DESeq2. All
significantly differentially expressed genes with p-adjusted value below 0.1 are
highlighted in red.

Table S9. Differential expression analysis of male TI patients (N=7) versus male
healthy participants (N=8). The analysis is produced by DESeq2. All significantly
differentially expressed genes with p-adjusted value below 0.1 are highlighted in red.

Table S10. Differential expression analysis of female TM patients (N=8) versus
female healthy participants (N=9). The analysis is produced by DESeq2. All
significantly differentially expressed genes with p-adjusted value below 0.1 are
highlighted in red.

Table S11. Differential expression analysis of male TM patients (N=8) versus
male healthy participants (N=8). The analysis is produced by DESeq2. All



significantly differentially expressed genes with p-adjusted value below 0.1 are
highlighted in red.

Table S12. Differential expression analysis of female TM patients (N=8) versus
female TI patients (N=9). The analysis is produced by DESeq2. The significantly
differentially expressed gene with p-adjusted value below 0.1 is highlighted in red.

Table S13. Differential expression analysis of male TM patients (N=8) versus
male TI patients (N=7). The analysis is produced by DESeq?2.
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Figure S5
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