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‘{TAY-SACHS disease (TSD) is the pro-

totype of the lysosomal sphingolipid stor-

' y4ge disorders.! The hereditary nature of

this uniformly fatal neurogenerative dis-

tase (autosomal recessive inheritance),*

From the Department of Pediatrics and Reproductive
icine, University of California, San Diego, and the
:‘V(}hlldren‘s Hospital and Health Center, San Diego, Calif.
A complete list of the International TSD Data Collec-
ion Network appears at the end of this article.
- Reprint requests to the Department of Pediatrics and
Sproductive Medicine, University of California, San
D!egp. Children’s Hospital and Health Center, 8110
Bimingham Way, San Diego, CA 92123 (Dr Kaback).
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jectives.——To provide an update of the intermational experience with carrier
ening and prenatal diagnosis for Tay-Sachs disease (TSD), to assess the im-
t of these efforts, and to review the recent developments in DNA technology with
glication to TSD carrier detection and screening.
Jesign.—Through the Intemational TSD Testing, Quality Control, and Data
lection Center, all testing centers in the world were surveyed annually to assess
Sverall experience with carrier testing and prenatal diagnosis. Quality control and

oratory surveillance of testing centers were performed through an annual
Bssessment, using samples provided by the center.

Setting.—Tay-Sachs disease testing centers around the world.

articipants.—Nearly 1 million young adults from both Jewish and non-Jewish

ntervention.—Gene product screening (enzyme testing) and DNA-based mu-

ain Outcome Measure.—Impact of screening program on disease incidence.

esults.—Data from all centers in the international TSD network on experience
TSD carrier testing and prenatal diagnosis since 1974 indicated that more than
86000 heterozygotes were identified and 1056 couples found to be at risk for TSD
heir offspring. A total of 2416 pregnancies at increased risk for TSD were moni-
red by amniocentesis or chorionic villus sampling. A dramatic decrease in the in-
pidence of TSD in the Jewish populations was demonstrated. With both serum and
plikocyte proficiency testing, there have been only 16 instances (of 845 cumula-
laboratory evaluations) of one or more errors reported by a laboratory since

onclusions.—This analysis represents a prototypic effort in coordinating adult
tion, carrier testing, and genetic counseling directed toward prospective pre-
tion of a uniformly fatal childhood disease and demonstrates that such an effort
dramatically affect disease incidence.

(JAMA. 1998;270:2307-2315)

its ethnic predilection (infants of Cen-
tral or Eastern European Jewish an-
cestry),*the characteristic neuropatho-
logical findings (“ballooning” of neurons
with massive intralysosomal accumula-
tion of lipophilic membranous bodies),”
and the nature and structure of the
stored intraneuronal material (GM, gan-
glioside)®® are all well established. In
1969, the underlying biochemical defect
in TSD was identified—a profound de-
ficiency of activity of the lysosomal hy-
drolase B-hexosaminidase A (HEX A or
GM, gangliosidase).™2 This isoenzyme

shael Kaback, MD; Joyce Lim-Steele, PhD; Deepfi Dabholkar; David Brown; Nancy Levy; Karen Zeiger;
the International TSD Data Collection Network

is specifically required for the cleavage
of the terminal B-linked N-acetylgalac-
tosamine from GM, ganglioside. Failure
to hydrolyze the terminal hexosamine
leads to the continuous accumulation of
GM;, ganglioside in neuronal lysosomes.
This results in progressive neuronal dys-
function (manifesting as hypotonia,
blindness, dementia, and seizures), cell
death, and subsequently the patient’s
demise, usually by 3 to 5 years of age.

The development and use of synthetic
colorometric or fluorogenic substrates
to quantify the activities of hexosamini-
dase isoenzymes®® enabled development’
of relatively easy and accurate methods
for diagnosis of TSD. This was accom-
plished in tissues and body fluids from
infants affected with TSD as well as
with cultured, second-trimester amni-
otic fluid cells derived from pregnancies
in which fetuseshad the disease.**¢ Elec-
trophoretic, thermal, and pH stability
differences between the hexosaminidase
isoenzymes provided methods to pre-
cisely quantify the HEX A component,
thus allowing for accurate identification
of the heterozygous carrier state (in
which a significant reduction in HEX A
activity is evident in tissues and body
fluids from such individuals).}*®

Serum testing is used for carrier
sereening in men and nonpregnant
women. Leukocyte HEX A testing must
be used in pregnant women or in ap-
parent serum-defined carriers who are
taking oral contraceptives, are on un-
usual medications, or are suffering with
a tissue-destructive disease (as deter-
mined by a personalized questionnaire
that is completed by each individual at
the time of testing).™® In the program
described herein, the laboratory charges
for these tests are approximately $20 to
$75, depending on whether one or both .
tests are used.

These advances provided the basis for
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community-based TSD education, car- METHODS cated back to the center. All samy,

: . . h N les 5
rier screening, and genetic counsell.ng Heterozygote Testing, Prenatal identified only by code number. The lab
programs dlrected to the prOSpecthe Diagnosis, and Disease lncldence . . ratory analyzes eaCh Sample, I ecords i;

prevention of this fatal disorder.® Be- N .
cause the disease occurs predominantly Begmmng in the .mld 1970.8’ the Inter-
in a defined population and because of ~ national TSD Testing, Quality Control, ;4 noncarrier samples (sera ang le
the availability of a simple, highly ac- 2nd Data Collection Genter was estab  cyte) are included. Parents of TSD gy
curate, and relatively inexpensive car- lished in California by a grant from the  gen yme to the reference laboratory
rier detection test (serum and/or leuko- National Tay—Sa}ch.s Disease and Allied nually and voluntarily provide say ?n'
cyte HEX A profiles), screening indi- Disorders Association (N'I.‘SD.AD )zanon~ for this survey. Noncarrier samplespes
viduals of childbearing age in the high- profit lay health organization in the prepared from local volunteers (in<:lud?§Q
risk Jewish population was proposed to United States. The purpose of the In- o optpe center) whose hexosaminig ;
s : ; ternational Center is to survey all test~ ; ase
identify healthy carriers of the disease |, in th Y profiles in both sera and leukocyteg fnd;
gene and, most critically, those couples 118§ centers lfai‘l e world annually t0 as-  oa¢0 nopcarrier status and who have g,
in which both partners are heterozy-  S&58 the overall experience in TSD car-  ynoum Jewish ancestry. Each laborat, ’
gotes and therefore at risk for TSD in ne;i testing andhplien.atal dlggnosm. In prust also report its detailed protocola;g
their offspring (prior to the birth of any aﬁ tion, throug s'nmlar. rﬁaﬂ argd tele- methodology for carrier testing, Thig i
1 affected children). Once identified, such ~ P01 commpmcﬁtlo%s wit zéll diagnos-  gone 5o that if any diagnostic errors gy
couples could be provided comprehen- téc ceinterl'f n tbe ;‘uted tates and made, the reference laboratory can g
sive genetic counseling, including the ada, t f—:;lurlr‘nl;er 0 dngwly diagnosed  goqq methodological variables and mgk,
option of prenatal monitoring of all preg- plaithr(;ts with TSD and other GM, gan- 1o oommendations that, hopefully, will 53
nancies. In this way, at-risk couples & O}Sll e storage disorders are monitored )6 tosting center to correct the problen
could, if they chose, bring to term only eacThisgear. . . Because identical methodologies are
those pregnanciesin whichthe fetuswas ~ , . ‘nethi)trﬁ{ is based on collegial par- ¢ voquived, evaluation is primarily |
shown to be unaffected by this uniformly ~ ticipation. Although it is possible that a 13503 o diagnosis of samples rathe.
fatal disease. When prenatal testing in- 1 centers may be screening or conduct- 4,5 on ghgolute assay values obtaineg
dicated the fetus was afflicted with TSD g diagnostic f:ﬁtmg without ourknowl-  1¢ ;16 error or more occurs in either
(25% risk with each conception), fami-  S9g® (paé-técu adly a‘ﬁs‘de the United o ppier or noncarrier samples, the laho
lies could make the difficult choice Statesand Canada) almostcertainlythese 1oy i contacted by mail and/or tele
whether or not to abort such pregnan.  mstances are rare and only small num- 1} one yossible problems are identified
. . s : bers of individuals are tested. To date, no \
cies. Other options that families might ha h ! and then a second set of coded samples
choose include the following: (a) defer- center that we have ever contacted has 5 sent (phase II). Should multiple er
ring from having children of their own refused to provide th_e date.x reguested. rors occur, critical interaction with the |
and considering adoption; (b) conceiving . Each year, a questionnaire is commu-  yoforence laboratory is suggested unti
through artificial insemination or by Micated to all worldwide centers known 1 ovy0d0logy probiems are resolved
ovum donation (being sure to ex- °F likely to}? e testing for ly.s‘;f"ma‘ d}s— Again, a defined time limit (2 to 3 weeks)
clude TSD heterozygosity in all poten- ea‘sies or w. ular?.lfaluents wit iuch dis-  for reporting phase II results is estab-
tial donors); (¢) simply taking their or ersbwo 1wely be.seen. nfqrma- lished. Any error with phase II samples |
chances (recognizing they have a 75%  Uon a ‘i‘ét carrier testing experience, o goijyre to report within the time ak
chancewith each pregnancy of having a ~ Prerata "‘.‘gnOTSISba'“d newlly dlaggpsed lotted results in nonacereditation.
child unaffected by TSD); or (d) f single  Patients with TSD and xalated disor- " his program is carried out under the
and found to be a carrier, to use such  9erS i8 requested. pecific efforts are 505005 of the Quality Control Subeom:
information in marriage or mating de-  0ade toavoid duplication of prc}alnatal OF  mittee of the Scientific Advisory Con
cisions to avoid marriage and/or repro-  Giagnosticcasesbyinclusionofthemoth- o0 of the NTSDAD. To offset pro-
duction with another carrier (as recom- 8 1mt1a[s on each report.ed pr_enatal gram costs, a fee is requested of each ¢
mended by certain ultraorthodox Jew-  45€ anq, n the case of patient d}agno- participating laboratory by the NTS-
ish groups).® sis, the initials apd the date of birth of  [A) “Tnig fee can be waived by the
The first multiphasic public education, the patient. f_amcular efforts are made NTSDAD, because maximum particips-
voluntary, carrier screening and genetic to aymd duplicate r eporting Of prenatal  ion s desired. Laboratory accredite
counseling effort for the prevention of TSD testing (eg, where chorionic villus sam- 4, ;¢ granted only to laboratories tht ¢
was initiated in a pilot program in Jewish pling or amniocentesis is performed in oy ng errors in both carrier and nor
communities of Baltimore, Md, and Wash- one center and the sample is sent PO 2 carrier sample identification (including
ington, DC, in 10702 Comparable initia-  ditferent center for laboratory studies).  phage IT participants). The NTSDAD

actual data and results, and is requireq
make a diagnosis on each. Both egpme
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tives in other cities of the United States, annually publishes a list of internations!
Canada, Israel, South Africa, South Quality Control centers that have been accredited inthe
America, Europe, and Australia followed ~ and Laboratory Survelllance proficiency testing program. This pub 2

shortly thereafter.2 Qrganizational, edu- An additional commitment of the In-  lication is circulated widely to syn#
i cational, and psychosocial aspects of these  ternational Centeristo conductanannual ~ gogues, community centers, and other

I i programs have been reviewed.®?% The  assessment of all known carrier testing  Jewish organizations with the recom
{ o purpose of this article is to update the  laboratories. This is achieved throughan  mendation that individuals or groupsusé

international experience with carrier  overnight mail shipmentof20to30frozen  only accredited laboratories for carme! 1c
screening for and prenatal diagnosis of serum and/or leukocyte samples. All  screening or prenatal testing. {
TSD and to assess the impact of these  samples are prepared and tested in the §
efforts on this prototypic disorder. Inad-  reference center laboratory and then peguLTS b
dition, the impact of recent developments  coded, packaged, and shipped. All partici- )
in recombinant DNA technology and their  pating laboratories are contacted priorto ~ Carrier Screening rr

_ applications to TSD carrier detection and  shipment and are given a defined time All centers in the international TSP
sereening programs are addressed. within which results must be communi-  network have provided data on the’
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D carrier testlng and prenatal diag-
slS experiences since 1974, No pro-
has refused to comply with these
quests. Earlier summary experiences
ve been reported %=#
The last annual survey conducted in-
¢l udes data from all programs through
J ume 30, 1992. To that date, a cumulative
total of nearly 1 million young adults
sroughout the world had been tested
{oluntarily to determine whether or not
y were carriers of the TSD gene. These
cumulatlve results are provided, by coun-
m«y orregion, in Table 1. More than 36 0600
heterozygotes have been identified and,
- most critically, 1056 couples have been
olll'ld to be at risk for TSD in their off-
sprmg None of these couples had a pre-
yious child with TSD (or any known GM,
gliosidosis). In some regions, testing
 has been almost exclusively among indi-
viduals (and their spouses) in families
where TSD was known to have occurred
ina close relative. Assuredly, this con-
irbutes greatly to the relatively high

red

‘frequencies of at-risk couples identified
inthese areas. The possibility that some
identified carriers represent false posi-
tives or are the result of laboratory error
must also be considered.

After the first few years of the 1970s,
when program start-ups were occurring

1world\mde, annual rates of worldwide

festing have remained relatively con-

‘stant at approximately 62 000 people per

year. About 35000 of these individuals
are tested each year in the United States.
This number also has remained relatively
uchanged.

Prenatal Diagnosis of TSD

From 1969 when the prenatal detec-
tion of TSD was first accomplished'
‘through June 1992, a total of 2416 preg-
nancies at mcreased rigk for TSD in the
fetus have been monitored either by am-

vniocentes1s or, more recently, by chori-

mnic villus sampling. This overall experi-

ence is provided in Table 2. It is gratify-

ing to note that as of this time more preg-

{nancies have been monitored in couples
Iwithout prior affected offspnng (identi-

fied through screening) than in families
Who previously had children with TSD.
+Several other points worthy of men-

tne fourth of the monitored pregnancies
in.couples who had affected offspring
vealed fetuses positively dlagnosed
with TSD (as expected), the fraction is
cOnslderably lower in the preg'nancles
dentified through carrier screening.
This results from the fact that a con-
Yiderable number of at-risk pregnancles

Ve been monitored (and included in
this data) in which the actual risk was
Much less than 25%. Some pregnancies

Ve been tested in which either part-
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tlon are in Table 2. While almost exactly .

ner or both partners have had inconclu-
sive carrier testing results. Others have
been tested, at the (carrier) woman’s
request, where the father of the fetus
was unavailable or not identified. Fur-
ther, the consideration of false-positive
carrier identification may contribute to
this finding. Also, 18 fetal diagnoses of
TSD were made in which elective abor-
tion was not carried out and the preg-
nancies were carried to term. Most of
these cases occurred in the early 1970s,
and the diagnoses were made in the third
trimester of pregnancy, obviating the
option of legal pregnancy termination.
Several of these diagnoses were made
in pregnancies in Hasidic (ultraortho-
dox) Jewish families with prior affected
offspring. Rabbinical approval for ter-
mination was refused on religious
grounds. All 18 of these pregnancies re-
sulted in children who were, as predicted,
afflicted with infantile TSD.

In essentially every instance where

aborted fetal tissue was available for.

study, confirmation of the prenatal di-
agnosis was made by quantitative lipid
analysis of central nervous system tis-
sue, ultrastructural assessment by elec-
tron microscopy of the fetal brain and/or
anterior motor horn cells of the spinal
cord, and/or profound HEX A deficiency
in various fetal tissues.

Also evident in Table 2 is that three
fetal diagnoses of TSD were missed. All
were due to sample mix-ups, laboratory
error, or inadequate experience (and ab-
sence of appropriate controls) inthe test-
ing laboratories.

Perhaps the most important item in
Table 2 refers to the 1881 infants born
without TSD in this experience. As in-
dicated by previous studies in families

- with children afflicted with TSD (before

the advent of prenatal diagnosis), many
of those children might never have been
conceived or brought to term if this op-
tion had not been available.® While it is
evident that this experience accounts for
the prevention of nearly 500 births of
children fatally afflicted with TSD, it
should be emphasized that the TSD car-

- rier screening experience is mostly about

the birth of nearly 2000 healthy infants.

Impact on Disease Incidence

Priorto 1970, estimates of the incidence
of TSD in both Jewish and non-Jewish
populations were available only for the
United States.>® Since 1980, the Inter-
national Data Collection Center in Cali-
fornia has monitored the number of newly
diagnosed cases of TSD and other GM;
storage disorders on an annual or bian-
nual basis. Approximately 60 new cases
of TSD were identified each year in the
United States inithe pre-1970 era, These
estimates were based on death-record-

Table 1.~Tay-Sachs Disease Heterozygote
Screening, 1971 Through 1992

No. At-Risk

Country Tested Carriers Couples
United States 712818 27 150 657
Israel 159 544 4229 263
Canada 55 922 2022 57
South Africa 11 638 1286 36
Europe 10 927 725 21
Brazil, Mexico 1682 96 20
Australia 473 10 2
Total 953 004 36 418 1056

Table 2.—Worldwide Prenatal Diagnosis of Tay-
Sachs Disease, 1969 Through 1992

Couples Identified At Risk

~ —1
. By Prior By Cartier
Diagnoses Offspring Screening Total

Pregnancies

monitored 1118 1298 2416
Affected fetuses 268 201 469
Elective abortions 250 201 451%
Tay-Sachs disease

fetuses missed 2 1 3
Unaffected offspring

bom 827 1054 1881

]
*Eighteen infants affected with infantie Tay-Sachs
disease as predicted.

derived data and predicted an annual birth
incidence of TSD among Ashkenazi Jews
of about one in 4000 births. Among non-
Jews, the birth incidence was predicted
to be 100 times less frequent, indicating
a carrier rate of about one in 300 in non-
Jews as compared with one in 30 to one
in 40 among European Jews living in the
United States and Canada.® .
With the development of population-
based carrier screening and prenatal di-
agnosis programs in the 1970s through-
out the major cities of the United States
and Canada, a measurable impact al-
ready was evident by 1980 when only 13
newly diagnosed cases of TSD were re-
ported.? The Figure illustrates the an-
nual numbers of newly diagnosed cases
of infantile TSD in both the Jewish and
non-Jewish populations of the United
States and Canada since 1970. A dra-
matic decrease in the incidence of TSD
in the Jewish populations of these coun-
tries is readily apparent. Since 1983,
when only two new cases were diag-
nosed, the annual number of newly di-
agnosed infants with TSD in the Jewish
population has remained at around three
to five cases per year. This represents
a greater than 90% reduction in the in-
cidence of TSD in the Jewish popula-
tions of these two countries over this
interval (1970 to 1993). Unquestionably,
the advent of prenatal diagnosis for TSD
and the concomitant development of car-
rier detection and genetic counseling
programs have contributed greatly to
this dramatic decline. )
Because community education and
heterozygote screening has been tar-
geted primarily to the higher-risk
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Jewish community (although not exclud-
ing non-Jewish individuals who wish to
be tested), the impact on disease inci-
dence is predominantly in the target
population. Whereas there were 10 to
15 cases of TSD estimated to occur in
non-Jewish infants each year prior to
1970, that frequency has not shown much
of a decline (Figure). In fact, whereas
Jewish infants with TSD accounted for
about 85% of the total annual cases be-
fore 1970, at present there are three to
four times more cases of TSD being iden-
tified each year in non-Jewish infants
than in Jewish children, This relative
increase in cases in the non-Jewish popu-
lation speaks to the effectiveness of the
prevention effort in the target popula-
tion, not to any real increase among non-
Jews. Moreover, with increasing pat-
terns of intermarriage, conversion, and
decreasing information about one’s an-
cestry and origins, the issue of “who is
Jewish?” becomes increasingly problem-
atic. In fact, the American College of
Obstetricians and Gynecologists now
recommends offering TSD carrier test-
ing to couples where one member is of
Jewish heritage, in addition to all Jew-
ish couples.®

Quality Control

With the exception of 1979, a blinded
proficiency testing exercise has been car-
ried out each year with precoded serum
and/or leukocyte samples in laborato-
ries throughout the world known to be

involved with TSD carrier testing, This

currently includes a total of 57 interna-
tional facilities in both academic and pri-
vate settings. Of these, 43 laboratories
are in the United States, six are in
Canada, two in Europe, two in Austra-
lia, and one each in Israel, South Africa,
Mexico, and Brazil. Error-free perfor-
mance is required from each laboratory
in order to receive accreditation from
the NTSDAD.

Afteridentifying and resolving a num-
ber of technical, preparative, shipping,

and customs-related problems in the
early phases of the program, the per-
formance of testing laboratories with
coded serum and/or leukocyte samples
has improved greatly. Results from the
initial few years of the program have
been reported.®

Since 1983, with 45 to 53 laboratories
participating yearly in the serum test-
ing program, only on five occasions (out
of 484 cumulative laboratory evaluations
over this period) were one or more er-
rors reported by a laboratory. This ex-
perience represents 7260 serum samples
analyzed (of which about 3000 were ob-
ligate carrier samples) in which a total
of only eight erroneous diagnoses were
made, six in which carrier samples were
missed and two in which noncarrier
samples were incorrectly identified as
carriers. However, this is after phase II
testing was carried out in those two to
three laboratories (out of more than 50)
that made phase I errors.

The leukocyte effort, being consider-
ably more ecomplex, required early pro-
grammatic modifications. Difficulties re-
lated to the quality of the samples pro-
vided were encountered in a significant
number of participating laboratories.
Providing frozen leukocyte peliets (from
sufficient quantities of blood from obli-
gate heterozygotes) to accommodate
each laboratory’s customary methodol-
ogy was difficult. In some instances, pel-
lets stored for as long as 10 years were
used. Beginning in 1986, this was
changed so that only larger pellets
(freshly prepared in the Reference Labo-,
ratory and one or two other major cen-
ters) were included. This resulted in
clearly improved performance with leu-
kocyte samples. With 36 to 47 labora-
tories participating annually in leuko-
cyte proficiency testing since 1986, there
have been 11 nonaccreditations out of
361 individual laboratory evaluations (af-
ter phase II).

Those centers not accredited are en-
couraged to interact with the Reference
Laboratory to work out problems and to
desist from patient testing until the next
proficiency testing round. Over the
years, a number of laboratories have
elected to stop testing in their own fa-
cilities and decided rather to ship their
local samples to an approved laboratory
for analysis, ,

It should be clear that the implications
of the predictive nature of the carrier
detection test and the considerable time
that might have to transpire before er-
rors might become evident (defined by
reproductive outcome) demand a zero tol-
erance for error. Critical reproductive
decisions, the possible need for risk-as-
sociated obstetrical procedures (albeit
minimal risk), and the potential for tragic
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misdiagnosis (of either kind) ung
the necessity to strive for essent;
fect laboratory performance in
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COMMENT

The Model and lts Application
to Other Disorders

This experience represents the fiyy
population-based effort mounted for ty,
prospective control of a lethal genetj,
disease. That multiphasic education, v,
untary testing, and comprehensive ge
netic counseling can be coordinateq in
an effective disease prevention effoy
appears evident from this 22-year ey.
perience. Several key principles €mergp
from a critical analysis of this endeavoy,
From the beginning of the planning
phase of the program, community lead.
ers, medical practitioners, and religioy
advisers were brought into the planning
process to develop their understanding
to gain their advice, and, if desired by
them, to ensure their participation. The
manpower needs for effective commy.
nity education also were critically ad.
dressed well in advance of initiation of
the program. Clearly, rigorous ang
highly accurate laboratory methods with

exquisite sensitivity and specificity must |

be in hand and capable of flawlessly deal-
ing with high volumes of samples. Timely
delivery of results to all participants,
with absolute control of the confidenti-
ality of test results, is also essential
Professional genetic counseling (or its
equivalent) is critical for those found to
carry such a trait and must be readily
available to clarify any misinformation,
explain the realities and options, and
allay unnecessary fears. Last, it should
be underscored that all of these issues
represent relatively unexplored areas
of technology delivery, and simply rec-
ognizing the concerns does not guaran-
tee that they have been dealt with ef-
fectively. For this reason, such efforts
ghould be seen as experiments in tech-
nology transfer and should be initiated
accordingly with built-in systems of
evaluation,

Initial efforts should be construed 2
pilot studies with critical psychosocial
analytic components included, such as 2%
sessing educational effectiveness; com
pliance and noncompliance factors; po
sible individual, family, or community
stigmatization effects; and ongoing 1
pact of the program, It is of interest that
many of these principles were not ad
dressed in the early 1970s when carrie!
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, g,f,he TSD program were employed in

sreening programs for sickle cell trait
gereinitiated inmany parts of the United
gtates. These and other sociopolitical rea-
oS May account in large part for the
jess-than-optimal response these pro-
—ams received in black communities
fhroughout America.®

' On the other hand, organizational and
ing strategies similar to those used

‘the highly successful programs directed

_ | gt “control” of B-thalassemia in Sardinia,
‘| taly, and subsequently in other areas
'{of the Mediterranean basin.%% These

¢fforts have led to a major reduction in
the incidence of homozygous B-thalas-
gemia in these regions, and thousands of
atrisk couples have been identified and
sounseled to enable them to have chil-
drenunaffected by this serious disease
+/As technologies have advanced, the
model developed with TSD also has been
eonsidered for carrier detection and pre-
natal diagnosis of eystie fibrosis.®® Wide
differences in the clinical spectrum of this
‘Jisease, its more panethnic distribution,
and the limitations of different sensitivi-
ties of current heterozygote detection
methods in various ethnie groups make
population-based carrier screening for
eystic fibrosis more difficult. In addition,
rapid advances in effective treatment of
this gastrointestinal/pulmonary disorder
dlso underscore the need to proceed cau-
tiously with population-wide heterozy-
gote detection screening efforts.594

.:More recently, a population-based car-
rler screening program (again, targeted
i0 Ashkenazi Jews) for detection of het-
erozygotes of type I Gaucher disease has
been suggested.*! This is another lyso-
somal storage disease, but (like cystic
fibrosis) a disease that does not involve

‘or those found to *the nervous system and is highly vari-
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ohle in its manifestations (many patients
ire symptom-free well into adult life).
Horeover, recent experiences with en-
fyme replacement therapy, albeit quite
expensive at this time, indicate consid-
prable somatic benefits in symptomatic
patients.? If therapeutic intervention is
tlfective and available, then (as in treat-
ent of phenylketonuria) perhaps the
#reening should be directed to Jewish
Iewborns rather than employing repro-
tuction-oriented carrier testing (per-
frmed prior to pregnancy or in already-

- |regnant couples). Clearly, the nature of

the disease and the availability of treat-
fient must be major considerations in
teciding whether or not the prospective
Mevention approach, as in TSD, is ap-
Micable.® The availability of an accurate
id sensitive carrier detection test isnec-
Bsary if such a program is to be initi-
tted, but it alone is not sufficient to em-
ark on such an effort.

‘The TSD program, as initially con-

HAMA, November 17, 1993—Vol 270, No. 19

strued, was targeted to individuals and
couples prior to pregnancy. This would
provide the broadest range of reproduc-
tive options to individuals or couples dis-
covered to be at risk for the disease in
their offspring. This underscores the ra-
tionale for community-based testing ef-
forts. However, the nature of the US
health care system tends to focus health
care behaviors to times of perceived need,
rather than to a more preventive (pro-
spective) philosophy. Accordingly,in most
centers throughout this country and oth-
ers, TSD carrier testing is perceived as
a reproduction-related test and is gen-
erally not thought of or pursued until
pregnancy. Pregnancy is also one of the
few times young adults access theirhealth
care system, making it a far simpler and
less expensive time for health profes-
sionals to provide testing, compared with
mounting a community-based education
and screening program.

An alternative approach is that de-
veloped among the ultraorthodox Jews
in the United States, Israel, and several
other countries. This is the so-called Dor
Yeshurim program.? Because there is a
religious proscription against abortion
and because marriages are arranged and
require prior approval of the rabbinate
in this group of Jews, this community
has organized its screening effort with
the goal of avoiding carrier-carrier mat-
ings. Anonymous testing (coded sam-
ples) is carried out and a centralized
record of test results is kept, available
only to the rabbi, When a proposed mar-
riage is to be considered, the rabbi can
decide whether a different match should
be made. This is done without disclo-
sure of the carrier test information, in
order to avoid stigmatization of the in-
dividual or family. Within the belief sys-
tem of this religious subgroup, this seems
a reasonable use of modern technology.
Any generalization to other individuals
or groups, however, would likely be
highly questionable. No new cases of
TSD have been reported in the Israeli
Dor Yeshurim program in recent years.*

Screening and the Delineation of
Variant GM, Storage Disorders

With the advent of wide-scale popu-
lation screening and readily available di-
agnostic testing, a number of HEX A~de-
ficient conditions other than classical in-
fantile TSD have been delineated.! These
include GM, gangliosidoses with symp-
tom onset later in childhood than infan-
tile TSD (B, variant® and juvenile®), in
addition to even later onset forms (also
HEX A deficient) known as chronic* or
adult-onset GM; gangliosidosis.® It is ap-
parent that the age of onset of symptoms
in these conditions is directly correlated
with the amount of residual GM, gangli-

osidase activity present in cellular lyso-

somes (ie, “leaky mutants”).?
Additionally, a few infants with a clas-

sic TSD phenotype have been described

‘whose tissue HEX A activities (with

synthetic substrates) are within the nor-
mal range, but who nonetheless have
massive GM, ganglioside accumulation
in their neurons.® These infants have
been shown to lack GM, activator, a dis-
tinct lysosomal glycoprotein required in
vivo for the catabolism of GM; ganglio-
side (GM, activator serves a detergent-
like function, facilitating the interaction
of the hydrophobic glycolipid; GM; gan-
glioside, with its catalytic hydrolase,
HEX A or GM; gangliosidase). This is
the activator-deficient form of TSD, or
the “AB variant.”®

On rare occasion, healthy adult indi-
viduals have been identified with near-
total deficiencies of HEX A activity (mea-
sured with synthetic substrates) but are
entirely asymptomatic. Such individuals,
identified through screening programs or
extended family testing, have been fol-
lowed up for as many as 156 years and
remain entirely well, some into their sixth
decade. These persons have been called
“HEX A minus, normal” and are now rec-
ognized to be compound heterozygotes
(with different mutations in each of their
two HEX A genes). One mutation is dis-
ease-related, while the other is consid-
ered a “pseudodeficient mutation” that
results in a protein that has reduced ca-
pacity to hydrolyze synthetic substrates,
but noloss of ahility to catalyze the break-
down of the natural substrate, GM, gan-
glioside® Therefore, the individual with
both mutations will appear to have little
or no activity of HEX A with the usual
fluorogenic substrate, but will appear to
be a carrier (with 50% of the activity of a
noncarrier) by natural substrate assay.*

Obligate heterozygotes (parents) of
all of the variant mutations associated
with GM; storage disorders have re-
duced HEX A levels like TSD carriers
and cannot be distinguished one from
another by enzymatic testing. This in-
cludes carriers of the pseudodeficient
mutation(s) as well. The exceptions to
this are carriers of the B, variant mu-
tation, a binding site affinity alteration,
in whom HEX A levels are in the low
noncarrier range. Fortunately, these ex-
ceptions are extremely rare, particularly
in the Jewish population where screen-
ing is targeted. Carriers of the activator
mutations also would not be evident by
the usual HEX A heterozygote detec-
tion test.

The Molecular Decade
and TSD Testing

Previous studies demonstrated that
human HEX A is a heterodimeric gly-
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Table 3.—a-Subunit Gene of Human Hexosamini-
dase A: Classes of Mutations as .of March 1993
]

No.

Class of Mutation Reported
Missense 28
Nonsense 5
Splice site 5’ and 3’ 10
Single codon deletions 2
Large deletions 1

Frameshifts (small deletions

and insertions) 7
Total 53%
|

*Twenty-one of 53 mutations occur at CpG dinucle-
otide sites.

coprotein comprising a single a subunit
(54 kd) and one B subunit (565 kd).%% The
genes directing the synthesis of « and 8
subunits have been localized to chromo-
somes 15023q24 and 5ql8, respec-
tively.®* The previously mentioned ac-
tivator protein, also required for in vivo

GM, hydrolysis, is produced from a dif--

ferent gene, regionally localized to chro-
mosome 5¢.%" Defects in any of these
three gene products can result in lyso-
somal GM; accumulation and subsequent
disease. Deficient or defective a sub-
units result in HEX A deficiencies as-
sociated with TSD and its variants. Ab-
normalities in B subunit production re-
sult in both HEX A and HEX B defi-
ciencies (HEX B is composed of two 8
subunits) since the B subunit is common
to both enzymes. Disorders resulting
from B-subunit gene mutations include
Sandhoff disease (the prototype B-sub-
unit disorder) and its variants. These
are discussed elsewhere.!

Knowledge of the subunit structure
and partial amino acid sequence of these
enzymes made immunologic and molecu-
lar methods applicable first to the iso-
lation and cloning of the a-subunit
¢DNA,* and subsequently to the char-
acterization of the entire genomic a-sub-
unit nucleotide sequence.® This gene
spans approximately 35000 base pairs
(35 kilobases), contains 14 exons, and
hasboth 5' regulatory elements (TATA)
and 3' untranslated regions. There is
extensive homology (>>60%) with the B-
subunit gene on chromosome 5, strongly
suggesting that both are derived froma
common ancestral gene.%®

Southern blotting and polymerase
chain reaction-linked techniques (single

strand confirmational polymorphisms,® -

denaturing gradient gel electrophore-
sis,% and chemical mismatch cleavage®)
have been used to identify 53 different
mutations in the a-subunit gene to date,
spanning all 14 exons and including all
classes of mutations (Table 3). Included
in this compilation, but not listed in
Tables 4 or 5, are two mutations,
Arg247Trp% and Arg249Trp,# that have
been identified in association with the
pseudodeficient state. ‘

Table 4.—Mutations Associated With Later-Onset Forms of Hexosaminidase-A-Defigig

Gangliosidoses*

Form of Disease Mutation Ethnic Group —

“B; Variant”

(late infantile or juvenile onset) Arg178 — His Portuguese, European
Arg178 — Cys Czech
5 other mutations reported Diverse other ?
Juvenile GM. Argd99 — His Scotch, trish t
Arg504 — His Assyrian, Armenian :
Gly250 — Asp Lebanese |
Chronic or aduit GM, Gly269 - Ser Ashkenazi Jewish, diverse othe, )
Lys197 -» Thr Dutch

*identifled in both homozygous and compound heterozygous states. Arg indicates arginine; His, histidine Cye
cystine; Gly, glycine; Asp, aspartic acid; Ser, serine; Lys, lysine; and Thr, threonine. el

Specific mutations associated with
later clinical onset forms of GM, gan-
gliosidosis, including the B,, juvenile,
and adult variants, have been defined,
usually in compound heterozygosity with
one of the more common infantile alleles
(Table 4). The great majority of these
mutations have been detected in single
families (private mutations) or in only a
small number of patients where consan-
guinity or a high level of inbreeding is
evident in the parents. '

Similarly, among infants with the clas-
sical TSD phenotype (infantile onset), a
wide variety of individual mutations
have been delineated (Table 5). Nearly
40 different mutations, occurring in pa-
tients of widely diverse races and ethnic
origins, are associated with infantile
TSD.% Again, as with the later-onset
forms of the disease, most of these al-
terations have been identified in single
individuals or in very few cases. There
are, however, several important and
noteworthy exceptions when mutations
are quantified on a subpopulation basis.

Mutation Analysis Among Jews
and Non-Jews

In the Ashkenazi Jewish population
of North America, three specific muta-
tions (two associated with infantile dis-
ease and one with the adult onset form)
account for between 92% and 98% of all
mutant alleles.’%¢” These are the first
three mutationslisted in Table 6. Among
enzymatically defined unrelated Jewish
heterozygotes identified by screening,
3% are carriers for the adult-onset
mutation, Gly269Ser, and 2% are car-
riers for a pseudodeficient mutation,
Arg24?Trp. Two other rare disease-re-
lated mutations have been found in these
Jewish carriers, and about 5% carry mu-
tations not identified by this six-muta-
tion assessment.

When the same six mutations are:
evaluated in non-Jewish individuals iden-
tified as carriers by the enzymatic sereen-
ing test, an entirely different distribu-
tion of mutations is found (Table 6). Here,
only about 60% of the mutations carried
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the non-Jewish parents (obligates) ofi::

fants with TSD, a large number of othe,
mutations (different from the Jewigh ob-
ligate carriers) are involved (as listed iy, |
Table 5). Only a small fraction (8%) o
non-Jewish heterozygotes carry the my.
tation (+TATC 1278) most commonly
found inJewish carriers. The second mogt
frequent Jewish allele (+1 IVS 12), aly
associated with infantile disease, has not
been found as yet in any of more than 20¢
non-Jewish carriers examined. The adut.
onset mutation, Gly269Ser, is found iy
5% of non-Jewish carriers, slightly more
common than the frequency among Jew-
ish carriers.

The most frequent disease-related
identifiable mutation among non-Jews
(predominantly in California) is the splice
site alteration +1 IVS 9. This aceounts
for about 10% of the mutations in.this |
group and is a mutation that has been
particularly associated with individuals
of Celtic and French origins.®® It is also
one of the alleles that seems to have been
introduced to both Pennsylvania Dutch
and Cajun communities in the past, as
studies of infants with TSD in these popu- ¢
lation isolates have revealed.”*™

Of particular relevance to screening,
the single most common mutation (32%)
discovered among non-Jewish carriers

by these individuals are identified. Ay 1

(nonobligates) is a pseudodeficiency mu- ¢

tation, Arg247Trp. A second recently
described pseudodeficient alteration,
Arg249Trp® was also found in about
4% of these individuals. Thus, while only
about 2% of screening-identified TSD
Jewish carriers are found to have a be-
nign pseudodeficient mutation, these ak
terations account for approximately 36%
of non-Jewish carriers. The implications
of these findings are critical for genetic
counseling and for possible prenatal di
agnostic testing and interpretation.
Clearly, DNA-based mutation analy-
sisisindicated in all at-risk couples (Jew-
ish and non-Jewish) identified by the
HEX A screening test. While it would
be impractical (and prohibitively expe™
sive) to conduct population screening by
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le 5.—Mutations Associated With Tay-Sachs

abl
. pisease (infantile Hexosaminidase-A-Deficient
- gM, Gangliosidosis)*

5 Mutation Ethnic Group
7,s-k|l0b1539 deletion, French Canadian
“gxon
*10 1vs 12(G— C) Ashkenazi Jewish

' 4 TATC 1276% Ashkenazi Jewish, Cajun,

many others
+11VS 9 (G- At Celtic, French, Cajun,
L Pennsylvania Dutch
{8 7(G—AorC)  French Canadian
: 304 or 305 Moroccan Jewish
L1 IVS4(G-T) American black

B ———————————a
4 #These and 30 additional independent mutations re-

oted in diverse worldwide ethnic groups as of March

1993.
tidentified inhomozygous and in compound heterozy-
gous states.

mutation analysis for all 58 currently
mownmutations, it is essential that once
identified as a carrier by gene-product
testing (ie, reduced HEX A levels), in-
dividuals should undergo follow-up eth-
nie-specific DN A testing and pseudode-
ficiency mutations should be ruled out.
Certainly, this is indicated in all non-
Jewish enzyme-defined carriers before
genetic counseling is provided and, at
minimum, in both members of all Jewish

‘couples where both partners appear to

be carriers. These studies should be con-

ducted on carriers before prenatal test-
ing is performed, in order to delineate

the nature of the disorder for which they
might be at risk and to obviate any fetal
testing if either parent carries a
pseudodeficient mutation (and therefore
isnot at risk for any neurologically sig-
nificant disorder in their offspring). Cur-

_rently, in its initial stages, laboratory

charges for DNA mutation analysis
range from approximately $150 to $200
per person tested. However, with an-
ticipated developments in technology
and automation, it is likely that these
costs can be reduced.

{ Further mutationsin the HEX A gene

(as well as additional pseudodeficiency
aterations) are expected to be discov-
¢red in the future. For this and the afore-
mentioned reasons, initial screening
should be at the gene product level (e,
enzyme, protein, mRNA, etc). This ap-
Proach should identify the vast majority
ofall mutations with few false-negatives
and avoid the problems of the exquisite
Specificity and reduced sensitivity as-
Sociated with DNA-based mutation-spe-
tfic analyses. Optimally, both methods
tmployed in sequence as described, re-

Sult in the most efficient and compre-

hensive use of the technology.

Population Frequencies
and Implications

“'Baged on testing data derived from
the experience of the California TSD Pre-
Vention Program since 1978, it is possible
% caleulate the relative carrier frequen-
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Table 6.—Distribution of Hexosaminidase-A a-Subunit Mutations in Jewish and Non-Jewish Unrelated

Heterozygotes*
Jewish Non-Jewish
[ 1 l— L
Obligate, % Screening, % Obligate, % Screening, %
Mutation (n=47) (n=239) (n=22) (n=187)

+ TATC 1278 81 80 32 8
+1 VS 12 15 9 0 0
Gly269Ser 2 3 0 5
Arg247Trp 0 2 0 32
Arg249Tp 0 0 0 4
+11VS 9 0 0 14 10
Other (various) 0 1 4 2
None ldentified 2 5 50 39
Total 100 100 100 100

*Enzymatically defined, California Tay-Sachs Disease Prevention Program.

cies and predicted TSD incidence in both
Jewish and non-Jewish populations (at
least as represented by those in Califor-
nia). Since this program is one of the few
in the world where major activities in
outreach, community-based testings are
still maintained, there is a sizable expe-
rience with non-Jewish persons who elect
to be tested. Primarily, this is accom-
plished through annual testings on ap-
proximately 20 college and university
campuses throughout the state. Testing
is available to anyone who wishes this
information, and although directed pri-
marily toward Jewish students, many
non-Jews choose to be screened. In ad-
dition, through completed self-adminis-
tered questionnaires on each person
tested, all individuals with family mem-
bers known to have TSD or with blood
relatives who have been found to be car-
riers can be excluded from such caleula-
tions, If included, such individuals would
skew the carrier rates and disease inci-
dence figures significantly.

With more than 91000 Jewish and
81000 non-Jewish persons tested, ap-
parent carrier rates (based on serum
and/or leukocyte HEX A levels) of one
in 30 (0.033) among Jews and one in 167
(0.006) among non-Jews are observed
(Table 7). Importantly, as described in
the preceding section, molecular stud-
ies indicate that some of these individu-
als are heterozygotes for later-onset dis-
orders, and even more critically, others
carry pseudodeficient mutations. When
corrections are made for the observed
pseudodeficiency allele frequencies in

.each population, and when reasonable

estimates are applied for mutations caus-

-ing nonjnfantile diseases, substantial

changes in the apparent frequencies re-
sult. While the adjusted carrier rate for
Jewish individuals becomes one in 31,
the frequency of disease-related carri-
ers among non-Jews becomes one in 277,
These adjusted carrier rates predict in-
cidences of infantile TSD in these popu-
lations that are in close agreement with
observed incidence data.

The impact of TSD carrier detection
and the provision for selective repro-
duction in at-risk couples has led to ques-
tions as to the possible influence such
efforts might have on the gene frequency
for TSD mutations in the Jewish and
general populations. Wouldn’t the ad-
ditional births from carrier-carrier
couples of offspring unaffected by TSD
(each of whom would have a two-thirds
risk of being a carrier) dramatically in-
crease the disease gene frequency? In
fact, such a program does not increase
the gene frequency at all. Since the vast
majority of autosomal recessive traits
are passed from one generation to the
next through carrier-noncarrier matings, =
it is clear that the impact on overall
gene frequency is minimal. Actually, the
long-term effect of such a program is to
reduce slightly the rate at which the
gene would otherwise be expected to be
lost from the population.®

Why Is TSD Iin the Jewish
Population?

The relatively high frequencies of
three different mutations associated with
HEX A a-subunit deficiency in the Ash-
kenazi Jewish population and the per-
sistence of the same and additional
a-subunit alterations in other diverse
non-Jewish populations raises the ques-
tion as to the genetic rationale for the
retention or maintenance of these del-
eterious or lethal alleles in these popu-
lations. Two major arguments have been
proposed (which, in fact, may not be
mutually exclusive). Some contend that
founder effect (the chance occurrence of
a carrier being one of a small ancestral
group of a rapidly expanding popula-
tion) and genetic drift (random fluctua-
tions in gene frequencies in small popu-
lations) could account for this observa-
tion.™™ Alternatively, others argue that
some selective environmental factor may
confer (or has conferred) a biologic ad-
vantage (increased fitness) on heterozy-
gotes carrying these mutations.” The
suggestion has been made that relative
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Table 7.—Carrier Frequencies of Hexosamin-
idase-A a-Subunit Mutations in Jewish and Non-
Jewish Populations*

Jowish Non-Jewish
Total tested 91 217 81846
Carrier rate
0.033 0.006
Observed (1/30) (1/167)
0.032 0.0036
Correctedt (1/31) (1/277)
Predicted TSD birth 0.0002 0.000003
incidences (1/4100) (1/340 000)

*California Tay-Sachs Disease (TSD) Prevention Pro-
gram data only.

TCorrected for pseudodeficiency allele frequencies.

$Noninfantile mutations: 5% in Jewish, 10% in non-
Jowish (estimates).

resistance to certain pulmonary diseases,
particularly tuberculosis, might have
been the selective force, which could
have been operative for many centuries
in Eastern and Central Europe where
the Ashkenazi Jews lived, often under
extremely demanding environmental
conditions.%"

The observed increase in incidence of
three other genetically distinct lysoso-
mallipid storage disorders, Gaucher dis-
ease, Niemann-Pick disease, and mu-
colipidosis type IV, in this same popu-
lation (possibly resulting in similar ben-
efits to heterozygotes for these
autosomal recessive mutations) lends
weight to this hypothesis.”™™ It is in-
triguing to speculate that some subtle
(as yet undetermined) alteration in cell
membrane sphingolipid composition or
distribution, the result of diminished ly-
sosomal hydrolase activity in the het-
erozygote, could affect cellular responses
and/or other host defense mechanisms
that could in turn lead to reduced sus-
ceptibility to pathogens like myeobac-
terium tuberculosis. Further research
is needed to explore this hypothesis.

CONCLUSIONS

This article reports the international
experience with TSD heterozygote
screening and prenatal diagnosis from 1970
to 1998. It represents a prototypic effort
in the coordination of adult public educa-
tion, voluntary carrier testing, and com-
prehensive genetic counseling directed to
the prospective prevention of an untreat-
able and uniformly fatal childhood disease.
Clearly, the data provided indicate that
such an effort, carefully organized, can
have a dramatic impact on disease inci-
dence. The principles of organization and
delivery of this program can serve (and
already have done so) as a model for simi-
lar efforts directed to different subpopu-
lations for the control of other serious
recessively inherited disorders.

It should be emphasized, however, that

programs such as this, which achieve re-

duction of disease incidence by the pre-

vention of births of affected infants
through alternative reproductive mecha-
nisms or by elective abortion of affected
fetuses, represent a less-than-ideal
method of disease control. Assuredly, a
simple, relatively inexpensive, and highly
effective therapy (or even a “cure”) would
provide, at least ethically, a more ap-
pealing intervention. For this reason, pre-
vention programs like the TSD effort
should be seen as interim approaches and
should not curtail continued research di-
rected toward the effective therapy or
cure of such disorders.

Having stated that, a note of realism
is also necessary. Numerous approaches
to the effective treatment of TSD and
other GM; storage disorders, including
purified enzyme replacement, cellular
infusions, and even bone marrow trans-
plantation, have proven uniformly un-
successful in patients with these condi-
tions.! As the disease process begins in
early fetal life, it may be necessary to
initiate therapies in utero if they are to
be effective. The blood-brain barrier,
once matured, seems a formidable block-
ade to both enzymatic and/or cellular
replacement. Even if purified targeted
enzyme or enzymatically normal cellu-
lar elements could be introduced in the
central nervous system, are neurons (the
primary target cells of the disease pro-
cess) capable of receptor-mediated en-
docytosis? Will the affected individual’s
immune system “reject” the introduced
or newly produced enzyme because it
might be seen as a foreign antigen?

Clearly, major future breakthroughs
will be necessary before realistic pros-
pects for treatments or cures of these
disorders are at hand. Accordingly, un-
til such achievements are accomplished,
carrier screening and genetic counsel-
ing (with the option of prenatal diagno-
sis) are likely to continue for the fore-
seeable future as mainstays in the pre-
ventive management of these disorders.

Participants in the International TSD Data
Collection Network include the following: United

States: H. Harrison, Scottsdale, Ariz; M. Bocian, Ir-

vine, Calif; H. Bass, Los Angeles, Calif; A, Fujimoto,
Los Angeles, Calif; D. Rimoin, Los Angeles, Calif; R.
Sparkes, Los Angeles, Calif; J. Williams, Los Ange-
les, Calif; R. Bachman, Oakland, Calif; J. Johnson,
Oakland, Calif; A. Grix, Sacramento, Calif; M. Lip-
son, Sacramento, Calif; B. Blumberg, San Francisco,
Calif; M. Golbus, San Francisco, Calif; J. Mann, San
Jose, Calif; G. Feldman, Santa Barbara, Calif; J.
Kabori, Stanford, Calif;, S. Goodman, Denver, Colo;
U. Jain, Hartford, Conn; D. Borgaonkar, Newark,
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