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CLINICAL MEDICINE

Increased mitochondrial DNA deletions
and copy number in transfusion-
dependent thalassemia

Ashutosh Lal,"? Esteban Gomez,' and Cassandra Calloway??

'Hematology/Oncology, UCSF Benioff Children’s Hospital, Oakland, California, USA. 2Children’s Hospital Oakland Research

Institute, Oakland, California, USA. *Forensic Science Graduate Group, University of California, Davis, California, USA.

BACKGROUND. Iron overload is the primary cause of morbidity in transfusion-dependent
thalassemia. Increase in iron causes mitochondrial dysfunction under experimental conditions,
but the occurrence and significance of mitochondrial damage is not understood in patients with
thalassemia.

METHODS. Mitochondrial DNA (mtDNA) to nuclear DNA copy number (Mt/N) and frequency of
the common 4977-bp mitochondrial deletion (AmtDNA*”’) were quantified using a quantitative
PCR assay on whole blood samples from 38 subjects with thalassemia who were receiving regular
transfusions.

RESULTS. Compared with healthy controls, Mt/N and AmtDNA*” frequency were elevated in
thalassemia (P = 0.038 and P < 0.001, respectively). AmtDNA*” was increased in the presence

of either liver iron concentration > 15 mg/g dry-weight or splenectomy, with the highest levels
observed in subjects who had both risk factors (P = 0.003). Myocardial iron (MRI T2* < 20 ms) was
present in 0%, 22%, and 46% of subjects with AmtDNA*"” frequency < 20, 20-40, and > 40/1

x 107 mtDNA, respectively (P = 0.025). Subjects with Mt/N values below the group median had
significantly lower Matsuda insulin sensitivity index (5.76 + 0.53) compared with the high Mt/N
group (9.11 + 0.95, P = 0.008).

CONCLUSION. Individuals with transfusion-dependent thalassemia demonstrate age-related
increase in mtDNA damage in leukocytes. These changes are markedly amplified by splenectomy
and are associated with extrahepatic iron deposition. Elevated mtDNA damage in blood cells may
predict the risk of iron-associated organ damage in thalassemia.

FUNDING. This project was supported by Children’s Hospital & Research Center Oakland
Institutional Research Award and by the National Center for Advancing Translational Sciences,
NIH, through UCSF-CTSI grant UL1 TRO00004.

Introduction
B-Thalassemia is caused by mutations that reduce B-globin chain synthesis, leading to a failure of hemoglo-
bin production (1). Many patients are dependent on regular blood transfusions to avoid severe morbidity
and premature mortality. Iron overload develops secondary to transfusions, elevating the level of nontrans-
ferrin bound iron (NTBI) (2) and labile iron that can catalyze the Fenton reaction, leading to widespread
oxidative damage to lipids, proteins, and nucleic acids (3—-6). Serial assessment of iron burden combined
with effective chelation therapy are necessary to minimize the risk of organ damage from excess iron (7).
At the cellular level, mitochondria are a major target for iron toxicity, observed in cell culture and
animal models as depression of respiratory enzymes (8) and damage to mitochondrial DNA (mtDNA)
(8-11). The mitochondrial genome is a small (16569-bp) DNA molecule present in multiple copies in each
mitochondrion. It has increased vulnerability to oxidative damage owing to its proximity to ROS produced
within mitochondria (9, 12, 13). The common 4977-bp mitochondrial deletion (AmtDNA*"’) increases
in frequency with oxidative stress (14) and accumulates in tissues with aging, serving as a biomarker of
mtDNA damage (15). The abundance of mtDNA in the cell, which can be assessed by the ratio of mtDNA
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Table 1. Characteristics of Thalassemia

Subjects, n = 38.

Age (years) +SD
Range
Years of transfusions +SD
Range
Liver iron concentration
<7mg/g
7-15 mg/g
>15mg/g
Serum ferritin
<1,000 ng/ml
1,000-2,499 ng/ml
>2,500 ng/ml
Cardiac iron burden (MRI T2% n = 35)
220 ms
10-20 ms
<10 ms
Splenectomized
Cardiac disease, current or past
Chronic viral hepatitis, current
Hepatitis B
Hepatitis C
Glucose tolerance (n = 32)
Normal
Impaired
Insulin-dependent diabetes
Hypogonadism
Hypothyroidism

29.7 £10
4-53

204 +M
2-50

14 (37)
6 (16)
18 (47)

9 (24)
12 (32)
17 (45)

24 (69)
6(17)
5(14)
23 (61)

10 (26)

103)
6 (16)

12 (41)
9(28)
10 (31)
22 (58)
8 (21)

Numbers in parentheses represent percentages.

.6

A5
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to nuclear DNA (nDNA) copies, is altered in response to physiological demands and
pathological states (16-19).

The understanding of mitochondrial dysfunction in individuals with thalassemia
is hampered by the difficulty in obtaining tissue samples for enzymatic or respiratory
assays (20). Unlike these conventional tests of mitochondrial function, mtDNA chang-
es can be analyzed on a relatively smaller number of cells (18). This led us to examine
the occurrence and significance of mtDNA copy number and mutation in blood cells
from individuals with transfusion-dependent thalassemia.

Results
Subjects. Individuals with transfusion-dependent thalassemia (# = 38) and healthy con-
trols (n = 24) were enrolled in the study. The median age was 29.5 years (ranging
from 4-53 years) for thalassemia group and 25.5 years (ranging from 19-46 years) for
controls. The clinical characteristics of the thalassemia group are described in Table 1.
The liver iron burden was mild (liver iron concentration [LIC] < 7 mg/g dry weight)
in 37%, moderate (LIC 7-15 mg/g dry weight) in 6%, and severe (LIC >15 mg/g dry
weight) in 47% of the group. There were no subjects in congestive heart failure at the
time of study, but myocardial iron was detected (T2* < 20 ms) in 31%, and a history
of cardiac failure or arrhythmia was present in 24%. A majority (61%) of the subjects
were splenectomized, and this group was significantly older (mean +SD, 35.0 + 8.3
years) than the nonsplenectomized subjects (21.5 * 8.2 years, P < 0.001). Comorbidi-
ties from iron toxicity were frequent, as shown in Table 1.

mtDNA alterations in thalassemia and control groups. The mean mtDNA/nuclear DNA
(Mt/N) (£SE) was 187 £ 18 mtDNA copies per nDNA copy in the thalassemia group,
which was 41% greater than the control group (133 + 7 mtDNA per nDNA, P = 0.026,
Figure 1A). AmtDNA®" was 6-fold higher in the thalassemia group (58.7 + 9.0 per 1 x
10” mtDNA) than the control group (9.5 £ 2.3 per 1 x 10’ mtDNA, P <0.001, Figure
1B). Mt/N increased with age in thalassemia (» = 0.45, P = 0.005, Figure 2A) but not
in the control group. AmtDNA®"" also increased with age in thalassemia (» = 0.48, P =
0.004), without a significant change observed in the control group. Subjects with thalas-
semia who were < 20 years of age (n = 4) had noticeably low levels of AmtDNA*” (Fig-
ure 2B). Unlike the age of subjects, the number of years of transfusions did not correlate

with either of the mtDNA changes. There was also a lack of association between Mt/N and AmtDNA*" in
subjects with thalassemia (» = 0.11) or controls (» = 0.18). Subjects with intact spleen showed a positive trend
(r = 0.38) between Mt/N and AmtDNA*77, while the splenectomized group demonstrated a small negative
correlation (» = —0.18). None of these analyses achieved statistical significance.

Subjects with thalassemia who were splenectomized displayed higher mean Mt/N value (211 * 28

mtDNA/nDNA) compared with those with intact spleen (150 = 14 mtDNA/nDNA), but the difference
between the means was not significant (P = 0.23). Since the splenectomized subjects were also older than

those with intact spleen, it was not possible to control for splenectomy when evaluating the effect of age
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Figure 1. Mitochondrial DNA (mtDNA) in leukocytes

P<0.001 Q from subjects with thalassemia shows specific
1004 _8_ alterations. (A) Increase in mtDNA copy number (P =
0.026) and (B) the frequency of 4977-bp mitochondrial
507 ° + DNA deletion (AmtDNA®7) (P < 0.001) in thalassemia
254 compared with controls. The plots show median, with
_T_ box extending from the 25" to 75" percentile and the
10- whiskers extending from 10'" to 90*" percentile values,
while mean values are shown as “+" and outliers as open
57 4 circles. Unpaired 2-tailed Student’s t test on log-trans-
o formed data was used for statistical analysis comparing
8 group means. The analysis included 24 control and 36
1 thalassemia subjects in the analysis of mtDNA copy
Control Thalassemia number (A), along with 19 control and 33 thalassemia
n 19 33 subjects in the analysis of frequency of AmtDNA*” (B).
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Figure 2. Mitochondrial DNA (mtDNA) alterations increase with age in thalassemia. Individual values for thalassemia are
plotted showing splenectomized (triangles) and nonsplenectomized (circles) subjects. The line (solid black) illustrates the

relationship between age and (A) mtDNA copy number (n = 38, ’=0.20, P = 0.005) and (B) the frequency of 4977-bp mito-

chondrial DNA deletion (AmtDNA*7”) (n = 35, r>=0.23, P = 0.004) obtained using a linear regression model. The broken line
represents corresponding regression models derived from the control group; the slope in both analyses is not significantly
different from 0. The individual values are not shown for control subjects.

on Mt/N. However, the correlation of Mt/N with age was observed independently in subjects with intact
spleen (r = 0.58) and those splenectomized (r = 0.38). The effect of splenectomy on AmtDNA*?" was
marked, with a mean 3.0-fold increase in the 22 subjects who were splenectomized compared with 13 sub-
jects with intact spleen (P = 0.001, unpaired ¢ test with Welch’s correction). Iron overload and splenectomy
had an additive effect on the effect on AmtDNA*77 (Figure 3). NRBC count was higher in splenectomized
subjects (5.41 x 103/pl+ 1.64 x 10%/ul versus 0.11 x 10°/ul £ 0.05 x 10%/pul, but the association between
NRBC count and AmtDNA*77 was weak (= 0.31, P = 0.09). The 6 subjects with active viral hepatitis did
not differ in either Mt/N or AmtDNA*7” from the rest of the thalassemia group.

Iron overload. No association was found between Mt/N and serum ferritin, liver iron concentration, or
cardiac iron measurements. There was also no association between AmtDNA*"” and LIC or serum ferritin
data for the whole thalassemia group. However, as shown in Figure 3, the frequency of AmtDNA*"" varied
according to splenectomy status and LIC. Subjects who were splenectomized and severely iron overloaded
(LIC > 15 mg/g) demonstrated the highest values of AmtDNA*”’. The mean (97.1 + 19.3/1 x 107 mtD-
NA) and median (106.9/1 x 10’ mtDNA) were 2.6-fold and 7.6-fold higher for this group compared with
subjects who were not splenectomized and had LIC < 15 mg/g (mean 37.7 *+ 28.3 and median 13.9/1 x
107 mtDNA). Using one-way ANOVA, the difference among the groups was significant (P = 0.003), and

2004 P=0.003 °
(o] o°o
100 ° %
z 00 ®
% 504 ° o
~ o
2 ° @
x 254 [o) ® o o
= P o Figure 3. High liver iron concentration and splenectomy
5 worsen mitochondrial DNA (mtDNA) damage. Subjects
<Z( 10+ é + with thalassemia (n = 35) were placed into 4 groups accord-
Q o ing to liver iron concentration (LIC) below 15 mg/g (low)
§, 54 or above 15 mg/g (high) and whether they were splenec-
° tomized or not. Symbols represent mean (+) and median
(diamond) for each group. The differences among the group
2 o means were significant (P = 0.003) using one-way ANOVA.
o o0 Using Tukey’s multiple comparisons test, the mean dif-
Group a b c d ferences were statistically significant between groups “b”
LIC (mg/g) <15 >15 <15 >15 and “c” (P =0.022) and groups “b” and “d” (P = 0.010). A
Splenectomy No No Yes Yes borderline significant difference was found between groups
n 4 9 15 7 “a” and “d” (P = 0.056).
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Figure 4. Myocardial iron overload was linked with greater mitochondrial DNA (mtDNA) damage. (A) The associ-
ation between cardiac MRI T2* in subjects on transfusions > 6 years and the 4977-bp mitochondrial DNA deletion
(AmtDNA*”’) was significant (n = 29, Pearson r = -0.43, P = 0.019). All subjects with current or history of iron-induced
cardiac dysfunction (solid symbols) had > 20 AmtDNA*” per 1 x 10’ mtDNA copies. (B) The proportion of patients
with MRI T2* < 20 milliseconds significantly increased with a higher frequency of AmtDNA*¥”” when the 3 groups were
compared using y? test for trend (n = 29, P = 0.025).

there was a linear trend toward higher AmtDNA*"” with increasing risk factors (Figure 3, P = 0.003). When
ferritin (< 2500 ng/ml or = 2500 ng/ml) was substituted for LIC in this analysis, a similar increasing trend
in AmtDNA#®7” was observed (P = 0.011, one-way ANOVA).

Myocardial iron overload. A significant association was present between AmtDNA*"” and cardiac iron
overload (Figure 4, P = 0.019). This analysis excluded 4 subjects who had received less than 6 years of
transfusions, considered inadequate time for cardiac iron loading (21). Myocardial iron (T2* < 20 ms)
was present in 0%, 22%, and 46% of subjects with AmtDNA*"’ frequency < 20, 20-40, and > 40/1 X
107 mtDNA, respectively (P = 0.025, x* test). All subjects with current cardiac dysfunction or a history
of cardiac dysfunction (7 = 9) had AmtDNA%77 > 20/1 x 10" mtDNA.

mtDNA changes and glucose metabolism. Mt/N or AmtDNA*77 values did not differ between the normal
glucose tolerance, impaired glucose tolerance, and diabetic groups. Subjects with normal glucose tolerance
or impaired glucose tolerance (n = 21, after excluding those with diabetes) were grouped according to
Mt/N values above or below the median (189 mtDNA/nDNA). In this analysis, 5/10 subjects with low
Mt/N had impaired glucose tolerance compared with 2/11 with high Mt/N (P = 0.18, Fisher’s exact test).

A 1809p=0 079 B 181p-0 031
il 1604 é 154 A
D =4
£ > 124
% 1404 s
E 120 % N
(O] 7 n
g Vi £
o i A Low Mt/N -
O  High MN
80 T T T 1 o T T T 1
0 30 60 90 120 50 100 200 400
Time after glucose load (min) mtDNA Copies/nDNA

Figure 5. Low mitochondrial DNA (mtDNA) copy number was associated with impaired glucose metabolism.

(A) We used a 2-way repeated-measures ANOVA followed by Fisher’s least significant difference test to compare
the group means over time. Data are presented as mean and +SEM. No significant interaction between time and
group was found. Subjects with mtDNA copy number below the median (solid symbols) had higher plasma glucose
at baseline and at all time points following 75 g oral glucose challenge (P = 0.079). (B) Matsuda insulin sensitivity
index was significantly correlated with mtDNA copy number with Pearson r = 0.47 (P = 0.031). There were 21 sub-
jects included in both analyses.
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Control Group
n=24

Mt/N Assay
n=24

AmMtDNA*77 Assay
n=19
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Thalassemia Group

n=38
|

Mt/N Assay
n=38

| | LIC<15 mg/g: n=20
LIC >15 mg/g: n=18

| | Splenectomy
Yes=23; No=15

Cardiac MRI T2*¥<20 ms=11
<6 years of transfusion=0*
>6 years of transfusion=11

Cardiac MRI T2*>20 ms=25
<6 years of transfusion=4*
>6 years of transfusion=21

No Cardiac MRI=3#

Age <10 years=1
Pacemaker=1
Metal implant=1

Glucose Tolerance Test=21
Normal=12

Impaired=9

— Insulin-dependent=10

AmMtDNA*77 Assay

n=35

| | LIC <15 mg/g: n=19
LIC >15 mg/g: n=16

| | Splenectomy
Yes=22; No=13

Cardiac MRI T2*¥<20 ms=8
<6 years of transfusion=0*
>6 years of transfusion=8

Cardiac MRI T2*>20 ms=24
<6 years of transfusion=4*
>6 years of transfusion=20

No Cardiac MRI=3#

Age <10 years=1
Pacemaker=1
Metal implant=1

Glucose Tolerance Test=20
Normal=12

Impaired=8

— Insulin-dependent=9

Not Available=6#
Age <12 years=2
Not done=4

Not Available=7#
Age <12 years=2

*Excluded from analysis = Not done=5

Figure 6. Flow chart showing subjects included or excluded from analyses. Mt/N analysis was performed in every
participant. AmtDNA*”” was not evaluable in 5 control and 3 thalassemia subjects. Subjects with thalassemia were
excluded from analysis incorporating cardiac iron if they had not been evaluated by cardiac MRI or had received regular
transfusions for less than 6 years. Subjects were excluded from analysis of glucose metabolism if they had not been
evaluated with oral glucose tolerance test or were diagnosed with insulin-dependent diabetes mellitus.

The mean plasma glucose concentration was higher at all time points in the low Mt/N group during oral
glucose tolerance test (OGTT) (P = 0.079, Figure 5A). The indices of insulin resistance were also influ-
enced by Mt/N group assignment. In those with low Mt/N, the mean insulin sensitivity index (ISI) was
37% lower (5.76 £ 0.53 vs. 9.11 + 0.95, P = 0.008), while mean homeostatic model assessment of insulin
resistance (HOMA-IR) was 76% higher (1.98 *+ 0.26 vs. 1.12 = 0.16, P = 0.010). Correlation analysis
showed a significant positive association between ISI and Mt/N (P = 0.031, Figure 5B). The indices of
B cell function, insulin secretion at 30 minutes, or the glucose disposition index did not have a significant
association with Mt/N.

Discussion
This study demonstrates the presence of marked alterations in mtDNA in blood cells of individuals with
transfusion-dependent thalassemia. These changes in mtDNA were modified by iron overload and splenec-
tomy status and were predictive of cardiac iron burden and abnormal glucose metabolism.

The increase in Mt/N observed in thalassemia is likely to be caused by iron-induced oxidative stress
(3). Mt/N is an estimate of the number of mtDNA 1in a cell, which is tightly regulated through replication
and mitophagy (22) under the influence of multiple signals from energy metabolism and the cell cycle
(23). Mt/N is altered in pathological states such as inherited mtDNA mutations and is affected by the

doi:10.1172/jci.insight.88150 5
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redox environment (23, 24). Leukocytes from healthy individuals with elevated markers of oxidative stress
show an increase in Mt/N (18). This increase in mitochondrial content is regarded as an adaptation to
oxidant stress (23, 25) that is compromising cellular respiration. Thalassemia is associated with a marked
pro-oxidant environment (3, 26), where the labile plasma iron (27) induces formation of ROS, to which the
leukocytes are exposed. The increase in Mt/N with age in this study suggests that the duration of exposure
to ROS may be a significant factor in inducing these changes. Mt/N also increases with age in healthy
individuals (18) but by a much smaller magnitude (20%) compared with the nearly 2.5-fold rise observed in
thalassemia. In contrast, individuals with inherited mitochondrial disorders demonstrate a decline in Mt/N
in blood cells with increasing age (28).

The appearance of somatic mtDNA mutations secondary to oxidative damage, such as the AmtDNA*"
deletion that removes several mitochondrial genes encoding for transfer RNAs (tRNAs) and respiratory com-
plex subunits, is an expected consequence of aging (15, 29). Tissues with high energy demands and limit-
ed renewal capacity (muscle and brain cells) accumulate AmtDNA*7’ to a greater extent (15, 30), whereas
leukocytes from healthy individuals do not show an age-dependent rise in AmtDNA*77 (30). In our study
population, a marked increase in AmtDNA*77 was seen in adults with thalassemia. The paucity of AmtD-
NA#" in patients younger than 20 years was remarkable, and this threshold effect of age on the appearance
of mtDNA damage may reflect poor control of systemic iron during adolescence. However, the frequency of
AmtDNA*77, even among older subjects, remained well below the threshold of 90% abnormal mitochondrial
genomes that starts to compromise oxidative phosphorylation (16). Other oxidative stress—induced mtDNA
lesions that were not measured in this study may add to the loss of transcriptional efficiency (31) and may
accumulate in tissues with low mitotic activity (endocrine cells and cardiomyocytes) to detrimental levels.

Splenectomy may play a role in increasing the extent of mtDNA damage in thalassemia. We observed
splenectomy and iron overload to have an additive effect on increasing the frequency of AmtDNA*7",
The distribution of iron in the body is altered by splenectomy, likely from a decrease in the iron storage
capacity in the macrophage compartment (32). NTBI and extrahepatic iron were reported to be higher
in splenectomized subjects with iron overload (33-35), which would increase the exposure of blood
and BM cells to toxic iron species. Thus, mtDNA damage may be a surrogate marker for NTBI. While
NTBI was not measured in this study, the significant association between AmtDNA*"” and myocardial
iron supports the hypothesis that mtDNA damage in leukocytes could be useful to identify and follow
patients at risk of extrahepatic iron deposition. In contrast, while higher NTBI levels were reported in
patients with clinical cardiac dysfunction (36), there are no data that directly link NTBI with degree of
myocardial iron overload (37) or endocrine damage (36). This may be from the susceptibility of NTBI
to vary with concurrent factors such as inflammation (13) or change rapidly with chelation therapy (38,
39). Thus, frequency of AmtDNA®" is the first biomarker discovered to be associated with myocardial
iron overload in thalassemia.

We observed no relationship between AmtDNA*7” and Mt/N, despite the fact that both of these
abnormalities increased with age in thalassemia. In a previous study, healthy adults with detectable leuko-
cyte AmtDNA®"” had 5% higher Mt/N compared with those without the deletion (18). Our sample size
was small to pick up this degree of difference, though a positive trend between Mt/N and AmtDNA*7
was observed in the control group and thalassemia subjects with intact spleen. This relationship between
mtDNA abundance and deletion frequency was reversed in the splenectomized group. We believe that
other coexisting mtDNA lesions arising from oxidative stress could compromise replication of mtDNA
(40). The exposure of cells to oxidant damage leads to rapid mutations in the displacement loop (D-loop)
of mtDNA (41), a noncoding region critical for replication and transcription. A lack of compensatory
increase in mitochondrial number among those with high AmtDNA*7’ in thalassemia could amplify the
deleterious impact of heteroplasmy on cellular energy metabolism.

Iron overload in thalassemia is associated with early occurrence of insulin resistance with sub-
sequent pancreatic damage and insulin deficiency leading to diabetes mellitus (42). HOMA-IR is a
measure of hepatocyte sensitivity to insulin in the fasting state, while ISI measures whole-body insulin
sensitivity following a glucose load (43). We found that subjects with thalassemia who had low Mt/N
had insulin resistance by both of these indices. Since Mt/N increased with age in our study, as does the
prevalence of impaired glucose tolerance (42), this inverse correlation was unexpected. However, adults
with metabolic syndrome with insulin resistance were reported to have lower mitochondrial content in
leukocytes (17).

doi:10.1172/jci.insight.88150 6
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While this study is limited by its cross-sectional design, we describe a new marker of mitochondrial
damage in thalassemia that can be easily followed over time in clinical samples and can predict the risk
of extrahepatic iron deposition. We propose the mtDNA damage to be secondary to oxidative stress
from uncontrolled NTBI. With current technology, tracking of mtDNA damage over time may prove
to be a more stable measure than NTBI. However, longitudinal studies are necessary to understand
the influence of NTBI on mtDNA. It would be equally important to assess the reversibility of mtDNA
damage in leukocytes with improvement in systemic iron overload. The possible link between mtDNA
damage in leukocytes and mitochondria in the target organs for iron damage — liver, pancreas, pituitary,
and heart — is unknown at this stage.

In conclusion, mtDNA alterations were prominent in individuals with thalassemia and had import-
ant associations with liver and cardiac iron, glucose metabolism, and splenectomy. mtDNA damage may
reflect the chronic or intermittent exposure of cells to NTBI. Because of the ease of obtaining blood
samples, the assessment of mtDNA damage in leukocytes may aid in the optimal management of iron
overload in thalassemia.

Methods

Adults and children with transfusion-dependent thalassemia were recruited from the Thalassemia Clin-
ic at UCSF Benioff Children’s Hospital Oakland between May 2011 and May 2013, along with healthy
adults as controls. The participants who were excluded from analysis are shown in Figure 6. Clinical
variables were collected from the clinical database. Liver iron concentration was measured with SQUID
Ferritometer (44), and results were expressed per dry liver weight (45). Myocardial iron was measured
with MRI T2* (46). Oral glucose tolerance test was performed after an overnight fast with 1.75 g/kg
dextrose (up to 75 g) accompanied by blood sampling for plasma glucose and insulin at 0, 30, 60, and
120 minutes. Blood samples were drawn within 3 days of the next blood transfusions, and total DNA
was isolated from 200 pl of whole peripheral blood using the QIAamp DNA Mini-Kit (Qiagen), with
quality and quantity assessed by spectrophotometry and Qubit dsDNA HS Assay Kit (Invitrogen).

Mt/ N assessment. Mt/N was quantified with an established duplex qPCR assay (47). Two adjust-
ments were made to optimize the assay for analysis of whole blood samples. The final mitochondrial
primer concentration was increased from 50-100 nM to improve the robustness of the assay. Also, in
place of the commercial real-time PCR master mix, we used 10 pl of a custom mix with reagents at the
following final concentrations: 250 mU/ul of AmpliTaq Gold (Roche Diagnostics), 200 umol/1 of each
dNTP (Roche Diagnostics), 1x PCR Buffer II (Roche Diagnostics), 2.5 mmol/1 MgCl, (Roche Diag-
nostics), 1Xx ROX dye (Invitrogen), and 4.2 pl molecular grade water. Samples were diluted to a DNA
concentration of 1 ng/ul, with 4 ng analyzed per run. Each sample was run in triplicate. The DNA stan-
dard used was a prequantified, high molecular weight, human genomic DNA extract (G1471, Promega)
diluted serially (1:1) from 26-0.2 ng. The 8 DNA standards were then run in triplicate to generate the
standard curve used for absolute quantification. The ratio of one haploid nuclear copy per 3.3 pg of
genomic DNA was used to calculate nDNA copy numbers (47). mtDNA copy numbers were calculated
using a ratio of 200 mitochondrial copies per nuclear copy. This ratio was estimated from the average
ACT between the mitochondrial and nuclear reactions from each dilution of the standard.

Relationship between blood cell count and mtDNA changes. The recent decline of splenectomy in the
management of thalassemia led to many older subjects in this study who were splenectomized, while
the younger were not. Leukocyte and platelet counts were higher with splenectomy and varied consid-
erably, even within those with intact spleen. DNA from whole blood is a mixture of nDNA (derived
from leukocytes and nucleated red blood cells) and mtDNA (derived in addition from reticulocytes and
platelets). Variability in platelet count between subjects and the number of residual platelets following
separation of peripheral blood mononuclear cells from whole blood are sources of error in real-time
PCR quantification of mtDNA content (48). While we were able to achieve platelet-free PBMC sepa-
ration using density centrifugation with sucrose gradient, characterization by flow cytometry revealed
the continued presence of leukocyte-platelet conjugates (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/jci.insight.88150DS1) (49). In order to correct for the
mtDNA contribution in measured Mt/N, the platelet contribution to Mt/N in whole blood was exclud-
ed using complete blood counts according to the following formula:

doi:10.1172/jci.insight.88150 7
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Corrected Mt/N = Measured Mt/N — [(platelet count/WBC count) X 4.1/2]

The factor of 4.1 is the average mtDNA copies per platelet based upon 40% contribution of platelet
mtDNA to the measured Mt/N (48), which is approximately the same as the 4 mtDNA per platelet report-
ed by Shuster, et al. (50); 2 is the correction for diploid nDNA in WBCs.

AmtDNA®" frequency assessment. The primers and probe-targeting AmtDNA®"" described by Pogo-
zelski, et al. (14), were used in a singleplex qPCR assay. qPCR conditions for amplification were the
following: initial denaturation at 95°C for 10 minutes; 45 cycles of denaturation at 95°C for 15 seconds,
and annealing and elongation at 60°C for 1 minute. The qPCR master mix contained 250 pmol/1 of
each primer, 200 umol/1 of the probe, 250 mU/pul of AmpliTaq Gold (Roche Diagnostics), 200 pmol/1
of each dNTP (Roche Diagnostics), 1x PCR Buffer II (Roche Diagnostics), 2.5 mmol/1 MgCl, (Roche
Diagnostics), and 1x ROX dye (Invitrogen). TE-4 buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0; MO
BIO Laboratories) was added as needed to achieve a total reaction volume of 20 pl per run. Ten mil-
lion copies of the mitochondrial genome were analyzed per run. Each sample was run in triplicate.
The deletion standard was generated from a sample confirmed with Sanger sequencing to contain the
mtDNA#®7 deletion as follows. Amplicons were generated using primers flanking the deletion, and the
deletion product was isolated using gel purification. Quantity was assessed with the Agilent DNA 1000
Kit (Agilent Technologies). Amplicon amounts of 5 million; 500,000; 50,000; 5,000; and 500 copies were
run in duplicate, and amounts of 50, 10, 5, and 1 copy were run in sextuplets to generate the standard
curve used for absolute quantification. The AmtDNA*”” frequency was calculated from the combined
contribution from platelets and leukocytes. Results were not available for 3 subjects with thalassemia and
5 controls due to diluted DNA concentration.

Statistics. Descriptive statistics were computed for each subgroup including means and measures of
variability. Values for Mt/N, AmtDNA#*7’, and myocardial MRI T2* were log transformed prior to analy-
sis, since the measures had a skewed distribution. Means were compared using the 2-tailed Student’s # test
or ANOVA models. Linear regression analyses and Pearson correlations were calculated to determine the
association between mtDNA assay results and clinical variables. P < 0.05 was considered statistically signif-
icant. Analyses were performed using Prism 6.0a (GraphPad Software).

Study Approval. The study was approved by the IRB of UCSF Benioff Children’s Hospital Oakland. A
written informed consent was obtained from all subjects prior to participation in the study.

Author contributions

AL and CC designed the research; EG and CC performed and interpreted the experiments; AL provided
patients; and AL and EG collected and interpreted clinical data. All authors contributed to writing and
reviewing the manuscript.

Acknowledgments
The authors wish to thank Ginny Gildenhorin, Children’s Hospital Oakland Research Institute, for provid-
ing bio-statistical review of this manuscript.

This project was supported by Children’s Hospital & Research Center Oakland Institutional Research
Award (AL) and by the National Center for Advancing Translational Sciences, NIH, through UCSF-CTSI
grant UL1 TR0O00004. Its contents are solely the responsibility of the authors and do not necessarily repre-
sent the official views of the NTH.

Address correspondence to: Ashutosh Lal, Hematology/Oncology, UCSF Benioff Children’s Hospital,
747 52nd Street, Oakland, California 94609, USA. Phone: 510.428.3172; E-mail: alal@mail.cho.org.

Esteban Gomez’s present address is: Hematology/Oncology, Phoenix Children’s Hospital, Phoenix,
Arizona, USA.

1. Rund D, Rachmilewitz E. Beta-thalassemia. N Engl J Med. 2005;353(11):1135-1146.

2. Walter PB, et al. Inflammation and oxidant-stress in beta-thalassemia patients treated with iron chelators deferasirox (ICL670)
or deferoxamine: an ancillary study of the Novartis CICL670A0107 trial. Haematologica. 2008;93(6):817-825.

3. Livrea MA, et al. Oxidative stress and antioxidant status in beta-thalassemia major: iron overload and depletion of lipid-soluble

doi:10.1172/jci.insight.88150 8



insight.jci.org

w

o

o =

o

10.

1

—

12.

13.

14.

15.

16.

17.

1

0

2

(=]

21.
22.

2

w

24.

2

W

26.

2

~

2

o

29.

30.

3

—_

32.

3

@

34.

3

9]

36.
37.
38.

doi:10.1172/jci.insight.88150

CLINICAL MEDICINE

antioxidants. Blood. 1996;88(9):3608-3614.

. Matayatsuk C, Wilairat P. Quantitative Determination of 8-Hydroxy-2’-guanosine as a biomarker of oxidative stress in thalas-

semic Patients Using HPLC with an Electrochemical Detector. J Anal Chem. 2008;63(1):52-56.

. Meerang M, et al. Accumulation of lipid peroxidation-derived DNA lesions in iron-overloaded thalassemic mouse livers: com-

parison with levels in the lymphocytes of thalassemia patients. Int J Cancer. 2009;125(4):759-766.
Trombetta D, et al. Increased protein carbonyl groups in the serum of patients affected by thalassemia major. Ann Hematol.
2006;85(8):520-522.

. Porter JB. Optimizing iron chelation strategies in beta-thalassaemia major. Blood Rev. 2009;23 Suppl 1:S3-S7.

Link G, Saada A, Pinson A, Konijn AM, Hershko C. Mitochondrial respiratory enzymes are a major target of iron toxicity in
rat heart cells. J Lab Clin Med. 1998;131(5):466-474.

. Gao X, Campian JL, Qian M, Sun XF, Eaton JW. Mitochondrial DNA damage in iron overload. J Biol Chem.

2009;284(8):4767-4775.
Gao X, et al. Mitochondrial dysfunction may explain the cardiomyopathy of chronic iron overload. Free Radic Biol Med.
2010;49(3):401-407.

. Walter PB, et al. Iron deficiency and iron excess damage mitochondria and mitochondrial DNA in rats. Proc Natl Acad Sci USA.

2002;99(4):2264-2269.

Rasmussen LJ, Singh KK. Oxidative Damage and Repair in the Mitochondrial Genome. In: Evans MD, Cooke MS, eds. Oxida-
tive Damage to Nucleic Acids. New York, New York, USA: Springer New York; 2007:109-122.

Walter PB, et al. Oxidative stress and inflammation in iron-overloaded patients with beta-thalassaemia or sickle cell disease. BrJ
Haematol. 2006;135(2):254-263.

Pogozelski WK, et al. Quantification of total mitochondrial DNA and the 4977-bp common deletion in Pearson’s syndrome
lymphoblasts using a fluorogenic 5’-nuclease (TagMan) real-time polymerase chain reaction assay and plasmid external calibra-
tion standards. Mitochondrion. 2003;2(6):415-427.

Meissner C, et al. The 4977 bp deletion of mitochondrial DNA in human skeletal muscle, heart and different areas of the brain:
a useful biomarker or more?. Exp Gerontol. 2008;43(7):645-652.

Schon EA, DiMauro S, Hirano M. Human mitochondrial DNA: roles of inherited and somatic mutations. Nat Rev Genet.
2012;13(12):878-890.

Huang CH, et al. Depleted leukocyte mitochondrial DNA copy number in metabolic syndrome. J Atheroscler Thromb.
2011;18(10):867-873.

. Liu CS, et al. Oxidative stress-related alteration of the copy number of mitochondrial DNA in human leukocytes. Free Radic Res.

2003;37(12):1307-1317.

. Mengel-From J, Thinggaard M, Dalgard C, Kyvik KO, Christensen K, Christiansen L. Mitochondrial DNA copy number in

peripheral blood cells declines with age and is associated with general health among elderly. Hum Genet. 2014;133(9):1149-1159.

. Thakerngpol K, et al. Liver injury due to iron overload in thalassemia: histopathologic and ultrastructural studies. Biometals.

1996;9(2):177-183.

Yang G, et al. How early can myocardial iron overload occur in beta thalassemia major?. PLoS ONE. 2014;9(1):e85379.

Clay Montier LL, Deng JJ, Bai Y. Number matters: control of mammalian mitochondrial DNA copy number. J Genet Genomics.
2009;36(3):125-131.

. Michel S, Wanet A, De Pauw A, Rommelaere G, Arnould T, Renard P. Crosstalk between mitochondrial (dys)function and mito-

chondrial abundance. J Cell Physiol. 2012;227(6):2297-2310.
Lee HC, Yin PH, Lu CY, Chi CW, Wei YH. Increase of mitochondria and mitochondrial DNA in response to oxidative stress
in human cells. Biochem J. 2000;348 Pt 2:425-432.

.Lee HC, Wei YH. Mitochondrial biogenesis and mitochondrial DNA maintenance of mammalian cells under oxidative stress.

Int J Biochem Cell Biol. 2005;37(4):822-834.
Suh JH, et al. Clinical assay of four thiol amino acid redox couples by LC-MS/MS: utility in thalassemia. J Chromatogr B Analyt
Technol Biomed Life Sci. 2009;877(28):3418-3427.

. Cabantchik ZI, Breuer W, Zanninelli G, Cianciulli P. LPI-labile plasma iron in iron overload. Best Pract Res Clin Haematol.

2005;18(2):277-287.

. Liu CS, et al. Alteration in the copy number of mitochondrial DNA in leukocytes of patients with mitochondrial encephalomy-

opathies. Acta Neurol Scand. 2006;113(5):334-341.

Mamdani F, Rollins B, Morgan L, Sequeira PA, Vawter MP. The somatic common deletion in mitochondrial DNA is decreased
in schizophrenia. Schizophr Res. 2014;159(2-3):370-375.

von Wurmb-Schwark N, et al. Low level of the mtDNA(4977) deletion in blood of exceptionally old individuals. Mech Ageing
Dey. 2010;131(3):179-184.

.Bua E, et al. Mitochondrial DNA-deletion mutations accumulate intracellularly to detrimental levels in aged human skeletal

muscle fibers. Am J Hum Genet. 2006;79(3):469-480.

Kolnagou A, Michaelides Y, Kontoghiorghe CN, Kontoghiorghes GJ. The importance of spleen, spleen iron, and splenecto-
my for determining total body iron load, ferrikinetics, and iron toxicity in thalassemia major patients. Toxicol Mech Methods.
2013;23(1):34-41.

. Aydinok Y, Bayraktaroglu S, Yildiz D, Alper H. Myocardial iron loading in patients with thalassemia major in Turkey and the

potential role of splenectomy in myocardial siderosis. J Pediatr Hematol Oncol. 2011;33(5):374-378.
Koren A, Fink D, Admoni O, Tennenbaum-Rakover Y, Levin C. Non-transferrin-bound labile plasma iron and iron overload in
sickle-cell disease: a comparative study between sickle-cell disease and beta-thalassemic patients. Eur J Haematol. 2010;84(1):72-78.

. Taher A, et al. Levels of non-transferrin-bound iron as an index of iron overload in patients with thalassaemia intermedia. BrJ

Haematol. 2009;146(5):569-572.

Piga A, et al. High nontransferrin bound iron levels and heart disease in thalassemia major. Am J Hematol. 2009;84(1):29-33.
‘Wood JC. Estimating tissue iron burden: current status and future prospects. Br J Haematol. 2015;170(1):15-28.

Lal A, et al. Combined chelation therapy with deferasirox and deferoxamine in thalassemia. Blood Cells Mol Dis. 2013;50(2):99-104.



. CLINICAL MEDICINE

39. Porter JB, Abeysinghe RD, Marshall L, Hider RC, Singh S. Kinetics of removal and reappearance of non-transferrin-bound
plasma iron with deferoxamine therapy. Blood. 1996;88(2):705-713.

. Mambo E, Gao X, Cohen Y, Guo Z, Talalay P, Sidransky D. Electrophile and oxidant damage of mitochondrial DNA leading
to rapid evolution of homoplasmic mutations. Proc Natl Acad Sci USA. 2003;100(4):1838-1843.

.Lee HC, Li SH, Lin JC, Wu CC, Yeh DC, Wei YH. Somatic mutations in the D-loop and decrease in the copy number of mito-
chondrial DNA in human hepatocellular carcinoma. Mutat Res. 2004;547(1-2):71-78.

42. De Sanctis V, et al. Diabetes and Glucose Metabolism in Thalassemia Major: An Update. Expert Rev Hematol. 2016;9(4):401-408.

43. Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral glucose tolerance testing: comparison with the eugly-

cemic insulin clamp. Diabetes Care. 1999;22(9):1462-1470.

44. Fischer R, Piga A, Harmatz P, Nielsen P. Monitoring long-term efficacy of iron chelation treatment with biomagnetic liver sus-
ceptometry. Ann N'Y Acad Sci. 2005;1054:350-357.

. Pakbaz Z, Fischer R, Fung E, Nielsen P, Harmatz P, Vichinsky E. Serum ferritin underestimates liver iron concentration in

4

(=}

4

—_

IS8

4

w

transfusion independent thalassemia patients as compared to regularly transfused thalassemia and sickle cell patients. Pediatr
Blood Cancer. 2007;49(3):329-332.

46. Carpenter JP, et al. On T2* magnetic resonance and cardiac iron. Circulation. 2011;123(14):1519-1528.

47. Timken MD, Swango KL, Orrego C, Buoncristiani MR. A duplex real-time qPCR assay for the quantification of human
nuclear and mitochondrial DNA in forensic samples: implications for quantifying DNA in degraded samples. J Forensic Sci.
2005;50(5):1044-1060.

48. Banas B, Kost BP, Goebel FD. Platelets, a typical source of error in real-time PCR quantification of mitochondrial DNA con-

tent in human peripheral blood cells. Eur J Med Res. 2004;9(8):371-377.

. Palabrica T, et al. Leukocyte accumulation promoting fibrin deposition is mediated in vivo by P-selectin on adherent platelets.

Nature. 1992;359(6398):848-851.

50. Shuster RC, Rubenstein AJ, Wallace DC. Mitochondrial DNA in anucleate human blood cells. Biochem Biophys Res Commun.

1988;155(3):1360-1365.

(=}

4

\O

insight.jci.org  doi:10.1172/jci.insight.88150 10





