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Key points
• Under-appreciated durability and persistence of 

the fleeting present.
• Reminder that most essential first rule of clinical 

care is Primum non nocere
• Genetic reductionism is useful distraction from 

what really ails us.
• Most common diseases are mostly NOT genetic.
• Reminder: Family history is not  result of HGP 

and is grossly underused.



- Heart failure
- Arrhythmias
- Obstructed blood flow
- Infective endocarditis
- Sudden cardiac death

Prevalence 1:500
Autosomal Dominant

Hypertrophic 
Cardiomyopathy 

(HCM)



Age$ Ethnicity$ Report$
Year$

Originally$Reported$
Status$

Current$
Status$ Indication$for$Test$

46# Unavailable# 2005# P# B# Clinical#Diagnosis#of#HCM#

75# Unavailable# 2005# P# B#
Family#History#and#Clinical#

Symptoms#of#HCM#

32# Black#or#African#American# 2005# P# B# Clinical#Diagnosis#of#HCM#

34# Black#or#African#American# 2005# U# B#
Clinical#Diagnosis#and#
Family#History#of#HCM#

12# Black#or#African#American# 2006# U# B# Family#History#of#HCM#

40# Black#or#African#American# 2007# U# B# Clinical#Diagnosis#of#HCM#

45# Black#or#African#American# 2007# U# B# Clinical#Features#of#HCM#

16# Asian# 2008# U# B#
Clinical#Diagnosis#and#
Family#History#of#HCM#

59# Black#or#African#American# 2006# P# B# Clinical#Features#of#HCM#

15# Black#or#African#American# 2007# P# B# Clinical#Diagnosis#of#HCM#

16# Black#or#African#American# 2007# P# B# Clinical#Diagnosis#of#HCM#

22# Black#or#African#American# 2007# P# B#
Clinical#Diagnosis#and#
Family#History#of#HCM#

48# Black#or#African#American# 2008# U# B# Clinical#Diagnosis#of#HCM#

P"="Pathogenic"and"Presumed"Pathogenic"
U"="Pathogenicity"Debated"and"Unknown"Significance"
"

Pro82Ser

Gly278Glu



Torga, Gonzalo, and Kenneth J. Pienta. 2018. “Patient-Paired Sample Congruence 
Between 2 Commercial Liquid Biopsy Tests.” JAMA Oncology 4 (6): 868–70.

Guardant360 (Guardant Health, Inc) panel 
includes 73 genes with complete exon 
sequencing for 19 cancer genes,

PlasmaSELECT (Personal Genome 
Diagnostics, Inc) con- sists of a 64-gene 
panel

40 patients



Family History is most important tool 
for diagnosis in medical genetics

Rich, Eugene C., Wylie Burke, 
Caryl J. Heaton, Susanne Haga, 
Linda Pinsky, M. Priscilla Short, 
and Louise Acheson. 2004. 
“Reconsidering the Family 
History in Primary Care.” 
Journal of General Internal 
Medicine 19 (3): 273–80. 
https://www.ncbi.nlm.nih.gov/
pubmed/15009784.
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• Is it essential not to remove breasts of 
healthy women?

• Is it essential not to terminate wanted 
pregnancies

• Is it essential



Credit: 
Venkatesh Murthy, MD
Ann Arbor,MI







What to do?

• Continue and scale up pan-ethnic germline 
sequencing linked to longitudinal health 
trajectories.

• Consumer Reports™ equivalent for genomics
• Scale-up environmental assessment.
• Multi-pronged Social-engineering for public 

health, cigarette style for modifiable risk.
• Fix medical education and automated work-

flow around genetics and family history
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Worsening dystonia
(not walking, not speaking)

L-Dopa
Folinic Acid

5-hydroytryptophan

GTP cyclohydrolase I deficiency

Walking, talking!

Undiagnosed Disease Network







Dangers of Large N and small p(D)









A question that has withstood the test 
of time:

22

If a test to detect a disease whose 
prevalence is 1/1000 has a false positive 
rate of 5%, what is the chance that a 
person found to have a positive result 
actually has the disease, assuming you 
know nothing about the person's 
symptoms or signs?
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14!of!61!respondents!provided!the!correct!answer!of!2%.!The!most!common!answer!

was!95%,!provided!by!27!of!61!respondents.!The!median!answer!was!66%,!which!is!

33!times!larger!than!the!true!answer.'
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Letters

RESEARCH LETTER

Medicine’s Uncomfortable Relationship With Math:
Calculating Positive Predictive Value
In 1978, Casscells et al1 published a small but important study
showing that the majority of physicians, house officers, and
students overestimated the positive predictive value (PPV) of
a laboratory test result using prevalence and false positive rate.

Today, interpretation of diag-
nostic tests is even more criti-
cal with the increasing use of

medical technology in health care. Accordingly, we repli-
cated the study by Casscells et al1 by asking a convenience
sample of physicians, house officers, and students the same
question: “If a test to detect a disease whose prevalence is
1/1000 has a false positive rate of 5%, what is the chance that
a person found to have a positive result actually has the dis-
ease, assuming you know nothing about the person's symp-
toms or signs?”

Methods | During July 2013, we surveyed a convenience sample
of 24 attending physicians, 26 house officers, 10 medical stu-
dents, and 1 retired physician at a Boston‐area hospital, across
a wide range of clinical specialties (Table). Assuming a per-
fectly sensitive test, we calculated that the correct answer is
1.96% and considered “2%,” “1.96%,” or “<2%” correct. 95%
Confidence intervals were computed using the exact bino-
mial and 2‐sample proportion functions in R. The require-
ment for study approval was waived by the institutional
review board of Department of Veterans Affairs Boston
Healthcare System.

Results | Approximately three-quarters of respondents an-
swered the question incorrectly (95% CI, 65% to 87%). In our
study, 14 of 61 respondents (23%) gave a correct response, not
significantly different from the 11 of 60 correct responses (18%)
in the Casscells study (difference, 5%; 95% CI, −11% to 21%).
In both studies the most common answer was “95%,” given by
27 of 61 respondents (44%) in our study and 27 of 60 (45%) in
the study by Casscells et al1 (Figure). We obtained a range of
answers from “0.005%” to “96%,” with a median of 66%, which
is 33 times larger than the true answer. In brief explanations
of their answers, respondents often knew to compute PPV but
accounted for prevalence incorrectly. For example, one at-
tending cardiologist wrote that “PPV does not depend on preva-
lence,” and a resident wrote “better PPV when prevalence is
low.”

Discussion | With wider availability of medical technology and
diagnostic testing, sound clinical management will increas-
ingly depend on statistical skills. We measured a key facet of
statistical reasoning in practicing physicians and trainees: the

evaluation of PPV. Understanding PPV is particularly impor-
tant when screening for unlikely conditions, where even nomi-
nally sensitive and specific tests can be diagnostically unin-
formative. Our results show that the majority of respondents
in this single-hospital study could not assess PPV in the de-
scribed scenario. Moreover, the most common error was a large
overestimation of PPV, an error that could have considerable
impact on the course of diagnosis and treatment.

Editor's Note Table. Survey Respondentsa

Level of Training

No. of Respondents

Casscells et al1 Present Study
Medical student 20 10

Intern

20b

12

Resident 8

Fellow 6

Attending physician 20 24

Retired 0 1

Total 60 61

a This table gives the breakdown of the physicians and trainees surveyed in our
study and the study of Casscells et al.1 The study by Casscells et al was
performed at Harvard Medical School in 1978. Our study included Harvard and
Boston University medical students along with residents and attending
physicians affiliated with these 2 medical schools. Of the 30 fellows and
attending physicians, the most represented specialties were internal medicine
(n = 10), cardiology (n = 4), spinal cord injury (n = 2), pulmonology (n = 2),
and psychiatry (n = 2), with 1 attending physician or fellow from each of 8
other specialties.

b Casscells et al1 split their sample into students, house officers, and attending
physicians. They did not break down the house officers category further.

Figure. Distribution of Responses to Survey Question Provided in the
Article Text
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Of 61 respondents, 14 provided the correct answer of 2%. The most common
answer was 95%, provided by 27 of 61 respondents. The median answer was
66%, which is 33 times larger than the true answer.
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Authoritative interpretation?







Dangers of Large N and small p(D)





Genetic 
Background

Mouse strain differences determine severity of iron
accumulation in Hfe knockout model of
hereditary hemochromatosis
Robert E. Fleming*, Christopher C. Holden†, Shunji Tomatsu†, Abdul Waheed†, Elizabeth M. Brunt‡, Robert S. Britton§,
Bruce R. Bacon§, Derry C. Roopenian!, and William S. Sly†

*Department of Pediatrics; †Edward A. Doisy Department of Biochemistry and Molecular Biology; §Division of Gastroenterology and Hepatology,
Department of Internal Medicine; ‡Department of Pathology, Saint Louis University School of Medicine, St. Louis, MO 63104; and
!The Jackson Laboratory, Bar Harbor, ME 04609

Contributed by William S. Sly, December 29, 2000

Hereditary hemochromatosis (HH) is a common disorder of iron
metabolism caused by mutation in HFE, a gene encoding an MHC
class I-like protein. Clinical studies demonstrate that the severity of
iron loading is highly variable among individuals with identical HFE
genotypes. To determine whether genetic factors other than Hfe
genotype influence the severity of iron loading in the murine
model of HH, we bred the disrupted murine Hfe allele onto three
different genetically defined mouse strains (AKR, C57BL"6, and
C3H), which differ in basal iron status and sensitivity to dietary iron
loading. Serum transferrin saturations (percent saturation of se-
rum transferrin with iron), hepatic and splenic iron concentrations,
and hepatocellular iron distribution patterns were compared for
wild-type (Hfe !"!), heterozygote (Hfe !""), and knockout
(Hfe """) mice from each strain. Although the Hfe """ mice from
all three strains demonstrated increased transferrin saturations
and liver iron concentrations compared with Hfe !"! mice, strain
differences in severity of iron accumulation were striking. Targeted
disruption of the Hfe gene led to hepatic iron levels in Hfe """ AKR
mice that were 2.5 or 3.6 times higher than those of Hfe """ C3H
or Hfe """ C57BL"6 mice, respectively. The Hfe """ mice also
demonstrated strain-dependent differences in transferrin satura-
tion, with the highest values in AKR mice and the lowest values in
C3H mice. These observations demonstrate that heritable factors
markedly influence iron homeostasis in response to Hfe disruption.
Analysis of mice from crosses between C57BL"6 and AKR mice
should allow the mapping and subsequent identification of genes
modifying the severity of iron loading in this murine model of HH.

Hereditary hemochromatosis (HH) is a common autosomal
recessive disorder of iron metabolism characterized by

excessive dietary iron absorption and progressive iron deposition
in the parenchymal cells of many tissues (1, 2). Untreated HH
leads to the failure of multiple organs and contributes to early
death. The gene carrying the mutation responsible for HH
encodes a nonclassical MHC class-I protein designated HFE.
The most common HFE gene mutation leads to the substitution
of tyrosine for cysteine at amino acid 282 (C282Y) (3). Ho-
mozygosity for the C282Y mutation accounts for about 85% or
more of HH cases in populations of northern European extrac-
tion (1, 2, 4). The severity of iron loading, however, is variable
in human patients with identical HFE genotypes, and some
individuals homozygous for the C282Y mutation do not dem-
onstrate iron overload (5–7). Some of the variation in phenotypic
expression of HH may be attributed to nongenetic factors, such
as diet, alcohol intake, and iron loss (menstruation or pregnan-
cy). However, population studies suggest that the variation in
severity of iron loading in HH may be caused by the additive or
interactive effect of other genes (8, 9).

The generation of mice with targeted disruption of the
orthologous murine gene Hfe (10–12) provides a means of
examining the HH phenotype under controlled environmental
conditions. The marked variability in hepatic iron loading ob-

served in Hfe !"! progeny from crosses of mixed-strain het-
erozygous mice suggested the segregation of other genes mod-
ifying the phenotype (10). Crosses between Hfe !"! mice and
mice carrying other mutations that impair normal iron ho-
meostasis provided specific examples for genetic modification of
the HH phenotype (13).

Inbred mouse strains exhibit considerable variability in several
parameters of iron metabolism (14–16). Serum iron levels,
serum transferrin saturations, and hepatic iron stores vary as
much as 2-fold among inbred strains on a basal diet. Inbred
strains also differ in severity of iron loading on an iron-
supplemented diet. We hypothesized that the heritable factors
determining differences in iron status among mouse strains
would contribute to the phenotypic variability seen with Hfe
disruption. To test this hypothesis, we examined the effect of Hfe
disruption on the iron status of three inbred mouse strains that
differ in basal iron status and sensitivity to iron loading.

Methods
Generation of Inbred Strains of Hfe """ Mice. The disrupted Hfe
allele (10) on a mixed-strain mouse background (C57BL"6 "
129"SVJ) was bred by successive crosses for 6–10 generations
onto C57BL"6, C3H, or AKR backgrounds. The transmission of
the disrupted Hfe allele was determined by PCR analysis of tail
DNA as described (17). Mice were provided ad libitum a
standard chow (Purina 5001) that contains 0.02% iron. At 10
weeks of age, mice were fasted overnight and anesthetized
before blood was collected by cardiac puncture and tissue
samples were obtained. The studied AKR population consisted
of four male and five female Hfe #"# mice, two male and five
female Hfe #"! mice, and three male and three female Hfe !"!
mice. The studied C57BL"6 population consisted of four female
and two male Hfe #"# mice, four female and two male Hfe #"!
mice, and three female and three male Hfe !"! mice. The
studied C3H population consisted of three female and three
male Hfe #"# mice, three female and three male Hfe #"! mice,
and two female and three male Hfe !"! mice.

Measurement of Serum Transferrin Saturation. Blood was obtained
by cardiac puncture. Serum iron and total iron binding capacity
were measured as described by Fielding (18). Transferrin satu-
ration was calculated as follows: (serum iron"total iron binding
capacity) " 100%.

Abbreviation: HH, hereditary hemochromatosis.
!To whom reprint requests should be addressed at: Edward A. Doisy Department of
Biochemistry and Molecular Biology, Saint Louis University School of Medicine, 1402 South
Grand Boulevard, St. Louis, MO 63104. E-mail slyws@slu.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.
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Measurement of Tissue Iron Content. Nonheme iron concentration
in liver and spleen tissue was measured by the bathophen-
anthroline method as described by Torrance and Bothwell (19)
and the values were expressed as !g of iron per g of dry tissue.

Histology of Liver Iron Deposition. Liver tissue samples were fixed
in neutral-buffered 10% formalin for 18 h and subjected to

routine histological processing. The sections were stained with
Perls’ Prussian blue and counterstained with hematoxylin. Iron
distribution was determined by light microscopy.

Statistical Analysis. Mean values for transferrin saturation, liver
nonheme iron concentration, and splenic nonheme iron con-
centration were compared separately across mice with the same

Fig. 1. Effect of strain differences and Hfe genotype on serum transferrin saturation. Serum transferrin saturation was measured in wild-type (Hfe !!!),
heterozygote knockout (Hfe !!"), and knockout (Hfe "!") mice from three inbred mouse strains: C3H (hatched bars), C57BL!6 (B6, solid bars), and AKR (slashed
bars). Data are presented as the mean # SEM. Differences across strains within each genotype and across genotypes within each strain were determined
separately by using a one-way ANOVA. P $ 0.05 across strains within genotype: bars 1 vs. 2, bars 1 vs. 3, bars 4 vs. 5, bars 5 vs. 6, bars 7 vs. 8, bars 7 vs. 9, and bars
8 vs. 9. P $ 0.05 across genotypes within strain: bars 1 vs. 7, bars 2 vs. 8, bars 3 vs. 9, and bars 6 vs. 9.

Fig. 2. Effect of strain differences and Hfe genotype on hepatic iron concentration. Hepatic nonheme iron concentrations were measured in wild-type (Hfe
!!!), heterozygote knockout (Hfe !!"), and knockout (Hfe "!") mice from three inbred mouse strains: C3H (hatched bars), C57BL!6 (B6, solid bars), and AKR
(slashed bars). Data are presented as the mean # SEM. Differences across strains within each genotype and across genotypes within each strain were determined
separately by a one-way ANOVA. P $ 0.05 across strains within genotype: bars 1 vs. 2, bars 1 vs. 3, bars 2 vs. 3, bars 4 vs. 5, bars 4 vs. 6, bars 5 vs. 6, bars 7 vs. 8,
bars 7 vs. 9, and bars 8 vs. 9. P $ 0.05 across genotypes within strain: bars 1 vs. 7, bars 2 vs. 8, bars 3 vs. 6, bars 3 vs. 9, bars 4 vs. 7, bars 5 vs. 8, bars 6 vs. 9.
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Biochemical parameters according to alcohol
consumption.   Results of the comparison of biochemical
data between hereditary hemochromatosis patients who did
and those who did not consume excessive quantities of
alcohol are presented in table 2. Iron parameters were signif-
icantly increased in patients who drank at least 60 g of
alcohol per day (serum ferritin: 1,745.2 vs. 968.7 µg/liter,
p < 0.0001; serum iron: 39.9 vs. 36.0 µmol/liter, p = 0.0040;
transferrin saturation: 87.1 vs. 80.1 percent, p = 0.0071).
Table 2 also reports the results of the linear regression
analyzing the relation between alcohol consumption and iron
overload, measured by the logarithm of serum ferritin, serum
iron, and transferrin saturation. These results remained
unchanged after adjustment for gender and age. Moreover,
ALT and AST levels were also significantly higher in
subjects reporting heavy alcohol consumption (table 2).
These data were available for only 265 and 262 patients,
respectively. Mean of ALT was 66.3 IU/liter (standard devi-
ation, 48.1) in patients declaring heavy alcohol consumption
versus 41.1 IU/liter (standard deviation, 28.3) in those whose
level of alcohol consumption was lower (p = 0.0003). Simi-
larly, mean of AST was 56.2 IU/liter (standard deviation,
47.8) in the group of patients reporting excessive alcohol
consumption versus 34.9 IU/liter (standard deviation, 18.4)
in the other group (p = 0.0002). Patients who did not undergo
ALT and AST tests corresponded to patients who had begun
their treatment more than 10 years ago, before these exami-
nations began to be conducted. The patients who had had
ALT and AST tests were not significantly different from
those who did not have these tests.

Clinical signs according to alcohol consumption.   The fre-
quency of major clinical signs of hereditary hemochroma-
tosis observed in patients declaring excessive alcohol
consumption compared with signs observed in patients
reporting lower alcohol consumption is shown in figure 2.
Patients who drank more than 60 g of alcohol per day had a
significantly increased risk of skin pigmentation (51.5 vs.

24.0 percent; OR = 3.4, 95 percent CI: 1.5, 7.4; p = 0.0006).
They also tended to have a higher risk of diabetes (26.3 vs.
11.1 percent; OR = 2.9, 95 percent CI: 0.8, 9.9; p = 0.058)
and hepatomegaly (25.9 vs. 14.3 percent; OR = 2.1, 95
percent CI: 0.8, 5.7; p = 0.108). A history of viral hepatitis
was observed in two of the patients who drank at least 60 g
of alcohol per day. The biologic and clinical data for these
two patients did not significantly differ from those for the 31
other patients.

DISCUSSION

The present study highlights the phenotypic expression of
hereditary hemochromatosis in patients homozygous for the
main mutation of the HFE gene (C282Y) and provides
precise quantitative data about the impact of alcohol
consumption on expression of the disease in those patients.
This study shows that excessive alcohol consumption
increases the severity of the disease in C282Y-homozygous

TABLE 2.   Sociodemographic and biochemical characteristics of 378 C282Y-homozygous hemochromatosis patients, according to 
alcohol consumption (�60 or <60 g per day), in western Brittany (France), 1977–2002

* All values except those for no. of patients and gender are expressed as mean (standard deviation).
† Adjusted for gender and age.
‡ Age at onset in males.
§ ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Characteristic
Alcohol consumption*

Crude p value Adjusted p 
value†≥60 g/day <60 g/day

Sociodemographic

No. of patients 33 345

Gender 31 males, 2 females 197 males, 148 females 

Age at disease onset (years)‡ 45.8 (11.1) 46.6 (12.3) 0.71

Biochemical

Serum ferritin (µg/liter) 1,745.2 (1,792.1) 968.7 (1,129.3) <0.0001 <0.001

Serum iron (µmol/liter) 39.9 (6.3) 36.0 (7.4) 0.0040 <0.01

Transferrin saturation (%) 87.1 (9.3) 80.1 (13.7) 0.0071 <0.01

ALT§ (IU/liter) 66.3 (48.1) 41.1 (28.3) 0.0003 <0.001

AST§ (IU/liter) 56.2 (47.8) 34.9 (18.4) 0.0002 <0.001

FIGURE 2. Frequency of the most common clinical signs of hered-
itary hemochromatosis, according to alcohol consumption (≥60 or
<60 g per day), observed in 378 C282Y-homozygous patients in
western Brittany (France), 1977–2002.
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Hereditary hemochromatosis (HH) is a common disorder of iron
metabolism caused by mutation in HFE, a gene encoding an MHC
class I-like protein. Clinical studies demonstrate that the severity of
iron loading is highly variable among individuals with identical HFE
genotypes. To determine whether genetic factors other than Hfe
genotype influence the severity of iron loading in the murine
model of HH, we bred the disrupted murine Hfe allele onto three
different genetically defined mouse strains (AKR, C57BL"6, and
C3H), which differ in basal iron status and sensitivity to dietary iron
loading. Serum transferrin saturations (percent saturation of se-
rum transferrin with iron), hepatic and splenic iron concentrations,
and hepatocellular iron distribution patterns were compared for
wild-type (Hfe !"!), heterozygote (Hfe !""), and knockout
(Hfe """) mice from each strain. Although the Hfe """ mice from
all three strains demonstrated increased transferrin saturations
and liver iron concentrations compared with Hfe !"! mice, strain
differences in severity of iron accumulation were striking. Targeted
disruption of the Hfe gene led to hepatic iron levels in Hfe """ AKR
mice that were 2.5 or 3.6 times higher than those of Hfe """ C3H
or Hfe """ C57BL"6 mice, respectively. The Hfe """ mice also
demonstrated strain-dependent differences in transferrin satura-
tion, with the highest values in AKR mice and the lowest values in
C3H mice. These observations demonstrate that heritable factors
markedly influence iron homeostasis in response to Hfe disruption.
Analysis of mice from crosses between C57BL"6 and AKR mice
should allow the mapping and subsequent identification of genes
modifying the severity of iron loading in this murine model of HH.

Hereditary hemochromatosis (HH) is a common autosomal
recessive disorder of iron metabolism characterized by

excessive dietary iron absorption and progressive iron deposition
in the parenchymal cells of many tissues (1, 2). Untreated HH
leads to the failure of multiple organs and contributes to early
death. The gene carrying the mutation responsible for HH
encodes a nonclassical MHC class-I protein designated HFE.
The most common HFE gene mutation leads to the substitution
of tyrosine for cysteine at amino acid 282 (C282Y) (3). Ho-
mozygosity for the C282Y mutation accounts for about 85% or
more of HH cases in populations of northern European extrac-
tion (1, 2, 4). The severity of iron loading, however, is variable
in human patients with identical HFE genotypes, and some
individuals homozygous for the C282Y mutation do not dem-
onstrate iron overload (5–7). Some of the variation in phenotypic
expression of HH may be attributed to nongenetic factors, such
as diet, alcohol intake, and iron loss (menstruation or pregnan-
cy). However, population studies suggest that the variation in
severity of iron loading in HH may be caused by the additive or
interactive effect of other genes (8, 9).

The generation of mice with targeted disruption of the
orthologous murine gene Hfe (10–12) provides a means of
examining the HH phenotype under controlled environmental
conditions. The marked variability in hepatic iron loading ob-

served in Hfe !"! progeny from crosses of mixed-strain het-
erozygous mice suggested the segregation of other genes mod-
ifying the phenotype (10). Crosses between Hfe !"! mice and
mice carrying other mutations that impair normal iron ho-
meostasis provided specific examples for genetic modification of
the HH phenotype (13).

Inbred mouse strains exhibit considerable variability in several
parameters of iron metabolism (14–16). Serum iron levels,
serum transferrin saturations, and hepatic iron stores vary as
much as 2-fold among inbred strains on a basal diet. Inbred
strains also differ in severity of iron loading on an iron-
supplemented diet. We hypothesized that the heritable factors
determining differences in iron status among mouse strains
would contribute to the phenotypic variability seen with Hfe
disruption. To test this hypothesis, we examined the effect of Hfe
disruption on the iron status of three inbred mouse strains that
differ in basal iron status and sensitivity to iron loading.

Methods
Generation of Inbred Strains of Hfe """ Mice. The disrupted Hfe
allele (10) on a mixed-strain mouse background (C57BL"6 "
129"SVJ) was bred by successive crosses for 6–10 generations
onto C57BL"6, C3H, or AKR backgrounds. The transmission of
the disrupted Hfe allele was determined by PCR analysis of tail
DNA as described (17). Mice were provided ad libitum a
standard chow (Purina 5001) that contains 0.02% iron. At 10
weeks of age, mice were fasted overnight and anesthetized
before blood was collected by cardiac puncture and tissue
samples were obtained. The studied AKR population consisted
of four male and five female Hfe #"# mice, two male and five
female Hfe #"! mice, and three male and three female Hfe !"!
mice. The studied C57BL"6 population consisted of four female
and two male Hfe #"# mice, four female and two male Hfe #"!
mice, and three female and three male Hfe !"! mice. The
studied C3H population consisted of three female and three
male Hfe #"# mice, three female and three male Hfe #"! mice,
and two female and three male Hfe !"! mice.

Measurement of Serum Transferrin Saturation. Blood was obtained
by cardiac puncture. Serum iron and total iron binding capacity
were measured as described by Fielding (18). Transferrin satu-
ration was calculated as follows: (serum iron"total iron binding
capacity) " 100%.
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class I-like protein. Clinical studies demonstrate that the severity of
iron loading is highly variable among individuals with identical HFE
genotypes. To determine whether genetic factors other than Hfe
genotype influence the severity of iron loading in the murine
model of HH, we bred the disrupted murine Hfe allele onto three
different genetically defined mouse strains (AKR, C57BL"6, and
C3H), which differ in basal iron status and sensitivity to dietary iron
loading. Serum transferrin saturations (percent saturation of se-
rum transferrin with iron), hepatic and splenic iron concentrations,
and hepatocellular iron distribution patterns were compared for
wild-type (Hfe !"!), heterozygote (Hfe !""), and knockout
(Hfe """) mice from each strain. Although the Hfe """ mice from
all three strains demonstrated increased transferrin saturations
and liver iron concentrations compared with Hfe !"! mice, strain
differences in severity of iron accumulation were striking. Targeted
disruption of the Hfe gene led to hepatic iron levels in Hfe """ AKR
mice that were 2.5 or 3.6 times higher than those of Hfe """ C3H
or Hfe """ C57BL"6 mice, respectively. The Hfe """ mice also
demonstrated strain-dependent differences in transferrin satura-
tion, with the highest values in AKR mice and the lowest values in
C3H mice. These observations demonstrate that heritable factors
markedly influence iron homeostasis in response to Hfe disruption.
Analysis of mice from crosses between C57BL"6 and AKR mice
should allow the mapping and subsequent identification of genes
modifying the severity of iron loading in this murine model of HH.

Hereditary hemochromatosis (HH) is a common autosomal
recessive disorder of iron metabolism characterized by

excessive dietary iron absorption and progressive iron deposition
in the parenchymal cells of many tissues (1, 2). Untreated HH
leads to the failure of multiple organs and contributes to early
death. The gene carrying the mutation responsible for HH
encodes a nonclassical MHC class-I protein designated HFE.
The most common HFE gene mutation leads to the substitution
of tyrosine for cysteine at amino acid 282 (C282Y) (3). Ho-
mozygosity for the C282Y mutation accounts for about 85% or
more of HH cases in populations of northern European extrac-
tion (1, 2, 4). The severity of iron loading, however, is variable
in human patients with identical HFE genotypes, and some
individuals homozygous for the C282Y mutation do not dem-
onstrate iron overload (5–7). Some of the variation in phenotypic
expression of HH may be attributed to nongenetic factors, such
as diet, alcohol intake, and iron loss (menstruation or pregnan-
cy). However, population studies suggest that the variation in
severity of iron loading in HH may be caused by the additive or
interactive effect of other genes (8, 9).

The generation of mice with targeted disruption of the
orthologous murine gene Hfe (10–12) provides a means of
examining the HH phenotype under controlled environmental
conditions. The marked variability in hepatic iron loading ob-

served in Hfe !"! progeny from crosses of mixed-strain het-
erozygous mice suggested the segregation of other genes mod-
ifying the phenotype (10). Crosses between Hfe !"! mice and
mice carrying other mutations that impair normal iron ho-
meostasis provided specific examples for genetic modification of
the HH phenotype (13).

Inbred mouse strains exhibit considerable variability in several
parameters of iron metabolism (14–16). Serum iron levels,
serum transferrin saturations, and hepatic iron stores vary as
much as 2-fold among inbred strains on a basal diet. Inbred
strains also differ in severity of iron loading on an iron-
supplemented diet. We hypothesized that the heritable factors
determining differences in iron status among mouse strains
would contribute to the phenotypic variability seen with Hfe
disruption. To test this hypothesis, we examined the effect of Hfe
disruption on the iron status of three inbred mouse strains that
differ in basal iron status and sensitivity to iron loading.

Methods
Generation of Inbred Strains of Hfe """ Mice. The disrupted Hfe
allele (10) on a mixed-strain mouse background (C57BL"6 "
129"SVJ) was bred by successive crosses for 6–10 generations
onto C57BL"6, C3H, or AKR backgrounds. The transmission of
the disrupted Hfe allele was determined by PCR analysis of tail
DNA as described (17). Mice were provided ad libitum a
standard chow (Purina 5001) that contains 0.02% iron. At 10
weeks of age, mice were fasted overnight and anesthetized
before blood was collected by cardiac puncture and tissue
samples were obtained. The studied AKR population consisted
of four male and five female Hfe #"# mice, two male and five
female Hfe #"! mice, and three male and three female Hfe !"!
mice. The studied C57BL"6 population consisted of four female
and two male Hfe #"# mice, four female and two male Hfe #"!
mice, and three female and three male Hfe !"! mice. The
studied C3H population consisted of three female and three
male Hfe #"# mice, three female and three male Hfe #"! mice,
and two female and three male Hfe !"! mice.

Measurement of Serum Transferrin Saturation. Blood was obtained
by cardiac puncture. Serum iron and total iron binding capacity
were measured as described by Fielding (18). Transferrin satu-
ration was calculated as follows: (serum iron"total iron binding
capacity) " 100%.
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Measurement of Tissue Iron Content. Nonheme iron concentration
in liver and spleen tissue was measured by the bathophen-
anthroline method as described by Torrance and Bothwell (19)
and the values were expressed as !g of iron per g of dry tissue.

Histology of Liver Iron Deposition. Liver tissue samples were fixed
in neutral-buffered 10% formalin for 18 h and subjected to

routine histological processing. The sections were stained with
Perls’ Prussian blue and counterstained with hematoxylin. Iron
distribution was determined by light microscopy.

Statistical Analysis. Mean values for transferrin saturation, liver
nonheme iron concentration, and splenic nonheme iron con-
centration were compared separately across mice with the same

Fig. 1. Effect of strain differences and Hfe genotype on serum transferrin saturation. Serum transferrin saturation was measured in wild-type (Hfe !!!),
heterozygote knockout (Hfe !!"), and knockout (Hfe "!") mice from three inbred mouse strains: C3H (hatched bars), C57BL!6 (B6, solid bars), and AKR (slashed
bars). Data are presented as the mean # SEM. Differences across strains within each genotype and across genotypes within each strain were determined
separately by using a one-way ANOVA. P $ 0.05 across strains within genotype: bars 1 vs. 2, bars 1 vs. 3, bars 4 vs. 5, bars 5 vs. 6, bars 7 vs. 8, bars 7 vs. 9, and bars
8 vs. 9. P $ 0.05 across genotypes within strain: bars 1 vs. 7, bars 2 vs. 8, bars 3 vs. 9, and bars 6 vs. 9.

Fig. 2. Effect of strain differences and Hfe genotype on hepatic iron concentration. Hepatic nonheme iron concentrations were measured in wild-type (Hfe
!!!), heterozygote knockout (Hfe !!"), and knockout (Hfe "!") mice from three inbred mouse strains: C3H (hatched bars), C57BL!6 (B6, solid bars), and AKR
(slashed bars). Data are presented as the mean # SEM. Differences across strains within each genotype and across genotypes within each strain were determined
separately by a one-way ANOVA. P $ 0.05 across strains within genotype: bars 1 vs. 2, bars 1 vs. 3, bars 2 vs. 3, bars 4 vs. 5, bars 4 vs. 6, bars 5 vs. 6, bars 7 vs. 8,
bars 7 vs. 9, and bars 8 vs. 9. P $ 0.05 across genotypes within strain: bars 1 vs. 7, bars 2 vs. 8, bars 3 vs. 6, bars 3 vs. 9, bars 4 vs. 7, bars 5 vs. 8, bars 6 vs. 9.
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