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B-Thalassemia and HFE-related hemochromatosis are 2 of the most frequently inherited disorders world-
wide. Both disorders are characterized by low levels of hepcidin (HAMP), the hormone that regulates iron
absorption. As a consequence, patients affected by these disorders exhibit iron overload, which is the main
cause of morbidity and mortality. HAMP expression is controlled by activation of the SMAD1,5,8/SMAD4
complex. TMPRSS6 is a serine protease that reduces SMAD activation and blocks HAMP expression. We
identified second generation antisense oligonucleotides (ASOs) targeting mouse Tmprss6. ASO treatment
in mice affected by hemochromatosis (Hfe”") significantly decreased serum iron, transferrin saturation
and liver iron accumulation. Furthermore, ASO treatment of mice affected by -thalassemia (HBB"*** mice,
referred to hereafter as th3/+ mice) decreased the formation of insoluble membrane-bound globins, ROS,
and apoptosis, and improved anemia. These animals also exhibited lower erythropoietin levels, a significant
amelioration of ineffective erythropoiesis (IE) and splenomegaly, and an increase in total hemoglobin levels.
These data suggest that ASOs targeting Tmprss6 could be beneficial in individuals with hemochromatosis,

p-thalassemia, and related disorders.

Introduction

Iron metabolism is a complex and tightly controlled process due to
the important role of iron in cellular and systemic physiology and
its potential to cause toxicity. On one hand, iron is important in
basic cellular mechanisms, such as erythropoiesis and host-defense
mechanisms (1-3). On the other hand, an excess of iron can lead to
profound cellular and organ damage (1-3). Thus, it is not surprising
that iron absorption can be profoundly altered by different physio-
logical conditions, such as changes in dietary iron intake, inflamma-
tion, and anemia (4). The liver hormone hepcidin plays a central role
in iron metabolism (5-8). Hepcidin (Hamp) targets ferroportin, the
only known iron export protein, which is mainly expressed in entero-
cytes, macrophages, and hepatocytes, controlling, respectively, iron
absorption, recycling, and storage (9). At the molecular level, Hamp
expression is controlled by the activation of the SMAD1,5,8/SMAD4
complex, which in turn is triggered by the association between the
BMP6 ligand, whose expression is proportional to intracellular
hepaticiron concentrations, and the BMP-receptor complex (10-12).
Hemojuvelin (HJV) acts as a coreceptor and is required to fully acti-
vate the SMAD pathway (10, 13-15). In contrast, TMPRSS6 or Mat-
riptase-2, a transmembrane serine protease, cleaves HJV, reducing
the phosphorylation of the SMAD complex and attenuating HAMP
expression (16-20). The fundamental antagonistic roles of H/V and
TMPRSS6 on HAMP expression are underscored by the observation
that patients and mice with mutations affecting one of these 2 genes
are, respectively, affected by juvenile hemochromatosis and iron-
refractory iron deficiency anemia (IRIDA) (13, 18).
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In the liver, additional membrane-associated proteins, includ-
ing HFE, have been involved with the activation of regulatory
pathways that control HAMP expression in response to serum
iron levels (21). Mutations in the HFE gene are associated with
the most frequent form of hereditary hemochromatosis, which
results from a failure to upregulate HAMP and downregulate iron
absorption despite an increased iron load (22, 23). HFE-related
hemochromatosis, if left untreated, causes abnormal iron deposi-
tion in key organs, leading to liver fibrosis, cirrhosis, congestive
cardiomyopathy, and diabetes (24).

Forms of anemia combined with active proliferation of erythroid
progenitors are characterized by low HAMP expression (8). The
persistence of the anemia and low expression of Hamp are associ-
ated with iron overload, such as in -thalassemia intermedia. In
this case, patients do not require blood transfusion for survival,
but exhibit increased iron absorption and iron overload due to
ineffective erythropoiesis (IE) and suppression of HAMP. This
condition has been defined as nontransfusion-dependent thal-
assemia (NTDT) in humans, and recently, has been recognized
as one of the most frequent forms of p-thalassemia (8, 25). Iron
overload is the most common cause of morbidity and mortality in
NTDT patients. The Hbb"3* mouse model (referred to hereafter
as th3/+) mimics NTDT conditions, showing IE (26). IE is charac-
terized by increased proliferation and decreased differentiation of
the erythroid progenitors, apoptosis of erythroblasts due to the
presence of toxic hemichromes, reticulocytosis, shorter life span
of rbc in circulation, splenomegaly, extramedullary hematopoiesis,
and anemia (27, 28). We previously demonstrated that the iron
absorbed by th3/+ mice is excessive relative to the amount of iron
needed to maintain hemoglobin (Hb) levels that are reduced com-
pared with those in WT mice (26, 29). Furthermore, analysis of
transgenic th3/+ mice overexpressing Hamp indicated that these
animals exhibited not only reduced organ iron overload, but
also a remarkable amelioration of their anemia and IE (29). This
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approach suggested that development of new pharmacological
agents to increase HAMP expression could be extremely valuable
in treating this disorder (30).

Due to the important role of TMPRSS6 in suppressing HAMP, it
was determined whether the increased expression of Hamp observed
in Tmprss6~/~ mice could be beneficial in animals affected by both
hemochromatosis and p-thalassemia. In fact, lack of Tmprss6
in mice affected by hereditary hemochromatosis (Tmprss6~~
Hfe~") exhibited an improved iron overload phenotype (31). Fur-
thermore, lack of a functional Tmprss6 significantly improved iron
overload and anemia in Tmprss6~/~th3/+ mice (32).

The expression of iron-related genes such as Id1, Atoh8, Smad7,
and Bmp6 are increased in normal animals in response to increased
liver iron concentration (LIC) (11, 33). Mouse models of IRIDA have
elevated Id1, Smad7, and Atoh8 expression, as expected, because the
lack of cleavage of Hjv from the plasma membrane of hepatocytes
in the absence of Tmprss6 induces constitutive activation of the
BMP/SMAD pathway. Bmp6, on the other hand, is unchanged com-
pared with that in normal mice but disproportionately elevated
relative to LIC (17, 19, 32). Thalassemic animals (th3/+) show nor-
mal to increased expression of Id1, Atoh8, Smad7, and Bmp6 (some
differences are seen in males vs. females), although these levels are
inappropriately low relative to LIC (32, 34, 35). th3/+ mice lack-
ing Tmprss6 (th3/+Tmprss6/~) have elevated Id1, Smad7, and Atoh8
(32). In the same animals, Bmp6 expression was slightly decreased
(males) or unchanged (females) despite a strong LIC reduction.

In this study, we have examined whether pharmacological reduc-
tion of Tmprss6 expression using antisense technology is an effec-
tive approach for the treatment of HFE-related hereditary hemo-
chromatosis and B-thalassemia. Our antisense approach utilized
an RNaseH mechanism to degrade the Tmprss6 RNA species (36).
We hypothesized that antisense oligonucleotides (ASOs) target-
ing Tmprss6 would reduce Tmprss6 mRNA and protein levels in the
liver and, as a result, increase the expression of Hamp to therapeu-
tic levels in these 2 disorders. To this end, we designed and identi-
fied potent ASOs against mouse Tmprss6. These ASOs significantly
reduced Twmprss6 mRNA in mouse primary hepatocytes (P < 0.01). In
Hfe/~ mice, Tmprss6-ASO treatment dramatically decreased serum
iron and iron accumulation in the liver. Furthermore, administra-
tion of Tmprss6-ASO in th3/+ mice not only reduced serum and liver
iron, but also significantly improved anemia (P < 0.01).

Results
Tmprss6-ASOs reduced Tmprss6 mRNA in cells. Over 150 ASOs were
designed and screened against the mouse Timprss6 mRNA transcript.
These ASOs were first evaluated in mouse primary hepatocytes for
their activity to reduce Tmprss6 mRNA levels. ASOs were introduced
into cells via electroporation, and mRNA levels were determined
16 hours later. Two ASOs, Tmprss6-ASO#1 and Tmprss6-ASO#2,
showed potent reduction of Tmprss6 mRNA levels in a dose-depen-
dent manner (Figure 1A). The ICss for these 2 ASOs were 1.2 uM
and 1.9 uM, respectively. Both ASOs are complementary to the last
exon (exon 18, NM_027902.2) of the mouse Tmprss6 transcript.
Tmprss6-ASOs reduced Tmprss6 in normal mice and modulated serum
iron parameters. To evaluate the activity of Tmprss6-ASOs in vivo,
ASOs were administered to 6-week-old male C57BL/6 mice at 25,
50, or 100 mg/kg/wk for 4 weeks by twice-a-week subcutaneous
injections. Liver Tmprss6é mRNA levels were significantly reduced in
a dose-dependent fashion after treatment (P < 0.01). As expected,
Hamp mRNA levels were dramatically upregulated, also in a dose-
1532
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dependent manner. An approximately 90% reduction of Tmprss6
levels was associated with a 4- to S-fold increase in Hamp mRNA
levels in the 100 mg/kg treatment group (Figure 1, B and C). These
mice were fed with normal chow (Laboratory Rodent Diet 5001)
and showed a serum iron concentration of approximately 110 ug/dl
and transferrin (Tf) saturation of 35% in the vehicle control group.
However, after Tmprss6-ASO treatment, there was a significant
reduction of serum iron levels and Tf saturation (P < 0.01), cor-
relating with the reduction of Tmprss6 levels and the increase of
Hamp levels. In both the 100 mg/kg treatment groups, serum iron
and Tf saturation were reduced to approximately 40 ug/dl and
10%, respectively (Figure 1, D and E). Furthermore, serum Tf lev-
els increased significantly after ASO treatment, showing a trend
that was inversely proportional to serum iron levels (Figure 1F and
Supplemental Figure 1A; supplemental material available online
with this article; doi:10.1172/JCI66969DS1). As expected, reduc-
tion of serum iron parameters was associated with a decrease in
Hb and an increase in erythropoietin (Epo) levels (Supplemental
Figure 1B and Supplemental Table 1). Both ASOs showed simi-
lar pharmacology in normal mice. Similar effects on serum iron
and iron Tf were observed in both male and female mice (Supple-
mental Figure 1, C and D). These data demonstrated that Tmprss6-
ASOs were potent modulators in vivo to upregulate Hamp expres-
sion and reduce serum iron availability. A control ASO of the same
chemistry as Tmprss6-ASO was tested and caused no significant
changes in Tmprss6 or Hamp mRNA levels (Supplemental Figure 2,
A and B). In addition, proinflammatory-related genes, including
IL-6 and serum amyloid P (SAP), showed no significant changes
in control ASO or Tmprss6-ASO treatment groups (Supplemental
Figure 2, C and D), indicating that Hamp upregulation was not
due to a proinflammatory response to ASOs. Body weights, organ
(liver, kidney, and spleen) weights, and histopathology as well as
serum transaminases were monitored and showed no significant
changes with treatment (data not shown). In conclusion, treat-
ment with Tmprss6-ASOs was effective and well tolerated.
Tmprss6-ASO treatment in Hfe”/~ mice reduced liver ivon accumulation.
Hfe”~ mice show defects in iron-regulated Hamp expression due
to the lack of Hfe, a critical regulator that responds to increased
iron absorption and iron overload. Hfe7~ mice, therefore, mimic
human HFE-related hemochromatosis. These mice demonstrate
higher dietary iron absorption, which leads to iron overload in the
liver. To test the effect of Tmprss6 reduction in these mice, Tmprss6-
ASO#2 was administered to a cohort of male and female Hfe”/~
mice (9 to 13 weeks of age) at 100 mg/kg/wk for 6 weeks. After
treatment of Hfe”/~ mice with Tmprss6-ASO, an approximately 90%
reduction of Tmprss6 was observed in the livers of both sexes, while
Hamp was upregulated 3.1- and 1.7-fold, respectively, in males and
females (Figure 2, A and B). Liver TMPRSS6 protein was dramati-
cally reduced after treatment, confirming the mRNA results (Sup-
plemental Figure 3A and ref. 37). As a result, in both sexes, serum
iron levels were reduced from more than 300 pg/dl to less than
150 ug/dl, and Tf saturation was reduced from greater than 90%
to less than 25% (Figure 2, C and D). Serum iron and Tf saturation
were similar to or even lower than the values observed in untreated
C57BL/6 mice (Figure 1, D and E). These reductions in serum iron
parameters were also reflected in tissue iron accumulation. There
was a significant reduction of LIC in the ASO treatment group
compared with the vehicle control group, with about 40% reduc-
tion in male mice and 30% in female mice (Figure 2E). Conversely,
spleen iron concentration was increased in the ASO treatment
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Characterization of Tmprss6-ASOs that effectively reduce Tmprss6 levels in cells and in normal mice. (A) Dose-dependent reduction of Tmprss6

mRNA in mouse primary hepatocytes. Results represent mean + SD (n =

2) compared with untransfected control (UTC). (B) Dose-dependent

reduction of mouse Tmprss6 mRNA levels in C57BL/6 mice after Tmprss6-ASO treatment. (C) Dose-dependent upregulation of liver HAMP
levels after Tmprss6-ASO treatment. (D) Dose-dependent reduction of serum iron levels after Tmprss6-ASO treatment. (E) Dose-dependent
reduction of serum Tf saturation after Tmprss6-ASO treatment. (F) Serum Tf levels. Six-week-old C57BL/6 male mice were treated for 4 weeks
with the indicated doses in mg/kg/wk of Tmprss6-ASO via subcutaneous injection. Mouse Tmprss6 and HAMP mRNA levels in liver were quanti-
fied by qRT-PCR (TagMan), and serum iron parameters were determined on a Beckman Coulter clinical analyzer. Results represent mean + SD

(n=4).*P < 0.05; **P < 0.01 by Student’s ¢ test.

groups, with an approximately 80% increase in males and 40% in
females (Figure 2F). These observations were confirmed by Pearl’s
Prussian blue staining, which showed that levels of liver iron were
reduced, while iron levels were increased in spleen due to seques-
tration in macrophages after ASO treatment (Figure 2G). Similarly
to what was observed in WT mice after ASO treatment, serum Tf
concentration and Epo levels increased as the serum iron levels
decreased (Figure 2H and Supplemental Figure 3B). Complete
blood count (CBC) analysis indicated that Tmprss6-ASO treatment
induced a reduction in rbc counts, Hb, and hematocrits. However,
all of these parameters were moderately reduced or in the normal
range (Supplemental Table 1). Hfe7~ mice were also treated with
Tmprss6-ASO#1, yielding similar pharmacology (data not shown).
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ASO treatment was well tolerated in Hfe/~ mice, and no abnormal
findings were observed. These data indicated that Tmprss6-ASO
treatment decreased iron absorption and, concurrently, redistrib-
uted iron from parenchymal cells to macrophages.

Tmprss6-ASO treatment reduced serum iron parameters and liver iron
overload in th3/+ mice. Five-month-old th3/+ mice, both males and
females, were treated with Tmprss6-ASO for 6 weeks. In both sexes,
approximately 85% Tmprss6 reduction was associated with a mod-
est but significant increase in absolute Hamp expression (Figure 3,
A and B). Furthermore, when the expression levels of Hamp levels
were normalized to the LIC, the difference was even more signifi-
cant, corresponding to a 3.4- and 2.0-fold increase, respectively,
in males and females (Figure 3C). ASO treatment significantly
Volume 123~ Number 4
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Figure 2

Tmprss6-ASO treatment in Hfe”~ mice reduced iron overload. (A) Liver Tmprss6 mRNA levels. (B) Liver Hamp mRNA levels. (C) Serum iron
levels. (D) Serum Tf saturation. (E) LIC. (F) Spleen iron concentration. (G) Iron stain in the liver and spleen (Pearl’s Prussian blue). (H) Serum
Tf levels. 9- to 13-week-old Hfe-~ mice were treated with 100 mg/kg/wk for 6 weeks before analysis. Results represent mean + SD.n =5 and 6
for male mice in control and treatment groups, respectively; n = 4 and 3 for female mice in control and treatment groups, respectively. *P < 0.05;
**P < 0.01 by Student’s t test. Scale bars: 100 um.
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Figure 3

Tmprss6-ASO treatment in th3/+ mice reduced iron overload. (A) Liver Tmprss6 mRNA levels. (B) Liver Hamp mRNA levels, normalized by total
RNA. (C) Liver Hamp mRNA levels, normalized by LIC. (D) Serum iron levels. (E) Serum Tf saturation. (F) LIC. (G) Spleen iron concentration.
(H) Spleen weight normalized by total body weight. (I) Total spleen iron. (J) Iron stain in the liver and spleen (Pearl’s Prussian blue). (K) Serum
Tf levels. Approximately 5-month-old th3/+ mice were treated with 100 mg/kg/wk Tmprss6-ASO or PBS for 6 weeks before analysis. Results
represent mean + SD. n = 4 for male mice in each group; n = 4 and 5 for female mice in control and treatment groups, respectively. *P < 0.05;
**P < 0.01 by Student’s t test. Scale bars: 100 um.

reduced serum iron levels (>30% reduction in both males and

females; Figure 3D) and Tf saturation (in th3/+ males and females,
respectively, from 63% and 55% in control groups to 26% and 20%
in treatment groups; Figure 3E). Serum iron and Tf saturation lev-
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els were similar to values observed in untreated C57BL/6 mice of
similar age and sex (data not shown). LIC was also greatly reduced
(50% and 40% reduction, respectively, in males and females; Figure
3F), such that these values were now in the normal range (data not
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Figure 4

Tmprss6-ASO treatment in th3/+ mice improved anemia. (A) rbc, (B) Hb,

(C) hematocrit (HCT), (D) reticulocytes (retic), (E) MCV, (F) MCH, and

(G) RDW in WT and th3/+ control or Tmprss6-ASO—treated th3/+ animals. (H) Blood smears and red cell morphology (Giemsa staining). Original
magnification, x40. (I) Total and (J) indirect bilirubin levels. (K) Serum EPO levels. Approximately 5-month-old th3/+ mice were treated with 100
mg/kg/wk Tmprss6-ASO or PBS for 6 weeks before analysis. Results represent mean + SD; n = 4 for male mice in each group; n = 4 and 5 for
female mice in control and treatment groups, respectively. *P < 0.05; **P < 0.01 by Student’s t test when treatment group was compared with

vehicle control group at the end of treatment.

shown). This difference in LIC indicates a sex effect, as previously
reported (32). The concentration of iron in the spleen increased in
males (50% higher in treated animals; Figure 3G), while not being
modified in females, reflecting again a difference in iron metabo-
lism in males versus females. However, splenomegaly was greatly
improved in both male and female treatment groups, as indicated
by an approximately 50% reduction of spleen weight (Figure 3H).
When the total weight of the spleen was taken into account, the total
iron content in the whole organ did not differ between treated and
untreated males, while it decreased in treated females (Figure 3I).
Overall, these values were 2 to S times higher than in normal mice
(data not shown). Morphological inspection of the spleen indi-
cated that decreased splenomegaly was associated with improved
organ architecture, showing a normalization of the relative pro-
portion between the white and red pulp (data not shown). Further-
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more, Pearl’s Prussian blue staining indicated that the iron was
predominantly localized in macrophages (Figure 3J), as expected
with increased Hamp expression. Moreover, as seen in WT and
Hfe”/~ mice treated with Tmprss6-ASO, serum Tf levels increased as
serum iron decreased (Figure 3K). th3/+ animals lacking Tmprss6
expression (th3/+Tmprss67/~) showed elevated expression of Id1,
Smad7, and Atoh8, while Bmp6 expression was slightly decreased in
males or unchanged in females (32). We then investigated whether
this was the case in th3/+ animals treated with Tmprss6-ASO. Our
data confirm the trend previously shown by Nai and colleagues
(32), with the only exception being Bmp6, which in our hands was
increased in males and was unchanged in females (Supplemental
Figure 4, A-D). These differences might be due to the fact that
thalassemic transgenic animals lacking Tmprss6 exhibit subopti-
mal levels of iron in their liver, while in our experimental model
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Tmprss6-ASO treatment in th3/+ mice improved IE. (A) FACS analysis to discriminate different stages of erythroid differentiation in the spleen
using the Ter119 and CD44 antibodies. This assay allows the separation of erythroid cells into distinct populations corresponding to proeryth-
roblasts (fraction 1), basophilic (Il), polychromatic (l11), orthochromatic cells, and reticulocytes (IV), and mature rbc (V). Absolute numbers of the
different stages of erythroid cells are shown in the spleen in male (A) and female mice (B) and in the BM in male (C) and female mice (D). (E) TAU
gel electrophoresis. (F) ROS analysis by FACS, showing a representative sample of the percentage of ROS-positive cells in fraction V. Results
represent mean + SD. n = 4 for male mice in each group; n = 4 and 5 for female mice in control and treatment groups, respectively. *P < 0.05;
**P < 0.01 by Student’s t test when treatment group was compared with vehicle control group.

the LIC values were in the normal range; it could also be due to
the difference in genetic background (C57BL/6 background in this

study and mixed background in Nai et al,; ref. 32).

Tmprss6-ASO treatment improved anemia in th3/+ mice. Increased
expression of Hamp not only reduced tissue iron levels, but also
had a beneficial effect on erythropoiesis in th3/+ mice. The hema-

The Journal of Clinical Investigation

tological parameters in the Tmprss6-ASO-treated th3/+ mice
improved compared with those treated with vehicle control. Spe-

cifically, anemia end points were significantly improved with ASO

http://www.jci.org
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treatment in both sexes, including increases in rbc, Hb, and hema-
tocrit (approximately 30%, 2 g/dl, and 20%, respectively; Figure 4,
A-C, and Supplemental Table 2). Furthermore, ASO-treated th3/+
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mice exhibited lower reticulocyte numbers, mean corpuscular Hb
(MCH), and mean corpuscular volume (MCV) (Figure 4, D-F).
The blood smears showed that red cell morphology was signifi-
cantly improved after ASO treatment (Figure 4H), confirming the
reduction of red cell distribution width (RDW) (Figure 4G). In
addition, serum total bilirubin was greatly reduced in the ASO
treatment group (Figure 4I). Since the majority of the total bili-
rubin was indirect bilirubin (Figure 4]J), this indicated that ASO
treatment decreased hemolysis. In th3/+ mice, ASO treatment
significantly reduced EPO values (Figure 4K), further confirm-
ing that anemia conditions were improved after treatment. These
EPO values were still higher than those in WT animals of similar
age and corresponded, on average, to 500 pg/ml in males and 150
pg/ml in females (not shown).

Tmprss6-ASO treatment prevented hemichrome formation and enbanced
erythroid differentiation in th3/+ mice. Treatment with Tmprss6-ASO
significantly ameliorated the IE in th3/+ mice, as indicated by FACS
analysis (Supplemental Figure SA). Furthermore, while the number
of rbc increased with Tmprss6-ASO treatment, reticulocyte counts
decreased (Figure 4, A and D) as did the percentage and absolute
number of immature erythroid progenitor cells in the spleen, and,
to a lesser extent, in the BM (Figure 5, A-D). Therefore, ASO treat-
ment improved rbc production and erythroid maturation, the
latter demonstrated by a significant normalization in the relative
proportion between the number of erythroblasts/reticulocytes and
enucleated erythroid cells (Figure 5, A-D). Analysis of the CBC val-
ues indicated that Tmprss6-ASO-treated th3/+ animals had reduced
MCV and MCH parameters, suggesting, as previously observed
(29), that lower Tf saturation levels were associated with decreased
erythroid iron intake and hemichrome formation. Improvementin
erythropoiesis could then be associated with decreased formation
of insoluble globins (. chain/heme aggregates), thereby reducing
their potential toxicity when adhering to rbc membranes and pro-
ducing ROS (29). Analysis of membrane fractions by determining
the amount of bound globins by triton acetic acid urea (TAU) gel
1538
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electrophoresis indicated a significant decrease in the formation of
toxic a-globin/heme aggregates (Figure SE), likely being respon-
sible for the improvement in RDW as well as morphology of the
erythrocytes (Figure 4, G and H). Additionally, a ROS indicator,
5-(and -6)-chloromethyl-2',7'-dichlorodihydrofluorescein diace-
tate, acetyl ester (CM-H2DCFDA), was added to the spleen and
BM cells. This compound permeates into the cells and is oxidized
in the presence of ROS or free heme. FACS analysis indicated that
mature erythroid cells of Tmprss6-ASO-treated th3/+ mice showed
a significant reduction of ROS (Figure SF). As a result, apoptosis
was dramatically decreased with Tmprss6-ASO treatment (Supple-
mental Figure 5B). Increased expression levels of Id1 and Gdf1S5 in
erythroid cells have been associated, respectively, with increased
survival of erythroid cells and IE (38, 39). In particular, IdI expres-
sion inversely correlates with Tmprss6 expression in the liver, while
high levels of GDF1S in thalassemic patients have been associated
with low levels of hepcidin expression (39, 40). However, in mice,
Tmpress6 is expressed at very low levels in the spleen, while the cor-
relation between expression of Gdf15 and Hamp under conditions
of stress erythropoiesis and in IE has not been confirmed (41). Nev-
ertheless, we performed expression analysis of these 2 genes in the
spleen of control and Tmprss6-ASO-treated th3/+ mice, observing
no significant differences (data not shown). Together, these data
support the conclusion that treatment with Tmprss6-ASO has an
indirect beneficial effect on erythropoiesis through its role on
Hamp expression and consequent decreased Tf saturation.

Discussion
Iron balance must be carefully regulated to provide iron for essen-
tial physiological functions and erythropoiesis while avoiding the
toxicity associated with its excess. Tissue iron overload is a primary
focus of hemochromatosis and f-thalassemia management. If
untreated, iron overload leads to organ failure and death.

The primary cause of iron overload in HFE-related hemochroma-
tosis is the inability of patients to respond to increased serum iron
Number 4
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concentration by adjusting Hamp levels (24, 42). This is a common
genetic disorder in people of Northern European origin, with an
estimated prevalence of 1 in 200, where patients are homozygous
for the C282Y mutation in HFE (24, 42, 43). Without therapeutic
intervention, iron overload leads to multiple organ damage, such
as liver cirrhosis, cardiomyopathy, diabetes, arthritis, hypogonad-
ism, and skin pigmentation (24). Phlebotomy is the only treatment
option, while iron chelation therapies are extremely rare and con-
troversial (44, 45). However, phlebotomy increases erythropoiesis
to compensate for blood loss, and Hamp levels are further sup-
pressed by high erythropoietic activity, thereby leading to more
dietary iron absorption (23, 46). This may lengthen the duration
of the “de-ironing” stage after initial diagnosis of HFE-related
hemochromatosis, due to very frequent phlebotomies (weekly
phlebotomy for 3 months to a year) (47). In this setting, Tmprss6-
ASO treatment might slow down the intestinal iron absorption,
reducing the frequency of phlebotomy and/or shortening “de-
ironing” phase. Our data indicate that administration of Tmprss6-
ASO is efficient in reducing iron overload in Hfe/~ mice. This was
associated with a moderate decrease in rbc synthesis and Hb levels.
However, the low levels of Tf saturation associated with reduced
levels of Hb suggest that lower doses of Tmprss6-ASO might be
sufficient to prevent iron overload or reduce iron absorption fol-
lowing phlebotomy with minimal to no effect on erythropoiesis.
The primary forms of NTDT include f-thalassemia intermedia,
Hb E p-thalassemia, and Hb H disease (48). Estimates indicate
that approximately 68,000 children are born with various forms
of thalassemia each year (48). Roughly 30% of these individuals
suffer from B-thalassemia major. In the remaining group of indi-
viduals, a smaller but yet ill-defined number have NTDT. Due to
limited genetic analyses and clinical experience with this disorder,
it is speculated that only a fraction of these individuals are cur-
rently diagnosed as having NTDT (49, 50). Recent studies have
raised awareness of this condition; therefore, it is expected that a
larger number of NTDT patients will be recognized over time. The
IE in NTDT patients leads to suppression of HAMP and increased
iron absorption. Over time, these patients exhibit exacerbated IE
and splenomegaly, with a deterioration of many clinical pathologi-
cal features associated with iron overload. Iron chelators can be
used in NTDT patients to treat iron overload, which is induced by
IE. This approach relies on removing the excess iron accumulated
by increased iron absorption. However, both phlebotomy and iron
chelators do not target the mechanism responsible for excessive
iron absorption, which is low levels of HAMP expression.
Previous studies in mice indicated that excessive Hamp produc-
tion is detrimental (16, 51). However, additional studies have pro-
vided evidence that moderate increases in Hamp expression or by
administration of Hepcidin agonists could be extremely beneficial
to prevent excessive iron absorption in models of hemochroma-
tosis and B-thalassemia, emphasizing the fact that a therapeutic
benefit would depend upon the level of Hamp elevation achieved
(29-31). For instance, it has been demonstrated that supply of
exogenous Hamp (miniHepcidin) or other Hamp agonists could
ameliorate the iron overload in animal models of hemochroma-
tosis (52-54). Additional studies using models of B-thalassemia
intermedia that were kept on a low-iron diet, genetically modified
to increase Hamp expression, including genetic mutations inacti-
vating Tmprss6, or through treatment with apo-Tf demonstrated
that reducing erythroid iron intake was associated with a sig-
nificant reduction of splenomegaly and IE and an increase in rbe
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numbers and Hb levels (29, 32, 55). Together, these observations
suggest that lowering Tf saturation levels under conditions of
dietary iron restriction will reduce erythroid intake per cell (lower
MCH), but increase the number of red cells that will receive iron.
The goal might be to keep the production and the number of rbc
stable, a process that is likely more efficient and safe than pro-
ducing fewer rbc, each one with a normal MCH. Therefore, target-
ing TMPRSS6 in B-thalassemia might have several positive effects:
preventing excessive iron absorption and iron overload, increasing
serum Tf concentrations, which will further decrease Tf satura-
tion and hemichrome formation, and safely storing the excess of
iron in macrophages. Therefore, development of new strategies to
increase HAMP expression by modulation of TMPRSS6 expression
might represent the next clinical goal for improving the manage-
ment of hemochromatosis and B-thalassemic patients.

In NTDT patients, IE triggers many pathophysiological out-
comes, including anemia, expansion of the erythron, formation
of abnormal rbc, splenomegaly, and decreased HAMP synthesis,
which in turn leads to iron overload (Figure 6). Recently, we learned
that high levels of Tf saturation and iron delivered to erythroid
progenitors are associated with production of hemichromes that
negatively affect erythropoiesis (8, 29, 55). As patients age, the size
of the spleen increases and sequesters a growing number of rbc. As
a consequence, the number of erythroid progenitors expands in an
attempt to compensate for the anemia, negatively affecting HAMP
expression. In this scenario, iron plays a major role in the dete-
rioration of the disease. Based on previous observations and our
data, we postulate that increasing HAMP expression will not only
prevent or reduce iron overload (Figure 6), but will also break this
vicious cycle (30). From the prospective of rbc synthesis, Tmprss6-
ASO-mediated upregulation of Hamp is associated with decreased
levels of Tf saturation and production of hemichromes, which in
turn improve red cell survival and production (Figure 6). In th3/+
mice, we showed that this is accompanied by decreased Epo levels,
a decreased number of erythroid progenitors, and splenomegaly.
This, together with the observation that Id1 expression in the
spleen is unchanged, support a mechanism whereby iron effects
predominate, rather than a direct Tmprss6-ASO effect on erythro-
poiesis. Therefore, a moderate increase in Hamp levels substantial-
ly and positively affects multiple features associated with IE and
iron overload. If this is also the case in humans, NTDT patients
might benefit substantially from this treatment, preventing the
need for undesirable treatment regimens such as iron chelation,
splenectomy, and eventually, chronic blood transfusion.

Interestingly, in our study, we also observed an inverse cor-
relation between iron and Tf concentrations in the serum of
Tmprss6-ASO-treated mice, consistent with previous reports
demonstrating a negative correlation between iron deficiency and
Tf synthesis (56-58). Intriguingly, this suggests that increased
serum Tf levels might be utilized as a parameter to predict iron
deficiency and evaluate when Tmprss6-ASO treatment should be
stopped. This hypothesis was supported by the observation that
serum Tfin C57BL/6 mice and Hfe”~ mice increased on a low-iron
diet (Supplemental Figure 6).

In summary, our study demonstrates that targeting Tmprss6 by
antisense technology can modulate Hamp expression in a dose-
dependent manner, indicating that Tmprss6-ASO treatment has
the potential to titrate Hamp expression to the right amount to
prevent iron overload in disorders associated with abnormally low
levels of Hamp. This notion is strengthened by our results dem-
Number 4 1539
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onstrating that Tmprss6-ASO treatment reduces iron overload in
an animal model of hemochromatosis and improves both iron
overload and anemia in mice affected by B-thalassemia. Thus,
both hemochromatosis and B-thalassemia patients may ben-
efit from therapies based on preventing iron absorption, such as
Tmprss6-ASOs. While we were finalizing this manuscript, Schmidt
et al. reported another approach to downregulating Tmprss6 with
siRNA (59). Tmprss6-siRNA reduced hepatic Tmprss6 and resulted
in effects similar to those reported here, supporting the idea that
reduction of Tmprss6 in the liver is adequate for therapeutic ben-
efit. Future studies will evaluate whether Tmprss6-ASO treatment
might be comparable or superior to well-established therapies,
including iron chelators and phlebotomy. It will also be of interest
to study whether Tmprss6-ASO treatment may have an additive or
synergistic effect in combination with these therapies.

Methods

Generation of ASO. All oligonucleotides used in these studies were 20 nucleo-
tides in length and chemically modified with phosphorothioate in the back-
bone, 5 2'-O-methoxyethyl residues at each terminus, and a central deoxy-
nucleotide region of 10 residues (5-10-5 gapmer). Oligonucleotides were
synthesized using an Applied Biosystems 380B automated DNA synthesizer
(PerkinElmer Life and Analytical Sciences-Applied Biosystems) and puri-
fied as previously described (36). Sequence were as follows: ASO#1, 5'-GCT-
TAGAGTACAGCCCACTT-3"; ASO#2, 5'-TTTCTTTCCTACAGAGACCC-3'.
ASOs were dissolved in PBS (Ca-Mg; Invitrogen) for in vivo experiments.

Culture of bepatocytes and treatment with ASO. Mouse primary hepatocytes
were prepared using the standard collagenase procedure described previ-
ously (60). Electroporation of ASOs was carried out using the HT-200 BTX
Electroporator with the ElectroSquare Porator (ECM 830) voltage source
in 96-well electroporation plates (BTX, 2 mm; Harvard Apparatus). Cells
were harvested 16 hours after electroporation. Cells were electroporated in
the presence of Tmprss6-ASOs at the indicated concentrations and plated.
Sixteen hours after transfection, total cellular RNA was isolated, and the
amount of Tmprss6 mRNA was quantified using a quantitative RT-PCR
(qRT-PCR) assay (TagMan).

Generation and treatment of Hfe”/~ and thalassemic mice. Hfe”~ and th3/+ mice,
all on the C57BL/6 background, were bred, respectively, at Jackson Labora-
tory and the mouse facility of Weill Cornell Medical College. Pathological
analysis of tissues was as previously described (29). Animals were treated
with either vehicle control (PBS), Tmprss6-ASO, or control ASO by subcu-
taneous injections twice a week for the indicated duration. Animals were
sacrificed 2 days after the final dose for analyses.

Hematological studies. Blood samples were obtained by retroorbital punc-
ture under anesthesia. CBCs were measured on an Advia 120 analyzer
(H-System; Bayer Corp.).

Measurement of tissue iron content, serum parameters. Serum parameters
(iron, Tf, ferritin, UIBC, bilirubin) were measured on the AU480 Clinical
Analyzer (Beckman Coulter). Serum EPO was analyzed with an ELISA kit
following manufacturer’s instructions. Tissue iron content was assayed at
Exova (Santa Fe Springs) for WT and Hfe7~ mice, and The Diagnostic Cen-
ter for Population and Animal Health (DCPAH) at Michigan State Univer-
sity (Lansing, Michigan, USA) for th3/+ mice.

FACS analysis: erythropoiesis, ROS, and apoptosis analyses by flow cytometry.
Erythroid cells were analyzed from both the spleen and BM by FACS analy-
sis using the Ter119 and CD44 antibodies. This assay allows the separation
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of erythroid cells into distinct populations corresponding to proerythro-
blasts (fraction I), basophilic (II), polychromatic (III), orthochromatic
cells, and reticulocytes (IV), and mature rbc (V) (61). BM and spleen cells
were incubated with FITC-labeled anti-mouse CD71 and APC-conjugated
anti-mouse Ter119 antibodies (BD Biosciences — Pharmingen). In a sub-
set of mice, the cells were stained with a PE-conjugated anti-mouse CD44
marker (BD Biosciences — Pharmingen) and APC-conjugated Ter119. In
the peripheral blood and immature erythroid cells from the spleen and
BM of these subsets, ROS were detected with the indicator CM-H2DCFDA
(Invitrogen). Apoptosis was also detected in the spleen and BM with lac-
tadherin and 7-AAD, according to the instructions provided by the manu-
facturer. For all the analyses, cells were sorted using a FACSCalibur instru-
ment (BD) and the results analyzed with FlowJo software (Tree Star Inc.).

qPCR. Cultured cells were lysed, and total RNA was extracted with a QIAGEN
RNeasy column. Animal tissues were homogenized in a guanidine isothio-
cyanate solution (Invitrogen) supplemented with 8% 2-mercaptoethanol
(Sigma-Aldrich). Total RNA was prepared according to the RNeasy mini
kit instructions (QIAGEN). The qRT-PCR analyses were done using an
ABI Prism 7700 sequence detector (Applied Biosystems). The sequences of’
primers and probe used were as follows: Tmprssé: forward: 5'-ATTCCAC-
GCTGGGCTGTTAT-3', reverse: 5'-CTGGTCAGGCCCCTTCAA-3', probe:
5'-Fam-TGAACCCAGGCCAGGTCCTCCC-Tamra-5'; Hamp: forward:
S TGCAGAAGAGAAGGAAGAGAGACA-3', reverse: 5'-CACACTGGGAATT-
GTTACAGCATT-3', probe: 5'-Fam-CAACTTCCCCATCTGCATCTTCT-
GCTGT-Tamra-5". Additional oligonucleotide sequences are indicated in
Supplemental Table 3. PCR results were normalized to total RNA measure by
Quant-iT RiboGreen RNA Reagent (Molecular Probes).

Analyses of o- and B-globin chains in plasma and on rbc membranes. To visu-
alize soluble as well as membrane-bound globins, we utilized TAU gel
electrophoresis, which resolves a- and f-globin subunits under denatur-
ing conditions (19, 30). The fraction of sample loaded on the TAU gel was
adjusted relative to the number of rbc from CBC, so that the same number
of erythrocytes is represented in each lane.

Statistics. Data are presented as mean + SD. Unpaired 2-tailed Student’s
t test was performed using Microsoft Excel, Mac 2008, software. P < 0.05
was considered statistically significant.

Study approval. All the animal studies were conducted under protocols
approved by the Institutional Animal Care and Use Committee (IACUC)
of Weill Cornell Medical College and Isis Pharmaceuticals.
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