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Iron-refractory iron deficiency anemia (IRIDA) is characterized
by congenital iron deficiency (ID) that is poorly responsive to oral
iron treatment. Biallelic mutations in TMPRSSé are found in most
patients with IRIDA." TMPRSSé negatively regulates synthesis
of the iron regulatory hormone hepcidin, and loss of TMPRSS6
causes inappropriately elevated plasma hepcidin and impaired
iron absorption and recycling.? IRIDA can be difficult to distin-
guish from complicated cases of acquired iron deficiency that
are unresponsive to oral or parenteral iron therapy. We sought
to develop an algorithm based on blood and plasma values to
distinguish patients with IRIDA resulting from biallelic TMPRSSé
mutations (TMPRSSé™ ™) from patients with chronic iron de-
ficiency (cID) unrelated to TMPRSSé. To do this, we analyzed
the hematologic, biochemical, and genetic features of a group of
patients (n = 139) with cID/anemia (cID/A) referred for research
testing for TMPRSS6 mutations (supplemental Figure 1, available
on the Blood Web site).

Because the diagnosis of IRIDA might be considered only in
patients with iron deficiency, we restricted our analysis to in-
dividuals with transferrin saturation (TfSat) =15% at the time of
the study (Table 1). Hypoferritinemia was not used as an in-
clusion criterion because is not a reliable indicator of ID in IRIDA
patients. Compared with wild-type controls, heterozygosity for
a TMPRSS6 mutation (TMPRSS6™Y*) was associated with sig-
nificant changes in mean cell volume and plasma iron, ferritin,
and hepcidin, confirming a mild TMPRSS6™V* phenotype. As a
group, the patients with biallelic TMPRSS6 mutations were
slightly more anemic and iron deficient than patients in the cID
group. Despite the apparent relative ID, TMPRSS6™ ™t indi-
viduals had a reduced total iron binding capacity compared with
those in the TMPRSS6*/* group and a higher plasma ferritin than
those in the cID group (supplemental Figure 2). In comparison with
iron-replete TMPRSS6"/* controls and patients in the cID group,
plasma hepcidin was significantly increased in TMPRSS6m-vmut
patients (P < .0001; Table 1; Figure 1). Hepcidin is characteris-
tically decreased in 1D3; however, we found a lower median but
a similar mean in the cID group compared with controls (Table 1),
suggesting a physiological reason for the relative iron re-
fractoriness of some individuals in this group. Indeed, several
of these patients had a high C-reactive protein, indicative of
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inflammation, which can stimulate hepcidin production (sup-
plemental Tables 1 and 4).

Receiver operating characteristic curve analysis of plasma hep-
cidin levels showed an area under the curve (AUC) of 0.861 in the
ability of hepcidin to distinguish the TMPRSS6™™t and cID
groups (Figure 1D; supplemental Table 4), which was better than a
similar analysis of ferritin (AUC, 0.767; Figure 1D; supplemental
Figure 2C). Thus, measurement of plasma hepcidin alone can
facilitate the discrimination of patients with IRIDA resulting from
biallelic TMPRSS6 mutations from patients with cID/A unrelated
to TMPRSS6. Nevertheless, because there was significant
overlap in hepcidin levels between the TMPRSS6™ V™t and clD
groups, TMPRSS6™¥* individuals, and controls (Figure 1A), we
sought to evaluate hepcidin derivative indices to distinguish
these groups.

The hepcidin:ferritin ratio has been used to attempt to normalize
hepcidin for iron stores.* We found that the plasma hepcidin:
ferritin ratio is a poor predictor of TMPRSS6 mutation status in
patients with cID (AUC, 0.571; Table 1; Figure 1D; supplemental
Figure 2D). We reasoned that normalization of hepcidin to the
plasma iron or TfSat might be more physiologically relevant,
because it is thought that hepcidin is responsive to the plasma
concentration of diferric transferrin. The iron/logso(hepcidin) and
TfSat/logqo(hepcidin) ratios correlated with TMPRSS6 mutation
status in iron-deficient patients (Table 1; Figure 1B-C). Plasma
iron/logso(hepcidin) (AUC, 0.930) seems to be superior to Tfsat/
logiothepcidin) (AUC, 0.886) in terms of ability to discriminate
cID patients from TMPRSS6™¥mut patients (Figure 1D). At a fixed
sensitivity of 80%, both plasma iron/logio(hepcidin) and TfSat/
logiothepcidin) had superior specificity (?1%; 95% confidence
interval [Cl], 78%-97% and 89%; 95% Cl, 75%-95%, respectively)
than plasma hepcidin alone (77%; 95% Cl, 62%-99%) (supple-
mental Table 3). The correlation between hepcidin and ferritin
suggested that substitution of ferritin for hepcidin in either of
these quotients could yield a comparably sensitive and specific
relationship. Of these, the iron/logjo(ferritin) gave the best
performance characteristics, with an AUC of .911 and a speci-
ficity of 91% (95% Cl, 78%-97%) at a sensitivity of 80% (sup-
plemental Table 3).
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Table 1. Comparison of patients’ hematologic and iron metabolism characteristics and derivative hepcidin and
ferritin indices

Wilcoxon signed rank test
2-tailed P

Mean Minimum Maximum Median SD SEM vsmut/mut vsclD vs +/+

Age (y)
mut/mut 43* 13 1 50 10 12 2
cID 57 23 1 69 16 21 3 .0006
+/+ 31 38 2 90 41 22 4 <.0001 .2886
mut/+ 64 37 3 73 39 18 2 <.0001 <.0001 .5574
Hemoglobin (g/dL)
mut/mut 43* 9.0 5.7 1.7 8.8 1.3 0.2
cID 59 9.8 3.6 13.3 10.1 2.1 0.3 .0005
+/+ 35 14.1 12.2 15.9 14.0 1.1 0.2 <.0001 <.0001
mut/+ 65 13.5 8.7 16.5 13.6 1.5 0.2 <.0001 <.0001 .018
Mean red blood cell
volume (fL)
mut/mut 43* 61.2 50.0 75.1 60.0 6.3 1.0
clD 59 72.3 55.6 96.2 721 8.9 1.2 <.0001
+/+ 35 90.1 771 99.7 90.1 5.1 0.9 <.0001 <.0001
mut/+ 65 86.1 68.1 107.3 86.2 6.7 0.8 <.0001 <.0001 | <.0001
Iron (png/dL)
mut/mut 44 19 1 44 17 7 1
clD 59 30 12 72 26 14 2 <.0001
+/+ 35 86 35 126 87 27 5 <.0001 <.0001
mut/+ 66 74 15 176 70 35 4 <.0001 <.0001 .0017
Total iron binding
capacity (pg/dL)
mut/mut 44 365 182 503 359 67 10
cID 59 433 186 626 442 98 13 <.0001
+/+ 35 404 311 564 392 74 12 .0028 .0046
mut/+ 66 386 179 556 387 69 9 .0007 <.0001 .3558
Transferrin saturation (%)
mut/mut 44 3 13 5 3 0
clD 59 7 2 15 7 4 0 <.0001
+/+ 35 23 8 41 21 9 2 <.0001 <.0001
mut/+ 66 20 3 56 20 11 1 <.0001 <.0001 2729
Ferritin (ng/mL)
mut/mut 44 96.9 2.8 511.4 66.2 100.2 15.1
clD 59 51.9 1.3 636.0 10.2 106.5 13.9 .0004
+/+ 35 78.3 5.9 302.0 433 78.1 13.2 .7524 <.0001
mut/+ 66 115.8 2.7 536.4 70.9 117.3 14.4 .0183 <.0001 | <.0001
Zinc protoporphyrin:heme
ratio (nmol/mol)
mut/mut 24 120 474 253 249 99 20
clD 45 33 605 206 180 136 20 .0069
+/+ 34 24 103 46 43 15 3 <.0001 <.0001
mut/+ 61 21 344 62 46 53 7 <.0001 <.0001 .0081

+/+, wild-type controls; cID, no TMPRSS6 mutations detected; mut/+, clinically unaffected TMPRSS6 heterozygotes; mut/mut, biallelic TMPRSS6 mutations detected; SD, standard deviation;
SEM, standard error of the mean.

*A concurrent complete blood count was not available for 1 patient.
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Table 1. (continued)

Wilcoxon signed rank test
2-tailed P

Minimum Maximum Median SD vs mut/mut vsclD vs +/+

Serum transferrin
receptor (mg/L)

mut/mut 19 14.53 5.18 28.82 15.19 528 1.2

clD 28 15.26 3.45 62.56 9.52 1414 | 2.67 156

+/+ 23 375 23 8.45 3.23 1.49 | 0.31 <.0001 <.0001

mut/+ 51 4.11 1.89 14.77 3.63 2.17 0.30 <.0001 <.0001 .0066

C-reactive protein (mg/L)

mut/mut 42 0.15 0.03 2.06 0.09 0.34| 0.05

clD 58 0.35 0.03 4.20 0.10 0.73 | 0.10 .0046

+/+ 35 0.31 0.03 2.32 0.10 0.54 | 0.09 .003 .0069

mut/+ 63 0.37 0.03 4.10 0.10 0.8 0.10 .0005 .0015 .0015

Hepcidin (ng/mL)

mut/mut 44 69.7 8.8 219.3 62.8 45.5 6.9

clD 59 21.5 2.8 105.1 7.0 27.7 3.6 <.0001

+/+ 85 20.8 4.1 76.9 14.8 17.3 29 <.0001 <.0001

mut/+ 66 28.5 2.9 91.8 23.6 18.8 23 <.0001 <.0001 | <.0001

Iron/log(ferritin)

mut/mut 44 11.3 6.5 31.3 9.2 5.7 0.9

clD 59 31.2 6.4 122.9 28.5 18.9 25 <.0001

+/+ 35 53.8 19.9 99.9 51.6 18.4 3.1 <.0001 <.0001

mut/+ 66 40.9 12.1 103.0 39.0 19.0 2.3 <.0001 <.0001 | <.0001
Transferrin saturation/

log(ferritin)

mut/mut 44 3.2 1.7 8.8 2.7 1.7 0.3

cID 59 7.1 2.0 23.9 6.5 35 0.5 <.0001

+/+ 35 13.6 4.6 26.9 13.2 4.9 0.8 <.0001 <.0001

mut/+ 66 11.0 3.0 32.8 11.0 5.6 0.7 <.0001 <.0001 .0004
Hepcidin/ferritin

mut/mut 44 1.3 0.1 6.8 1.0 1.3 0.2

clD 59 1.2 0.1 10.8 0.8 1.6 0.2 4183

+/+ 35 0.4 0.1 1.4 0.3 0.3 0 <.0001 <.0001

mut/+ 66 0.5 0.0 2.6 0.3 0.5 0.1 <.0001 <.0001 .0533
Iron/log(hepcidin)

mut/mut 44 1.1 53 30.2 9.7 5.2 0.8

clD 59 32.1 7.0 80.9 27.2 17.8 2.3 <.0001

+/+ 35 771 26.6 169 69.7 29.8 5.0 <.0001 <.0001

mut/+ 66 57.7 9.4 170.8 49.9 32.0 3.9 <.0001 <.0001 .0003
Transferrin saturation/

log(hepcidin)

mut/mut 44 3.2 1.4 8.9 2.5 1.8 0.3

clD 59 7.5 2.1 19.2 6.2 4.0 0.5 <.0001

+/+ 35 19.6 6.2 40.2 18.1 8.0 1.3 <.0001 <.0001

mut/+ 66 15.8 2.3 48.8 13.9 9.9 1.2 <.0001 <.0001 .0058

+/+, wild-type controls; cID, no TMPRSS6 mutations detected; mut/+, clinically unaffected TMPRSS6 heterozygotes; mut/mut, biallelic TMPRSS6 mutations detected; SD, standard deviation;
SEM, standard error of the mean.

*A concurrent complete blood count was not available for 1 patient.

To compare the hepcidin and ferritin indices, we developed were identified by using univariable logistics (supplemental
2 multivariable models, 1 based on hepcidin and the other on Table 4); thereafter, we obtained 2 multivariable models (sup-
ferritin, each normalized to iron and TfSat. Significant variables plemental Table 5).
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Figure 1. Plasma hepcidin and derivative indices in iron metabolism disorders. (A-C) Plasma hepcidin and derivative indices of IRIDA patients with biallelic TMPRSS6
mutations (mut/mut [n = 44]), their heterozygous relatives (mut/+ [n = 59]), wild-type controls (+/+ [n = 35]), and TMPRSS6-mutation-negative clD/A patients (cID [n = 66]). Box
and whisker plots present the quartiles (box), and the 10th and 90th percentiles (whiskers). (D) Receiver operating characteristic curve analysis comparing hepcidin, ferritin, and
their derivative indices in the TMPRSSé™¥™t and cID groups (see also supplemental Tables 2 and 3; supplemental Figure 2).

Model 1: Logit(p) = 10.0744 — 0.6543*HGB —
0.2412*Iron /log,o(Ferritin)

Model 2: Logit(p) = 9.7743 — 0.7826*HGB + 0.2067*Iron —
0.4487*Iron /log; (Hepcidin)

where

Logit(p) = log (ﬁ)

and p is the probability of a patient having 2 pathogenic
TMPRSSé alleles.

Taken together, these data suggest that measurements of hepcidin
or ferritin in combination with the plasma iron and hemoglobin can
predict biallelic TMPRSS6 mutations in individuals with cID/A.

We and others have consistently identified only 1 pathogenic

allele in a subset of patients presenting with IRIDA.> To address
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whether these individuals have an occult TMPRSS6 mutation, we
determined the ability of the metrics described above to predict
the genotype of iron-deficient (TfSat =15%) TMPRSS&™uv*
relatives of TMPRSS6™ V™ patients (supplemental Table 6). The
iron/logio(hepcidin) and the iron/logso(ferritin) were the most
sensitive metrics for discriminating these groups, both having
a sensitivity of 93% (95% Cl, 76%-99%) with specificity of
90% (95% ClI, 78%-97%). We used these cutoff values to de-
termine whether 11 iron-deficient patients with 1 discoverable
TMPRSS6 allele were more likely to be phenotypically affected
heterozygotes or compound heterozygotes (supplemental
Table 7). Using the iron/logigthepcidin) and the iron/logs(ferritin)
measurements, 2 and 3 of the 11 patients were predicted to be a
clinically affected heterozygotes, respectively; multivariable
models 1 and 2 also predicted the same 2 and 3 patients to be
affected heterozygotes. In all cases, as one might expect from
the co-inheritance of a mutant allele and the same TMPRSSé
haplotype on the other allele, 3 pairs of genotypically concordant
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siblings were predicted to carry 2 mutant TMPRSS6 alleles. Thus, in
many cases, it is highly likely that clinically affected individuals with 1
TMPRSS6 pathogenic variant possess a second occult mutant allele.

While this manuscript was in preparation, another group of in-
vestigators also studied the utility of normalizing plasma hep-
cidin to the TfSat in patients with IRIDA.® In particular, they
compared the TfSat:hepcidin ratio in TMPRSS6-mutated pa-
tients who had 1 or 2 mutated alleles and found that, in general,
those individuals with a single detectable allele had a milder
biochemical phenotype than those with 2 mutated alleles. We
suggest that most patients with a severe clinical phenotype likely
have biallelic TMPRSS6 mutations and that, in some cases, the
second allele is genetically occult.

One goal of this study was to elaborate a biochemical method
that might predict which patients in a group of individuals with
cID/A were most likely to have biallelic TMPRSSé mutations. The
study group included only those who were poorly responsive to
oral iron and had a TfSat =15%, that is to say, those who had a
higher pretest probability of having IRIDA as a result of TMPRSS6
mutations than an unselected group with ID/A and TfSat =15%.
Application of these tests in a broader iron-deficient population
would likely result in a lower specificity. Nonetheless, one might
argue that, regardless of whether or not an individual with cID/A
has TMPRSS6 mutations, a relative hepcidin excess, as indicated
by the normalized hepcidin or ferritin ratios or multivariable
model would indicate that they would benefit from early initi-
ation of parenteral iron therapy.
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TO THE EDITOR:

Hypoxia downregulates protein S expression

Vijaya S. Pilli," Arani Datta,"* Sadaf Afreen,"* Donna Catalano,? Gyongyi Szabo,? and Rinku Majumder’

"Department of Biochemistry and Molecular Biology, LSU Health Sciences Center, New Orleans, LA; and 2Department of Medicine, University of Massachusetts

Medical School, Worcester, MA

Hypoxia is associated with an increased risk of thrombosis.?
Hypoxia is usually caused by high altitude,® but it can be elicited
by chronic alcoholism,*> chronic smoking,® and clinical condi-
tions such as lung failure,”® sickle cell anemia,” and nonalcoholic
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fatty liver disease.’® Notably, deficiencies of protein S (PS), a
natural anticoagulant that inhibits coagulation factor IXa, also
occur in sickle cell anemia and at high altitude."'® This later
circumstance purports a possibility that hypoxia causes a PS
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Figure 1. HIF1a downregulates PS expression in hypoxic HEPG2 cells. (A) Rep-
resentative immunoblots showing relative PS and HIF1a protein levels in HEPG2 cells
grown at different O, concentrations. (B) Relative HIF1Ta mRNA levels in HEPG2
cells grown at different concentrations of O,. (C) Relative PS mRNA levels in HEPG2
cells grown at different concentrations of O,. ****P < .0001.

deficiency, in turn, elevating thrombotic risk. The cellular response
to hypoxia is mediated by the dimeric transcription factor hypoxia
inducible factor 1 (HIF1). The HIF1a subunit of HIF1 is expressed
constitutively in many tissues, and an O,-dependent signaling!
system continuously degrades HIF1a."” Conversely, O, deficiency
prevents HIF 1o degradation and stabilizes HIF 1e."® In this studly,
we demonstrate that HIF 1 downregulates PS expression, a finding
that suggests a molecular link between hypoxia and thrombosis.

Because PS is produced primarily in liver, we used human

hepatocarcinoma (HEPG2) cells, the standard cell system for
studying PS expression.’” We cultured HEPG2 cells at normoxia
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(22% O,) and under hypoxic conditions ranging from 20% to
1% O,. PS levels were assessed by immunoblotting. Increasing
hypoxia reduced PS protein level to 20% and concurrently
increased HIF1a stability (Figure 1A). We also measured by
quantitative polymerase chain reaction (qPCR) the effect of
hypoxia on transcription of HIF 1« (Figure 1B) and PS (Figure 1C).
This analysis revealed that decreased O, levels enhanced HIF1a
transcription (from 100% to 340%). Conversely, a stepwise de-
crease in O (from 20% to 1%) progressively downregulated PS
transcription (from 100% to 20%). Notably, hypoxia had no
measureable effect on transcription or expression of another
natural anticoagulant, TFPI (supplemental Figure 1A-B, available
on the Blood Web site).

The inverse relationship between HIF1a and PS levels as a
function of O, concentration suggested that HIF1 protein might
regulate PS expression. We confirmed this conjecture by
modulating HIF1a expression in mouse liver. The HIF1a P5S64A
mutant (HIF1Ta dPA) is resistant to degradation, resulting in
sustained, elevated HIF1 protein abundance, even under normal
O, concentrations. We collected liver samples from HIF1a liver-
specific knockout mice, knockout mice expressing HIF1a dPA in
the liver (gift from William Kim, University of North Carolina-
Chapel Hill),292' and control (nonknockout) mice and analyzed
the samples by immunoblotting (in duplicate) and gPCR. Setting
the control mice HIF1 expression levels at 100%, we found
that the HIF1a dPA mice had an expectedly high (~325%) HIF1
expression. Compared with control mice (100%), PS protein level
in the liver from HIF1a liver-specific knockout mice was elevated
(~220%) and diminished in liver from HIF1a dPA mice (~50%)
(Figure 2A; supplemental Table 1). Likewise, we observed cor-
responding alterations in PS transcription. Compared with control
mice, PS messenger RNA (MRNA) increased by twofold (+£0.25)
in HIF1a knockout mice, and PS mRNA was reduced to 0.3-fold
(x0.15) in HIF1a mice that expressed HIF1a dPA (Figure 2B).

Liver-specific HIF1a alterations showed immediate effects on
plasma PS levels. PS levels increased by 2 (+0.4)-fold in plasma
from HIF1a knockout mice, whereas PS was reduced by
2 (£0.12) —fold in plasma from HIF1a dPA mice (Figure 2C).
Changes in plasma PS were also reflected in the extent of thrombin
generation. Plasma from HIF1a knockout mice produced five-
fold less thrombin than control mouse plasma, and plasma from
HIF1o dPA mice produced 1.5-fold more thrombin than control
mice (Figure 2D). Data were analyzed by Graph-Pad Prism
analysis software. Results were expressed as mean * SD, and
P values are presented in the figures as *P < .01; **P < .001,
*R*p < .0001.

To confirm that the variations in thrombin generation were due
directly to changes in PS levels, we measured the effects of
adding exogenous PS and a PS-specific antibody to plasmas from
the aforementioned mice. Thrombin generation was not affected
by supplementation of 450 nM anti-PS antibody into plasma from
HIF1a dPA mice, whereas 150 nM PS supplementation reduced
thrombin generation by 25% (Figure 2E). Supplementation of
control mouse plasma with exogenous PS decreased thrombin
generation, and addition of anti-PS antibody increased thrombin
generation (Figure 2F). PS supplementation of plasma from
HIF1a knockout mice increased thrombin generation, whereas
anti-PS antibody had no significant effect (Figure 2G). These
results confirmed that the changes in plasma PS levels were
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Figure 2. HIF1a regulates PS expression in the mouse liver. (A) Representative immunoblots showing relative PS and HIF1a protein levels in livers from HIF 1« liver-specific
knockout mice, control mice, and liver-specific HIF Ta dPA mice. Each blot contained samples from 2 mice belonging to each category. The reported data are representative of
3separate immunoblots, and the blot densities are quantified in supplemental Table 1. (B) Relative PS mRNA levels in the livers of control mice, HIF 1« liver-specific knockout (KO)
mice, and liver-specific HIF1a dPA mice (n = 5 per group). (C) Representative immunoblots assessing relative amounts of PS in plasmas from HIF 1« liver-specific knockout mice, liver-
specific HIFTa dPA mice, and control mice. (D) The graph shows relative thrombin generation by the plasmas from HIF1a liver-specific knockout mice, control mice, and liver-specific
HIF1a dPA mice. (E) The graph shows thrombin generation by plasma from liver-specific HIFoa dPA mice that was inhibited by addition of exogenous PS. (F) The graph shows relative
thrombin generation from control mouse plasma following addition of anti-PS antibody or exogenous PS. (G) Thrombin generation by plasma from HIF 1« liver-specific knockout mice
in the presence of PS or anti-PS antibody. (H) Model depicting stabilization of HIF1a in mouse liver suppresses PS expression. ****P < ,0001.

directly responsible for the variations in thrombin generation.
We note that pathological stabilization of HIF1a often occurs in
cancer and metabolic disorders that are also associated with
higher risks of thrombosis and increased procoagulant activity.
The foregoing results demonstrating suppression of PS activity in
mice with hyperstable HIF1o dPA suggest a molecular explana-
tion for increased thrombosis and procoagulant activity in cancer
and other disorders.

Conclusion

Our results show that stabilization of HIF1 in the liver, a normal
response to hypoxia, is associated with reduced PS expression
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that results in a lower plasma PS level (Figure 2H) and, in
turn, increased likelihood of thrombosis. Although HIF1 is a
well-documented, general transcriptional activator, it has also
been identified as a transcriptional repressor. For example, HIF1
interacts with genes such as AIF,?? cyclin D1, and Bid?** and
reduces their transcription under hypoxia. In addition, HIF1a
regulates transcription of a variety of microRNAs that, in turn,
regulate expression of various target mRNAs?; in these cases,
HIF1 can be said to be an indirect transcriptional regulator of
these mRNAs. The ease of culture of HEPG2 cells compared with
normal hepatocytes offers a useful in vitro model for future
studies of HIF1 in PS gene regulation. We have demonstrated
a reciprocal relationship between the expression of HIF1
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and PS. We will next determine whether HIF1-mediated PS
downregulation occurs by a direct orindirect HIF1 transcriptional
repressor function. This study will open a new direction for tar-
geting hypoxia-mediated thrombotic disorders.

The aforementioned study is approved by Institutional Biosafety
Committee (16400) and Institutional Animal Care and Use Com-
mittee (3504) of LSU Health Science Center.
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