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Genotype/phenotype correlation in 325 individuals
referred for a diagnosis of tuberous sclerosis
complex in the United States
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Tuberous sclerosis complex is an autosomal dominant neurocutaneous disorder marked by hamartoma growth in
multiple organ systems. We performed mutational analyses on 325 individuals with definite tuberous sclerosis
complex diagnostic status. We identified mutations in 72% (199/257) of de novo and 77% (53/68) of familial
cases, with 17% of mutations in the TSC1 gene and 50% in the TSC2 gene. There were 4% unclassified variants and
29% with no mutation identified. Genotype/phenotype analyses of all observed tuberous sclerosis complex findings in
probands were performed, including several clinical features not analyzed in two previous large studies. We showed that
patients with TSC2 mutations have significantly more hypomelanotic macules and learning disability in contrast to those
with TSC1 mutations, findings not noted in previous studies. We also observed results consistent with two similar
studies suggesting that individuals with mutations in TSC2 have more severe symptoms. On performing meta-analyses
of our data and the other two largest studies in the literature, we found significant correlations for several features that
individual studies did not have sufficient power to conclude. Male patients showed more frequent neurologic and eye
symptoms, renal cysts, and ungual fibromas. Correlating genotypes with phenotypes should facilitate the disease
management of tuberous sclerosis complex. Genet Med 2007:9(2):88-100.
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Tuberous sclerosis complex (TSC) is an autosomal domi-
nant condition affecting multiple organ systems. The inci-
dence is estimated between 1 per 6000 live births and 1 per
25,000; approximately two-thirds of cases are de novo (Online
Mendelian Inheritance in Man 191100).! The clinical diagno-
sis of TSC relies on familiarity with the published diagnostic
criteria.>? Two genes have been identified as causative for TSC.
The TSC2 gene, located on chromosome 16p13.3, codes for
tuberin, named for its association with TSC. This gene has 41
exons distributed over approximately 40 kb of genomic DNA.
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It has alternative splice sites at two exons (25 and 31) to create
isoforms.*> Tuberin has a calculated molecular weight of ap-
proximately 200 kD coding from a transcript of approximately
5.5 kb. The TSC1I gene was discovered a decade after the initial
report of linkage (Online Mendelian Inheritance in Man
191100). In contrast with the TSC2 gene, the TSC1 gene has 23
exons extending over approximately 55 kb of genomic DNA on
chromosome 9q34.3. The TSCI gene product is coded from
exons 3 to 23. Noncoding sequences include exons 1 and 2, and
a 4.5-kb 3’ untranslated region. The protein product of the
TSCI gene (hamartin) has an estimated molecular weight of
130 kD coding from an 8.6-kb mRNA transcript. To date,
more than 680 disease-causing mutations have been identified
in either the TSCI or TSC2 genes.” Approximately 70% to 80%
of individuals who meet definite diagnostic criteria have a small
identifiable TSCI or TSC2 gene mutation. The remaining in-
dividuals probably have large gene deletions, somatic mosaic
mutations, and mutations in unanalyzed gene noncoding re-
gions, rather than an additional TSC gene locus.

Of interest is whether the phenotypic presentation of TSC dif-
fers by whether the disease results from mutations in TSCI or
TSC2. Early studies reporting genotype/phenotype correlations
did not find evidence for phenotypic differences between patients
with TSCI mutations and patients with no mutation identified
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(NMI) or patients with TSCI versus TSC2 mutations.®® These
studies, however, tended to have smaller sample sizes. Larger
studies found that a more severe phenotype was associated with
TSC2 mutations. Jones et al.!%!! noted an increased prevalence of
mental retardation (MR) with TSC2 mutations. Likewise, Lewis et
al.!2 found increased MR, autistic disorder, and infantile spasms
with TSC2 mutations. The two largest studies published to date
found multiple clinical findings more frequent in individuals with
TSC2 mutations.'>!* Dabora et al.!*> observed more frequent
seizures, moderate and severe MR, central nervous system tu-
mors, retinal hamartomas, angiomyolipomas (AMLs), and fa-
cial angiofibromas with TSC2 mutations. Sancak et al.'* con-
firmed some of these observations when they reported an
increased prevalence of MR, AMLs, retinal phakomas, and ret-
inal depigmentations with TSC2 mutations. They reported an
equal prevalence of seizures and subcortical tubers with TSC1
and TSC2 mutations. All of these studies primarily included
patients with de novo TSC and index patients with familial
TSC in their analyses.

In this study, we performed mutational analysis for the
TSCI and TSC2 genes on 368 randomly ascertained index cases
and compared this with the major and minor diagnostic fea-
tures and neurobehavioral features to describe the genotype/
phenotype association in TSC. As in the previous two largest
studies,'>!4 the majority of our patients have a mutation in the
TSC2 gene. We found that these patients generally have a more
severe disease phenotype than those with TSCI mutations.
Our study confirms reported findings and extends the geno-
type/phenotype associations to the neurobehavioral features.
We also compared mutation type (protein truncation [PT] vs.
missense [MS]) with phenotypic features, as well as phenotypic
features in de novo patients with those observed in familial
probands. These latter comparisons were made to determine
whether there is additional prognostic information that can be
provided to families based on genetic test results or mode of
inheritance.

MATERIALS AND METHODS

Patients

Patients with a diagnosis of TSC were enrolled between 1987
and 2004 with informed consents approved by the institutional
review boards at The University of Texas Health Science Cen-
ter at Houston and The University of Texas Southwestern
Medical School—Texas Scottish Rite Hospital. The goal for
enrolling was to identify the genetic cause of TSC in these pa-
tients. Patients enrolled between 1987 and 1999 were evaluated
by Dr. Northrup or collaborators in the Texas Scottish Rite
Hospital using criteria set up between the groups. All observ-
able clinical features were recorded, including but not limited
to known diagnostic features. Patients enrolled between 2000
and 2004 were requested to provide TSC features in a stan-
dardized form designed in our laboratory combining diagnos-
tic features we observed and those suggested by Roach et al.??
Our study also included samples of several TSC families from
the Coriell Cell Repository (TSC families 650, 748, 920, 921,
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1036, 2149, 2150, 2500, 2501, and 2502). Patients were charac-
terized according to Roach et al.? as having a definite, probable,
or possible diagnosis of TSC. For familial TSC cases enrolled
between 1987 and 1999, we included as many affected and
unaffected family members as possible, but only the index pa-
tients from families with multiple affected members were used
for phenotypic analyses.

Mutation screening

DNA was extracted from peripheral blood lymphocytes using a
standard phenol/chloroform extraction method for patient sam-
ples collected through 1999 and using Puregene DNA extraction
kits (Gentra Systems Inc., Minneapolis, MN) for patient samples
collected between 2000 and 2004. Mutational analysis was per-
formed on samples collected before 2000 using a combination of
single-strand conformational analysis (SSCA) and direct sequen-
cing when variants were identified. Pre-2000 samples with NMI
and samples collected during and after 2000 were tested using
direct sequencing. SSCA was performed as described previously.!>1¢
Direct sequencing was performed for all coding exons of the TSC]
and TSC2 genes following the ABI BigDye Terminator (Applied
Biosystems, Foster City, CA) sequencing protocol. Patient DNA
sequences were compared with RefSeq sequences of TSCI
(NM_000368) and TSC2 (NM_000548) from the GenBank. A
nucleotide change was considered pathogenic when it (1) was a
confirmed recurring mutation by independent groups; (2) re-
sulted in PT; (3) was not observed in either parent and paternity
was confirmed; and (4) was proved by functional assays. A nucle-
otide was considered a polymorphism when it was (1) present in
the DNA of an unaffected parent, (2) previously reported in the
literature as a polymorphic variant, or (3) present in addition to a
definite disease-causing variant. A nucleotide change was consid-
ered a variant of unknown significance (or unclassifiable variant)
when it was novel and parents were unavailable for study.

Statistical analysis

The TSC disease features for the following groups were com-
pared: (1) gene loci mutated TSCI versus TSC2 versus NMI;
(2) MS versus PT, TSC2 MS versus TSCI1 and TSC2 PT to-
gether, and TSC2 MS versus TSC2 PT; (3) familial versus de
novo (familial probands only vs. de novo; all familial patients
vs. de novo); and (4) NMI versus different mutation groups.
We analyzed our patient clinical findings by grouping our pa-
tients according to gender, familial or de novo, mutation in
TSC1, TSC2, or NMI, and MS or PT mutation. Because pa-
tients came from different sources and may not have all diag-
nostic criteria assessed, the numbers for each analysis varied.
We used information from patients with a definite diagnosis
for our statistical analyses. Significance testing was by chi-
square analyses and the Fisher exact test. To compare our data-
set with those reported by Dabora etal.!? and Sancak et al.,'* we
performed meta-analyses on individual and combined data of
the TSC features reported. Odds ratios and 95% confidence
intervals were calculated to quantify differences between the
groups. Alpha was set at 0.05 for significance testing.
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RESULTS

Patients’ characteristics

Subjects were identified from 368 unrelated families who
were enrolled in our research protocol between 1987 and 2004
through three primary sources: the Medical Genetics Clinics of
The University of Texas Medical School at Houston, Texas
(n = 129); the Texas Scottish Rite Hospital for Children, Dal-
las, Texas (n = 118); and referrals from the Tuberous Sclerosis
Alliance (n = 121). A total of 506 affected individuals (297 de
novo and 209 familial cases) were included in the mutation
screening process. For each affected individual, we collected
phenotype data on the major and minor diagnostic criteria for
TSC and neurobehavioral features. The majority of patients
(88%) were confirmed to meet the criteria for definite
diagnosis.?> Clinical information was not available for every
feature of TSC on every participant. Approximately 8% of pa-
tients (n = 29) did not meet the clinical criteria for definite
diagnosis but had clinical findings meeting criteria for either a
probable or possible diagnosis. Some patients were referred and
enrolled in the mutation screening process without sending

sufficient clinical information to determine diagnostic status
(n = 14). Patients who did not meet TSC diagnostic criteria or
who had no clinical information were not included in the phe-
notype analysis. We have, however, included them in the de-
scription of the mutations. As previously suggested, there is no
gender, age, or ethnic preference for either TSC gene mutated.
The median age of evaluation for all index patients was 10
years, and the average age was 12.4 years (age range 0—64
years). Our distribution was skewed, and approximately 51%
of all patients were evaluated at or less than 10 years of age.
Female index patients accounted for 54.6% of subjects (196/
359). Table 1 details the demographic characteristics of our
study population. A total of 299 patients have ethnic informa-
tion, and 220 (73.6%) are non-Hispanic white. The remaining
26.4% include Hispanic (14.1%), African American (7.1%),
Asian American (4.3%), and Native American (0.9%). As ex-
pected, patients with a definite TSC diagnosis were more likely
to have a mutation identified (72%, 234/325) than patients with
possible (5%; 1/21) and probable (13%; 1/8) diagnoses or no diag-
nostic information (50%; 7/14). Among patients with a definite

Demographic study characteristi:;aobe;G; individuals included in the study
Total TSC1 TSC2 P value” De novo Familial P value®
Gender
Male 163 28 93 .6520 131 32 .8190
Female 196 32 84 158 38
Unknown 9 1 5 8 1
Age group
0-5y 131 20 67 .3880 111 20 7430
6-10y 45 8 23 36 9
11-16y 54 12 23 43 11
16-25y 55 7 38 42 13
25+y 46 9 17 35 11
Unknown 37 5 14 30 7
Race
Non-Hispanic White 220 41 115 .5000 170 50 .5210
Other 79 11 40 64 15
Unknown 69 9 27 63 6
Diagnostic criteria
Possible 21 0 1 7140 21 0 .0610
Probable 8 0 1 6 2
Definite 325 59 175 257 68
No information 14 2 5 13 1
Inheritance
De novo 297 36 154 .0002
Familial/mosaic 71 25 28

“Significance of a chi-square test comparing distributions between TSC1 and TSC2. *Significance of a chi-square test comparing distributions between de novo and

familial probands.
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diagnosis, identification of a mutation for patients with familial
TSC is higher (77%; 52/68) than for patients with de novo TSC
(71%; 182/257), but this is not statistically significant.

Mutation analysis

We identified small pathogenic mutations for 243 families
and variants of unknown significance for 17 families lacking
one or both parents for verification. Two families with large
deletions in the TSC2 gene were identified among samples en-
rolled between 1987 and 1999 who were tested with Southern
blot analyses. No small mutation could be identified for 108
patients (29.3%). Among 71 TSC families with multiple af-
fected individuals, 25 (35.2%) have mutations in TSCI and 28
(39.4%) have mutations in TSC2 resulting in a TSCI:TSC2
ratio of 1:1.1. Thirty-six of 297 patients (12.1%) with de novo
TSC have mutations in TSCI and 154 patients (51.9%) have
mutations in TSC2, resulting in a TSCI:TSC2 ratio of approx-
imately 1:4. The TSCI1:TSC2 mutation ratios for familial cases
is significantly different from the de novo cases (P = .0002).

Almost all mutations identified in TSCI are predicted to
cause PT (98.4%; 60/61), except one patient who has a MS
mutation in exon 9 that is confirmed to be de novo (Table 2).
Approximately 67% of TSC2 gene mutations are predicted to
cause PT, and 32% are MS mutations confirmed as noted in
the “Materials and Methods” section.

In this study we observed the largest exon of TSCI (exon 15)
and exon 16 of TSC2 to individually account for the highest
percentage of mutations identified, with each contributing ap-
proximately 7% (17/243). The largest exon of TSC2 gene (exon
33) accounted for only 4% (10/243) of all mutations. Approx-
imately 12.3% of the mutations reside within the GAP domain
of tuberin that spans exons 36 to 40 of the TSC2 gene. Approx-
imately half of the GAP domain mutations are MS or in-frame
deletion mutations. We also calculated mutation frequency
per nucleotide for all coding exons and found that exon 16,
with a rate of 0.13 mutations per nucleotide, had the highest
rate, followed by rates of 0.09 for exon 40 and 0.07 for exon 23
of TSC2. Exons 3, 26, 30, 34, 35, and 39 of TSC2 and exons 8

Table 2
Description of the types of mutations detected
TSC1 TSC2
N % N %
Missense 1 1.6 58 31.9
Nonsense 21 34.4 39 21.4
Deletion 28 45.9 35 19.2
Insertion 7 11.5 20 11.0
Deletion/insertion 0 0.0 2 1.1
Splice alternative 2 3.3 11 6.0
Splice deletion 2 3.3 14 7.7
Large gene deletion 0 0.0 3 1.7
Total 61 100.0 182 100.0
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and 10 of TSCI have mutation frequencies of approximately
0.05 per nucleotide. We did not find any mutations in coding
exons 3, 4,7, 12, 22, and 23 of the TSCI gene or mutations in
exons 6, 25, or 31 of the TSC2 gene.

The single most common site for mutation, accounting for
6.2% of the total in this study, was exon 16 on codon R611 of
TSC2 gene with R611W (¢.1831C>T) found in 10 cases and
R611Q (c.1832G>A) in 5 cases. A common in-frame deletion

Table 3
Tuberous sclerosis complex phenotypic characteristics for patients
in this study

Phenotypic features Abbreviation +/— N %
Skin features
Hypomelanotic macules HM 286/35 321  89.1
Confetti skin lesions CON 51/37 88 58.0
Facial angiofibromas FA 1917127 318 60.1
Ungual fibromas UF 72/226 298 242
Shagreen patches SP 118/185 303  38.9

Fibrous forehead plaques FFP 71/206 277  25.6

Neurologic features

Cortical tubers Tub 220/42 262 84.0

Subependymal nodules SEN 231/46 277 83.4

Subependymal giant cell SEGA 45/205 250 18.0
astrocytoma

Cerebral white matter CRML 9/23 32 281

radial migration lines

Mental retardation MR 112/129 241  46.5
Learning difficulty with IQ >70 LD 139/44 183 76.0
Infantile spasms IS 52/107 159  32.7
Seizures SZ 243/82 325 748
Behavioral problems Beh 39/27 66  59.1

Renal features
Renal AMLs RA 109/125 234  46.6
Renal cysts RC 60/182 242 24.8
Cardiac features
Cardiac rhabdomyomas CRM 114/133 247  46.2

Other features

Retinal achromic patches AP 16/177 193 8.3
Retinal phakomata or RH 64/145 209  30.6
hamartomas
Dental enamel pits DEP 30/51 81 37.0
Gingival fibromas GF 15/64 79 19.0
Rectal polyps RP 4/36 40 10.0
Nonrenal hamartoma Ham 11/40 51 216
Bone cysts BC 5/42 47  10.6

1Q, intelligence quotient; AML, angiomyolipoma.
+ = number of patients with positive findings; — = number of patients with
negative findings. N = total number of patients with clinical features reported.
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involving amino acids 1746_1751 (HIKRLR; ¢.5238_5255del)
in exon 40 of TSC2 gene reported by others is seen in five
independent families (2.1%) in this study.

Overall clinical features observed

The overall frequencies of observed clinical features for all
patients with TSC in our study are consistent with previous
observations (Table 3). Table 3 lists all abbreviations for phe-
notypic features used throughout the rest of the article. We also
observed some features that were not reported in the two pre-
vious studies:!>14 confetti skin lesions (58%), cerebral white
matter radial migration lines (28%), rectal polyps (10%), and
bone cysts (11%). In addition, our study showed many features
with frequencies lower than in the two previous studies (FA,
SP, FFP, AP, Tub, SEN, MR, SZ, DEP, and GF).

Phenotype comparisons

For phenotype comparison, we have clinical information
collected on 325 definite, 8 probable, and 21 possible diagnosed
TSC index patients. We compared phenotypes of these pa-
tients by gender and their mutations (Tables 4 and 5). Of the 14
patients with no clinical information available, we identified
pathogenic mutations predicted to cause premature protein
termination for seven. Two mutations were found in TSCI
gene (c.231_232delTC and c.1669 delC), and five were
found in TSC2 gene (¢.226 -2A>G, ¢.268C>T, ¢.1513C>T,
c.4971delC and ¢.5259 + 1 delG). A mutation was identified in
DNA from a fetus with a cardiac rhabdomyoma classified as
having a possible diagnosis (c.4115_4116delTG). Another pa-
tient with a probable TSC diagnosis at 1 month of age with
cortical tubers and retinal achromic patches was found to have
the ¢.1832G>A mutation.

Male versus female patients

We compared male patients (163) with female patients
(196) in our cohort to identify whether TSC features differ
between genders. The median age for male patients (8 years) is
not significantly different from that of the female patients (10.6
years) (P = .6438). The average ages are 11.1 and 12.8 years for
male and female patients, respectively. There are no significant
differences in diagnostic criteria (P = .0521), ratio of TSCI to
TSC2 mutated (P = .3508), or mode of inheritance (P = .3700)
between genders. Overall, our male patients exhibited signifi-
cantly more neurologic findings of cortical tubers (89.7% vs.
78.9%), SEN (88.9% vs. 78.4%), MR (52.8% vs. 40.0%), and
SZ (82.6% vs. 66.9%) than the female patients (Tables 4 and 5).
In addition, male patients also showed a nonsignificant in-
crease of retinal phakoma compared with female patients.

Familial versus de novo patients

To investigate the phenotypic effects of mutation between
the TSC1I gene and the TSC2 gene, TSC features for 70 familial
index patients and 297 de novo patients were analyzed accord-
ing to the modes of inheritance and effects of gene mutated.
The median age was 10.5 years for familial index patients and 9
years for de novo patients with average ages of 13.4 and 11.8
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years, respectively. Comparison of the disease features of these
two groups indicated that familial patients exhibit significantly
less frequent SEN, RA, and RC, but more frequent HM. Fre-
quencies of other disease features do not show any significant
differences. We also noted that familial patients have a signif-
icantly higher proportion of TSCI gene mutations than TSC2
gene mutations compared with de novo patients (P < .001).
Familial patients were significantly more likely (P <.001) than
de novo patients to have a definite diagnosis, with the de novo
patients more likely to be in the possible or probable diagnostic
categories.

Because the percentage of de novo patients with a definite
diagnosis was significantly less than that of familial patients, we
further restricted our analysis to patients with mutations iden-
tified in the TSCI or TSC2 genes to account for the effect of
diagnostic category (P = .5932). A total of 52 familial and 182
de novo index patients were included in this analysis. The me-
dian ages were 11 and 9.25 years for familial and de novo pa-
tient groups with average ages of 13.5 and 11 years, respectively
(P = .7237). After the removal of any effect of diagnostic cat-
egory, two disease features (SEN and RA) remained higher in
de novo patients. Two disease features (RH and MR) reached
significance in patients with de novo TSC.

Gene mutation effect on tuberous sclerosis complex features

We examined the effect of gene mutation on TSC disease
features by comparing patients with a definite diagnosis, in-
cluding 59 patients with TSCI mutations and 177 patients with
TSC2 mutations. The median ages were 10.67 and 9 years (P =
.8509), and the average ages were 12.5 and 11.2 years, respec-
tively. A significant difference in the ratio of MS mutation ver-
sus PT mutation type between TSCI and TSC2 was observed
(P < .001). Patients with TSC2 mutations had significantly
higher frequencies of SEN, MR, LD, HM, FA, FFP, RA, RC, and
RH. A trend of a higher frequency of behavioral problems as-
sociated with TSCI mutation was observed (P = .0570).

To determine whether gene mutation (TSCI versus TSC2)
showed different effects in familial TSC cases, TSC disease fea-
tures from a total of 52 familial index patients, including 25
patients with mutations in TSCI and 27 patients with muta-
tions in TSC2, were analyzed. The median ages were 12 and 14
years (P = .2252), and the average ages were 15.64 and 15.58
years, respectively. A slightly higher frequency of SEGA, Beh,
Con, UF, SP, AP, DEP, and GF was found in familial index
patients with TSCI mutation, whereas features including Tub,
SEN, CRML, MR, LD, IS, SZ, HM, FA, FFP, RA, RC, Ham, and
retinal tumors were more frequent in familial patients with
TSC2 mutation. However, no features reached significance be-
cause of the small numbers in this analysis.

When comparing de novo case patients only, we analyzed
the disease features of 35 de novo patients with TSCI mutation
compared with 150 de novo patients with TSC2 mutation. The
median ages were 10.3 and 9 years (P = 1.00), and the average
ages were 11.61 and 10.84, respectively. A significant difference
in the ratio of MS versus PT mutation type was observed (P <
.001). The results were similar to the combined familial and de
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Table 4
Observed frequencies of clinical features for p:tli)erelts with tuberous sclerosis complex in this study
Familial Denovo  Familial = De novo TSC1 TSC2 TSC2

Male Female (all) (all) MI MI TSC1 TSC2 PT PT MS NMI MI
TSC2/TSC1 97129 92/36 31/25 163/41 28/25 154/36 0/61 182/0 0/60 123/0 59/0 0/0 182/61
Definite diagnosis (+/—)  150/5 167/15 68/0 257/21 52/0 182/1 59/0 175/1 58/0 117/1 58/0 74/20 234/1
Female/male 0/163 196/0 38/32 158/131 30/22 86/99 32/28 84/93 31/28 54/66 30/27 68/37 116/121
Median age (y) 8 10.625 10.5 9 11 9.25 10.67 9 10.71 10.71 7 9.5 9.5
Average age (y) (SD) 11.1 (11.1) 13.2(12.8) 13.4(13.7) 11.8(9.5) 13.5(14.3) 11.0(8.3) 12.5(12.6) 11.2(8.7) 12.7(12.7) 12.2(9.4) 9.2(8.8) 13.4(13.7) 11.6(9.1)
Features +/— +/— +/— +/— +/— +/— +/— +/— +/— +/— +/— +/— +/=
HM 123/20 157/15 59/2 227/33 43/2 151/12 45/7 149/7 44/7 101/4 48/3 75/21 194/14
CON 20/16 27/20 20/10 31/27 14/8 19/15 14/5 19/18 14/5 11/12 8/6 15/14 33/23
FA 85/57 100/69 37/24 154/103 27/19 102/58 21/32 108/45 21/31 74/27 34/18 50/45 129/77
UF 37/98 32/127 18/40 54/186 14/30 43/107 13/38 44/99 13/37 35/61 9/38 12/76 57/137
SP 56/83 57/101 24/35 94/150 20/24 68/86 22/30 66/80 22/30 46/50 20/30 27/62 88/110
FFP 36/89 33/116 9/39 62/167 7128 51/92 6/39 52/81 6/39 35/54 17/27 9174 58/120
Tub 104/12 112/30 33/10 187/32 27/6 132/15 38/7 121/14 3717 78/9 43/5 49/20 159/21
SEN 112/14 116/32 37/14 194/32 29/10 144/12 35/12 138/10 35/12 94/5 44/5 45/22 173/22
SEGA 24/94 21/110 8/34 37/171 6/26 29/108 5/33 30/101 5/33 20/70 10/31 9/60 35/134
CRML 5/10 4/12 1/5 8/18 1/3 6/7 3/4 4/6 3/4 1/4 3/2 2/12 7/10
MR 57/51 52/78 19/29 93/100 12/24 64/59 9/33 67/50 9/33 46/31 21/19 27/43 76/83
LD 69/18 66/26 30/11 109/33 19/11 74/22 14/13 79/20 13/13 53/10 26/10 36/10 93/33
IS 25/40 27/66 16/26 36/81 12/17 28/48 8/18 32/47 8/18 19/28 13/19 10/40 40/65
SZ 123/26 113/56 46/17 197/65 35/11 137/32 39/15 133/28 38/15 91/17 42/11 56/38 172/43
Beh 21/11 18/16 13/8 26/19 917 22/13 8/1 23/19 7/1 16/10 719 717 31/20
RA 45/61 63/63 9/31 100/94 6/23 68/58 3/33 71/48 3/33 51/29 20/19 25/39 74/81
RC 31/76 28/105 5/38 55/144 5/26 32/97 1/39 36/84 1/39 27/52 9/32 20/47 37/123
CRM 57/61 56/71 21/19 93/114 16/14 71/65 13/21 74/58 13/21 44/40 30/18 23/45 87179
AP 5/84 11/92 5/32 11/145 4/23 9/91 4/34 9/80 4/34 7150 2/30 3/53 13/114
RH 39/68 25/77 10/32 54/113 6/23 49/67 3/26 52/64 3/26 40/40 12/24 9/45 55/90
DEP 10/25 20/25 11/17 19/34 8/14 13/20 6/11 15/23 6/11 10/16 5/7 7/16 21/34
GF 6/28 9/35 3/21 12/43 2/18 9/27 3/14 8/31 3/14 6/20 2/11 3/17 11/45
RP 2/15 2/20 2/9 2/27 2/5 2/14 1/7 3/12 1/7 2/8 1/4 0/16 4/19
Ham 6/15 5/25 1/12 10/28 1/7 7/19 0/7 8/19 0/7 719 1/10 3/14 8/26
BC 3/20 2/22 0/10 5/32 0/7 3/18 1/8 2/17 1/8 1/9 1/8 1/15 3/25

See Table 3 for TSC feature codes. Average age (SD) = average age with standard deviations in bracket. SD, standard deviation; (all) = all patients included; MI,

mutation identified; PT, protein truncation mutation; MS, missense mutation; NMI, no mutation identified. The “+/—" in the “feature” row represents the number
of patients with positive (+) finding over patients with negative (—) finding. Not all listed features are accessed and reported for each patient.

novo index patient analyses. De novo patients with TSC2 mu-
tations showed significantly higher frequencies of SEN, MR,
LD, HM, FA, FFP, RA, RC, and RH than de novo patients with
TSCI mutations. The trend of higher frequency of behavioral
problems associated with TSCI mutation remained.

Mutation type effect

The type of mutations in many single gene disorders affects
disease severity. To evaluate the effect of the type of mutations

February 2007 - Vol. 9 - No. 2

on the presence of TSC features, we compared features of pa-
tients by grouping them into two main categories: mutations
predicted to cause PT (including nonsense, out-of-frame in-
sertion/deletion, and cryptic splice sites) and mutations pre-
dicted to cause amino acid substitution (MS mutation and
in-frame insertion/deletion).

Our analyses showed that patients with TSC2 PT mutation
are more likely to have SEN, MR, LD, RA, RC, HM, FA, FFP,
and retinal tumor compared with patients who have TSC1 PT
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Statistical analyses in comparing clinical phenotyp.ersa(:)fl guggroups of patients with tuberous sclerosis complex
Male TSC1 De novo De novo TSC2PT  TSC2PT  TSC2MS MI NMI TSC2 TSC2PT  TSC2MS
vs. Vs. vs. vs. Vs. vs. vs. vs. vs. vs. vs. vs.

Phenotypes female TSC2 familial (all)  familial (MI)  TSCIPT  TSC2MS  TSCIPT NMI TSC1 NMI NMI NMI
HM 0.139 0.025 0.034 0.489 0.023 0.557 0.194 <0.001 0212 <0.001 <0.001 0.013
CON 0.863 0.108 0.234 0.565 0.089 0.582 0.319 0.525 0.128 0.976 0.780 0.739
FA 0.902 <0.001 0.916 0.532 <0.001 0.311 0.008 0.101 0.129 0.004 0.003 0.135
UF 0.142 0.477 0.173 0.687 0.202 0.035 0.452 0.004 0.079 0.003  <0.001 0.400
Sp 0.456 0.718 0.761 0.878 0.513 0.362 0.813 0.024 0.150 0.024 0.015 0.249
FFP 0.206 0.001 0.230 0.076 0.002 0.939 0.006 <0.001 0.676  <0.001 <0.001 <0.001
Tub 0.020 0.348 0.158 0.197 0.358 0.990 0.460 <0.001 0.099  <0.001 0.003 0.016
SEN 0.020 <0.001 0.021 0.002 <0.001 0.240 0.049 <0.001 0.401  <0.001 <0.001 0.004
SEGA 0.378 0.192 0.846 0.761 0.237 0.784 0.203 0.167 0.987 0.094 0.137 0.128
CRML 0.609 0.906 0.489 0.452 0.408 0.197 0.558 0.101 0.147 0.151 0.764 0.046
MR 0.049 <0.001 0.285 0.048 <0.001 0.453 0.004 0.196 0.060 0.013 0.010 0.156
LD 0.240 0.003 0.636 0.135 <0.001 0.156 0.097 0.551 0.019 0.832 0.435 0.527
IS 0.214 0.375 0.385 0.669 0.413 0.986 0.437 0.024 0.295 0.015 0.028 0.043
SZ 0.001 0.099 0.721 0.454 0.061 0.430 0.397 <0.001 0.122  <0.001 <0.001 0.015
Beh 0.295 0.057 0.751 0.654 0.170 0.261 0.027 0.468 0.056 0.757 0.481 0.732
RA 0.251 <0.001 <0.001 0.001 <0.001 0.193 <0.001 0.241 0.001 0.008 0.003 0.225
RC 0.157 <0.001 0.027 0.304 <0.001 0.166 0.008 0.287  <0.001 0.983 0.577 0.369
CRM 0.509 0.063 0.379 0.911 0.164 0.260 0.030 0.020 0.660 0.003 0.022 0.002
AP 0.206 0.944 0.200 0.376 0.794 0.365 0.524 0.282 0.349 0.312 0.195 0.862
RH 0.061 0.001 0.284 0.032 <0.001 0.095 0.029 0.004 0.435 <0.001 <0.001 0.067
DEP 0.146 0.768 0.761 0.821 0.834 0.851 0.728 0.515 0.746 0.476 0.556 0.506
GF 0.755 0.804 0.331 0.176 0.669 0.575 0.869 0.646 0.828 0.607 0.494 0.976
RP 0.785 0.651 0.288 0.350 0.671 1.000 0.715 0.078 0.149 0.060 0.062 0.506
Ham 0.309 0.099 0.159 0.400 0.036 0.053 0.412 0.630 0.235 0.371 0.103 0.527
BC 0.601 0.963 0.219 0.290 0.938 0.937 1.000 0.620 0.667 0.653 0.727 0.667
Median age P .644 851 461 724 .800 942 .845 497 534 .555 567 .693

See Table 3 for TSC feature codes. Bold numbers are statistically significantly higher in the first group compared with the second group. TSCI, tuberous sclerosis
complex gene 1; TSC2, tuberous sclerosis complex gene 2; (all), all patients with and without mutation identified; MI, only patients with mutation identified; PT,

protein truncation mutation; MS, missense mutation; NMI, no mutation identified.

mutations. In addition, nonrenal hamartoma occurrence in-
creased among patients with TSC2 PT mutation (7/9 vs. 0/7,
P =.036). A trend of higher seizure occurrence associated with
TSC2 PT mutation was also observed (91/108 vs. 38/53, P =
.060). The median age for patients with TSCI or TSC2 PT
mutation were both 10.71 years (P = .8), and the average ages
were 12.7 and 12.2 years, respectively.

MS mutations in the TSC2 gene seem to cause similar dis-
ease phenotypes as PT mutation in the TSC2 gene. All features
are equally presented between the group of patients with TSC2
MS mutation versus TSC2 PT mutation except that the MS
mutation group has less UF and Ham. Patients with TSC2 MS
mutations are younger, with a median age of 7 and 10.71 years
for patients with TSC2 PT mutation, but the difference is not
significant (P = .9416).
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MS mutation in the TSC2 gene resulted in more severe dis-
ease than PT mutations in the TSCI gene. Patients with MS
mutations in the TSC2 gene have a higher risk for more severe
phenotypes of SEN, MR, RA, RC, CRM, FA, FFP, and retinal
tumors. More behavioral problems seem to be associated with
TSCI PT mutation (7/8 vs. 7/16, P = .0270), a trend that was
consistent when comparing all patients with TSCI mutation
with those with TSC2 mutation.

Patients with no mutation identified and patients with mutation
identified

Because of the mutation screening method, the TSC NMI
patient group is likely to be enriched with patients having large
gene deletion mutations of the TSC2 gene. The median age for
patients with NMI is 9.5 years, the same as for the group of
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patients with mutations identified in the TSCI and TSC2 genes
(P = .4973), and the average ages are 11.6 and 13.4 years,
respectively. However, a significant difference in definite diag-
nostic status between the two groups was observed (P <
.0001), and more female patients were present in the NMI
group (68/105 vs. 116/237, P = .0068). Features that are sig-
nificantly more frequent in the mutation identified groups in-
clude Tub, SEN, IS, SZ, HM, CON, UF, SP FFP, CRM, and
retinal phakoma.

When the NMI group was compared with the group of pa-
tients with TSCI mutation for all diagnostic criteria, we found
higher frequencies of LD, RA, RC, and a trend of higher MR
and FA in the NMI group. However, the TSCI mutation group
showed a higher occurrence of greater numbers of HM.
Among those meeting definite diagnostic criteria, similar re-
sults were observed, suggesting that TSC features for patients
with NMI are more severe than for patients with TSCI muta-
tions.

When the patients with NMI were compared with the pa-
tients with TSC2 mutations, we observed much milder pheno-
types. There were significantly less tubers, SEN, MR, IS, SZ,
CRM, RA, HM, FA, UF, SP, and FFP in the patients with NMI
than in the patients with TSC2. Restricting the analysis of TSC2
patients to the group with PT mutation showed similar milder
findings.

When the patients with NMI were compared with the pa-
tients with TSC2 MS mutation, lower frequencies of tubers,
SEN, CRML, IS, SZ, CRM, HM, and FFP were observed in the
patients with NMI. Adjustment for diagnostic status made tu-
bers, SEN, and HM equally frequent between patients with
NMI or TSC2 MS mutations.

DISCUSSION

We began our screening by Southern blot testing for large
gene deletions in TSC2 among 88 patients with TSC who were
enrolled between 1987 and 1997; we identified two families
with large deletions.!> We tested for small mutations in all
coding exons of the TSCI and TSC2 genes in DNA from 118
patients enrolled between 1987 and 1999 using SSCA; we iden-
tified 80 (66.7%) pathogenic mutations. Some of these muta-
tions have been reported.'¢ Next, we used direct polymerase
chain reaction and sequencing to search for etiologic muta-
tions in the TSCI and TSC2 genes for 40 patients with NMI
screened by SSCA and tested an additional 246 independent
patient families enrolled between 1999 and 2004. We found
that SSCA missed 20 mutations that were subsequently identi-
fied by direct sequencing, increasing the detection rate to
83.3% (100/120) when using both SSCA and sequencing. By
using polymerase chain reaction sequencing alone, we found
140 pathogenic and 17 putative mutations in the coding exons.
Only 87% of the patients (214/246) enrolled between 1999 and
2004 have clinical information sufficient to make a definite
diagnosis; therefore, the mutation detection rate was 72.4%
with direct sequencing of patients with a definite diagnosis.
Overall, our study observed a small mutation detection rate of
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66% (243/368) regardless of diagnosis category and 72% (234/
325) for patients with a definite diagnosis. Individual muta-
tions and variants (Supplementary Tables 1 and 2) will be sub-
mitted to the TSC Variants Database curates by Povey and
Ekong.” Previous studies using a combination of three or more
mutation screening methods to screen small mutations and
large gene deletion resulted in a higher mutation detection rate
of 70% to 85%.!%1314 Neither SSCA nor direct sequencing
methods will identify large gene deletion/insertion and low
percentage mosaic mutations in 100% of cases. Large multi-
exon deletion is rarely seen in TSCI but accounted for approx-
imately 7% of TSC2 mutations in one study.'* In another
study, large TSC2 gene deletion was estimated as high as 14%.!3
Less than one-third of our patients were screened for large
deletions of the TSC2 gene using Southern blot, and this testing
consumed large amounts of our patients’ DNA. We therefore
chose to delay screening for large gene deletions/insertion for
the rest of our patients in the hope that different methods
under development would use less DNA. Multiplex ligation-
dependent probe amplification probes have been developed to
identify large gene deletions for patients with multiple exons
deleted. Our remaining patients with NMI are currently being
tested for gene mutations with this method. In addition, we are
developing a complete TSC exons microarray and comparative
genomic hybridization method as another avenue for testing
patients with NMI.

As noted in previous studies, the mutation detection rate
varies from 50% to 62% for patients with no clinical informa-
tion and from 5% to 27% for those patients without a definite
diagnosis but who have TSC features. All studies show a frac-
tion (15%-20%) of patients with TSC who have NMI and pos-
sibly have mosaicism for a mutation,!” a mutation in the non-
coding but functional gene regions, or mutations in a gene (or
genes) other than the two identified TSC genes. Mosaicism
among parents of patients with de novo TSC is suggested to be
rare when lymphoblast DNAs were examined.'® Similar results
have been observed for germline mosaic cases.!* However, an
effective method to detect mosaic mutations in de novo pa-
tients is not yet available, making it difficult to estimate the
frequency of mosaicism in de novo TSC cases.

The types of mutations observed in our study do not differ
from other previous studies. Incidentally, few or no mutations
were found in exons 22 and 23 of the TSCI gene and exons 6,
25, 31, and 41 of the TSC2 gene in all three studies after ap-
proximately 1000 samples from patients with TSC were exam-
ined. Although most of the mutations identified have been
spread throughout different exons of both genes, approxi-
mately 70% of TSCI mutations are located in or near exons 8,
9, 10, 15, 17, and 18, and approximately 70% of TSC2 muta-
tions are located in or near exons 9, 13, 14, 16, 23, 24, 29, 30, 33,
and 35 to 40.

More than 30% of TSC2 gene mutations are MS, whereas the
others are predicted to cause PT. MS and in-frame deletion
mutations were found in similar exons (7, 10, 16, 23, 27, 29,
and 35-40) for all three studies. Although the functional
RHEB-GAP domain is located in exons 35 to 40 of TSC2, the
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consequences of MS changes in other exons remain unknown.
Nellist and coworkers?%2! have begun to elucidate the func-
tions of these other regions. One of the most frequently mu-
tated codons, R611 of TSC2 (accounting for 6% of all muta-
tions) has been demonstrated to be important in regulating
mTOR/pS6K function. The phenotypes of 15 patients in our
study with R611 mutated varied from mild to severe, suggesting
that specific individual factors may interact and modify the effect
of defective tuberin. It will be interesting to perform a meta-anal-
ysis for all patients with R611 mutation. MS mutations in the
TSC2 GAP-domain exons only accounted for approximately 6%
of all mutations in our study, in contrast with previous studies
suggesting that the GAP domain exons are a major target for MS
mutation.?? MS mutation in TSCT is rare. Sancak et al.' reported
one MS mutation in exon 7. We identified two independent fam-
ilies with MS variants for the same codon G305 (G305R and
G305W) in exon 9 in only the affected individuals. The functional
significance of these changes is not known.

A significantly higher frequency of TSC2 mutations was
identified in de novo cases (TSCI1:TSC2 = 1:4) compared with
1:1.1 in familial cases. Previous reports on de novo cases varied
with TSC2 mutations reported from 2 to 10 times more
commonly and familial cases with approximately equal
frequencies.”!1-1314.23 In general, we observed milder TSC pheno-
types among familial cases than among de novo patients, but we
did observe a few more severe phenotypes among familial patients
with TSC2 mutations in our meta-analyses. Although regional
genomic structural differences of the TSCI and TSC2 genes could
significantly contribute to the mutation ratio differences, envi-
ronmental factors, such as higher morbidity and mortality among
patients with more severe TSC phenotypes, also play a part in the
observed lower TSCI:TSC2 mutation ratios in familial cases.

In our study, we report the occurrence of common diagnos-
tic features among patients with TSC similar in frequency to
other reports, but we also report on several other features that
have been less commonly studied (Table 3). An increasing
number of studies have linked mutation of TSC genes with new
clinical findings that are consistent with the now known mul-
tisignaling pathway involvement of tuberin and hamartin.?4-2¢
We observed only 10% of our patients (4/40) to have rectal
polyps, in contrast with an earlier report of 78% (14/18) in a
gastrointestinal surgery setting.?’” Bone cysts, although rare,
were found in approximately 11% of our patients (5/47), and
we also observed nonrenal hamartomas in 22% of patients
(11/51). Approximately 28% of our patients (9/32) showed
cerebral white matter radial migration lines associated with
cortical tubers. Loss of function of tuberin through mutation
hasbeen shown to decrease the quantity and affect the function
of the cell cycle kinase inhibitor p27Kipl. Functions of
p27Kip1 include promotion of neuron differentiation and mi-
gration to the cerebral cortex.?®2° Consistent with other neu-
ropsychiatric studies of patients with TSC,?* approximately
76% of patients (139/183) who have an intelligence quotient
greater than 70 were reported to have learning difficulties, and
approximately 60% (39/66) showed behavioral problems. Au-
tism, pervasive developmental delay, attention deficit disor-
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der/attention deficit-hyperactivity disorder, obsessive com-
pulsive disorder, and sleep disturbance were all grouped
together into the category “behavioral problems” in this study.
Systematically reporting the occurrence of all features seen
among patients with TSC should help geneticists and clinicians
diagnose and plan treatment for patients with TSC.

In comparing male and female patients, we found male pa-
tients to have more phenotypic features than female patients, sim-
ilar to the findings of Sancak et al.'* However, in our study the
specific types of features differed from those in the study by San-
cak and colleagues. We performed a meta-analysis of our study
and Sancak et al.’s, illustrating the features more commonly ob-
served in male patients. Males have more neurologic features in
our study, and after we combined both datasets, this led to in-
creased morbidity over that observed in females. The odds for
male patients to have these neurologic features were approxi-
mately twice that of female patients (Table 6). Male patients also
had a higher risk for other features, including retinal phakomas,
ungual fibromas, and renal cysts in the meta-analysis. There is no
known reason for these observed differences. One possible expla-
nation could be modifier genes coded for on the X chromosome.
Another possibility would be a protective effect of hormonal in-
fluences between genders.?'-33 Future research directions will be
to sort out these differences for both provisions of prognostic in-
formation and therapeutic interventions.

One of the focuses of this study is to compare these findings
with those previously published. In addition, we combined the
strength of our study with other studies by analyzing combined
data with two previous large genotype/phenotype association
studies'>!4 by a meta-analysis method. Analysis using pooled
data will increase the power of analysis for small-number sub-
groups in the familial cases and the cases with TSCI mutations.
In general, our results are similar to the two previous genotype/
phenotype associations. Our sample, however, does differ
slightly from the previous studies in that some skin features
(FA, SP, and FFP) and oral features (GF and DEP) are lower.
Our patients have a median age (10 years) and an average age
(12.4 years) and range (0— 64 years) similar to that in Dabora et
al.’s study,'® but approximately 3 years younger than that in
Sancak et al.’s study'* (median age 13.0 years).

Almost all of the neurologic disease phenotype frequencies are
lower than in both of the other studies. This finding is most likely
attributable to the ascertainment strategies of the different studies.
Both studies by Dabora et al.'?> and Sancak et al.'# had ascertain-
ment of patients primarily through neurologists. In contrast, our
participants were recruited from diverse sources, including neu-
rologists, pediatric geneticists, genetic counselors, and dermatol-
ogists. By limiting recruitment to neurologic practices, the other
studies may have enriched the sample for individuals with the
neurologic sequelae of TSC. In our patient population, the fre-
quencies of the remaining major and minor diagnostic features of
TSC were similar to frequencies reported previously. In addition,
we observed behavioral problems and learning disabilities that are
also consistent with previous reports.>

We performed a meta-analysis of our study and the other
two large studies comparing phenotypes in TSC2 versus TSC1
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Meta-analyses of two large tuberous sclerosis complex studies sh.l(-:vlﬂg n610re severe phenotypes for male patients than for female patients

UTMSH Sancak et al.'* Combined
Features odds ratio (CI)? odds ratio (CI)” odds ratio (CI)*
Cortical tuber 2.3 (1.1-4.8) 0.9 (0.3-2.7) 1.8 (1.0-3.3)
Subependymal nodule 2.2 (1.1-4.4) 1.2 (0.3-2.3) 1.9 (1.1-3.2)
Mental retardation 1.7 (1.0-2.8) 2.2 (1.2-4.3) 2.0 (1.3-2.9)
Seizures 2.3 (1.4-4.0) 1.6 (0.7-3.6) 2.2 (1.4-3.4)
Retinal phakoma 1.8 (0.97-3.2) 2.4 (1.1-5.5) 2.0 (1.2-3.2)
Retinal achromic patches 0.5 (0.2-1.5) 9.8 (1.8-54.3) 1.4 (0.7-3.1)
Facial angiofibromas 1.0 (0.7-1.6) 2.0 (0.95-4.1) 1.3 (0.9-1.9)
Ungal fibromas 1.5 (0.9-2.6) 1.9 (0.9-4.1) 1.7 (1.1-2.6)
Renal cysts 1.5 (0.8-2.8) 2.0 (0.9-4.6) 1.7 (1.1-2.7)
Gingival fibromas 0.8 (0.3-2.6) 5.1 (1.3-20.5) 1.7 (0.8-4.0)

CI, confidence interval; UTMSH, The University of Texas Medical School at Houston, Texas (this study).
“Values reported as odds ratio with 95% confidence intervals in parentheses showing the upper and lower limits. Bold odds ratios are significantly higher among

patients with TSC2 mutations with P < .05.

mutations stratified by gender and mode of inheritance ( Ta-
bles 6, 7, and 8). Overall, neurologic, renal, and some skin
findings were more prominent with the TSC2 mutation in our
study and the other studies. With the neurologic and renal
features causing the highest morbidity and mortality associ-

Table 7

ated with TSC, this highlights the value of molecular testing for
provision of prognostic information.

Both Sancak et al.’s study'* and our study came to the same
conclusion that male patients with TSC have a higher risk for
MR. Gender information for Dabora et al.’s study'? is not

Meta-analyses of three large tuberous sclerosis complex studies showed more severe phenotypes for patients with TSC2 mutations than patients with

TSCI1 mutations

Phenotypes UTMSH Dabora et al."? Sancak et al.'* Combined
Hypomelanotic macules 3.3 (1.1-9.9) 0.8 (0.9-7.0) 0.8 (0.2-3.0) 1.6 (0.8-3.4)
Facial angiofibromas 3.7 (1.9-7.0) 1.7 (0.7-3.9) 1.9 (0.8—4.3) 2.5 (1.6-3.8)
Ungual fibroma 1.3 (0.6-2.7) 1.0 (0.4-2.9) 0.6 (0.3-1.4) 0.9 (0.6-1.4)
Shagreen patch 1.1 (0.6-2.1) 2.1 (0.8-4.9) 2.5 (1.0-6.1) 1.0 (0.7-1.6)
Forehead plaque 4.2 (1.7-10.6) 5.2 (1.5-18.0) 2.2 (0.8-6.1) 3.6 (2.0-6.5)
Cortical tubers 1.6 (0.6-4.2) 2.6 (0.6-12.3) 1.7 (0.5-5.9) 1.8 (0.9-3.6)
SEN 4.7 (1.9-11.8) 10.9 (2.4-49.3) 0.9 (0.2-3.2) 3.4 (1.8-6.4)
SEGA 2.0 (0.7-5.5) 0.7 (0.2-2.4) 0.7 (0.2-2.3) 1.1 (0.6-2.0)
Mental retardation 4.9 (2.2-11.2) 3.5(1.3-9.4) 5.0 (2.4-10.7) 4.2 (2.9-7.3)
Seizures 1.8 (0.9-3.8) 5.1 (1.3-20.3) 0.9 (0.3-3.0) 2.0 (1.2-3.4)
Renal AML 16.3 (4.7-56.1) 3.7 (1.4-9.4) 11.9 (2.7-52.4) 8.1 (4.3-15.4)
Renal cysts 16.7 (2.2-126.4) 2.8 (0.8-10) 3.2 (0.9-11.4) 4.9 (2.2-11)
Cardiac rhabdomyoma 2.1 (0.96-4.5) 1.4 (0.6-3.6) 1.0 (0.4-2.5) 1.5 (0.92-2.5)
Retinal achromic patch 0.9 (0.3-3.3) NA 7.9 (0.4-150.5) 2.0 (0.7-6.3)
Retinal phakoma 7.0 (2.0-24.6) 16.4 (1-278.2) 5.3 (1.5-18.7) 6.9 (2.9-16.2)
Dental pits 1.2 (0.4-3.9) NA 0.9 (0.3-2.6) 1.1 (0.5-2.3)
Gingival fibroma 1.2 (0.3-5.2) NA 0.8 (0.2-2.8) 0.9 (0.4-2.5)

UTMSH, The University of Texas Medical School at Houston, Texas (this study); NA, not available; SEN, subependymal nodules; SEGA, subependymal giant cell

astrocytoma; AML, angiomyolipoma.

Values reported as odds ratio with 95% confidence intervals in parentheses showing the upper and lower limits. Bold odds ratio indicates significantly higher risk
among patients with TSC2 mutation having the TSC features with P values <.05 and lower limit >1.0.
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Table 8
Meta-analysis of TSC2 versus TSCI gene mutation effect on tuberous sclerosis complex features of familial index patients from three large studies of patients with
tuberous sclerosis complex

UTMSH Dabora et al."? Sancak et al.'* Combined
Features odds ratio (CI) odds ratio (CI) odds ratio (CI) odds ratio (CI)
Mental retardation 8/11;2/14 14/9; 3/3 20/7; 8/4 42/27; 14/21
5.1 (0.9-19.6) 1.6 (0.3-9.5) 1.4 (0.3-6.3) 2.3 (1.1-5.4)
Renal AML 3/13;1/13 17/10; 1/4 10/13; 0/5 30/36; 2/22
3.0 (0.7-64.8) 6.8 (0.7-69.6) 8.6 (0.4-172.8) 9.2 (2.8-30.0)
Renal cysts 2/15;1/14 13/14; 0/5 5/15; 1/4 20/44; 2/23
1.9 (0.5-47.6) 10.2 (0.5-203.4) 1.3 (0.1-14.9) 5.2 (1.5-18.0)
Retinal phakoma 5/14; 1/10 9/18; 0/4 4/17;0/9 18/49; 1/23
3.6 (0.4-38.4) 4.6 (0.2-95.1) 4.9 (0.2-100.8) 8.1 (1.8-34.5)

UTMSH, The University of Texas Medical School at Houston, Texas (this study); CI, confidence interval; AML, angiomyolipoma.
Data presented as number of patients with positive feature/number of patients negative for the feature for TSC2 followed by TSCI mutation separated by semicolon.
The values reported as odds ratio with 95% Cls in parentheses showing the upper and lower limits follows. Bold numbers indicate P < .05.

available. Other features, including cortical tubers, SEN, sei-
zures, retinal phakomas, ungual fibromas, and renal cysts, be-
gan to show significance when combining both datasets in the
meta-analysis. Although the results for retinal achromic
patches, facial angiofibromas, and gingival fibromas found by
Sancak et al.'# are not shown in the combined data, we noted
that the median ages of our patients were 3 years less than those
of the patients in Sancak et al.’s study. It is known that many
features such as facial angiofibromas become more prominent
as patients age.> Observations from the meta-analysis support
the age-related observation and suggest that the age of patients
may not contribute to the gender differences we observed in
neurologic features together with tumors in the retina and
nails.

We wanted to define those features that differ by age groups
in this patient population. To do this, we created strata of pa-
tients aged 7 years or less and 12 years or more. In general,
almost all tumor types increase in frequencies with age except
for CRM, which decreased in the older age group. We found
approximately equal frequencies of cardiac rhabdomyoma be-
tween genders when we looked at the patients aged 7 years or
less. Older patients (aged > 12 years) have a much lower fre-
quency of cardiac rhabdomyoma, most likely because of the
natural history of these lesions in TSC.3* Skin lesions (FA, UF,
RA, and DEP) are significantly higher in the older age group
regardless of gender; SP was significantly higher in the older
patients for males only. Retinal phakoma was slightly higher in
older female patients. Both SP and RH showed similar fre-
quencies between the genders in the younger group. The fre-
quency of HM did not increase with age in both male and
female patients. Tubers, MR, LD, IS, and SZ are found less
frequently in the older age group when compared with the
younger age group. We suggest that this may be attributable to
differential survival because severe MR is the leading cause of
premature death in TSC.3

Differences between familial probands and de novo patients
were minimal, with de novo patients having a few features
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more commonly than familial patients. Familial patients did
have hypomelanotic macules at a higher frequency than de
novo patients. A comparison between familial cases and de
novo cases is also limited by the number of familial index pa-
tients present in all three studies. In meta-analysis, SEN and
retinal phakoma are consistently more common in de novo
patients, and MR showed marginal significance. Features in-
cluding seizures and renal AML were observed significantly
more frequently in de novo patients only in the combined
dataset, whereas no significant difference can be concluded for
other features (renal cysts and hypomelanotic macules), as
concluded by individual studies.

The milder disease presentations and small number of fa-
milial cases in individual studies also make it difficult to per-
form a genotype/phenotype analysis in this patient group, al-
though a trend remained for patients with TSC2 mutation
tending to have more features. By pooling our familial case
data and the other two large studies, we demonstrated that four
features (MR, renal AML, renal cysts, and retinal phakoma) are
more likely to occur in familial patients with TSC2 mutations
(Table 8). From individual and combined data analyses, pa-
tients with TSC2 mutations regardless of their mode of inher-
itance are at a higher risk (2-9 times) of having renal AML,
retinal phakoma, renal cysts, and MR.

In addition, our NMI group displayed a phenotype interme-
diate between our TSCI mutation group and our TSC2 muta-
tion group (Table 5). As in the study by Sancak et al.,'* the
patients with NMI showed more severe renal abnormalities
than patients with TSCI mutations, whereas several other fea-
tures are less frequent than in patients with both mutation
types of TSC2. This is not surprising because our NMI group
should have a percentage of patients who have large deletions
and rearrangements in the TSC2 gene because we did not test
for this category of mutation in our sample. Other categories of
mutations we did not test because of the lack of a simple direct
screening protocol include mosaicism and mutations in the
noncoding TSC gene region. In addition, it is unlikely to dis-
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tinguish unique noncoding polymorphisms from mutation
without a robust functional assay in place for verification.

We also compared mutation type in our sample set. The
findings were similar to the comparison of the TSC2 mutation
with the TSCI mutation: The TSC2 PT mutations were associ-
ated with a more severe phenotype than the TSCI PT muta-
tions. It has been shown that certain TSC2 MS mutations re-
tained some functions of tuberin that possibly contribute to
milder phenotypes.?® In our study, the TSC2 PT mutations did
not produce a more severe phenotype than the TSC2 MS mu-
tations, indicating that prognostic information regarding
TSC2 MS mutations will be specific. Discovering this informa-
tion will take additional research.

Some TSC features are reported to be found together.!314.3¢6
We assessed whether specific TSC disease features were associ-
ated with each other by comparing frequencies of all other
features between groups of patients with the absence and pres-
ence of the finding. Patients who have a history of seizures (n =
243) are more likely to also have a higher frequency of tubers
(P < .0001), subependymal nodules (P < .0001), cerebral
white matter migration lines (P = .035), MR (P < .0001),
learning disabilities (P < .0001), infantile spasms (P < .0001),
and behavioral problems (P = .0001). Similarly, patients who
have tubers (n = 220) are significantly more likely to have SEN
(P <.0001), MR (P < .0001), LD (P < .0001), IS (P = .0025),
SZ (P < .0001), and facial angiofibromas (P = .0136). Hy-
pomelanotic macules (P < .001) are significantly associated
with the presence of tubers or seizures. When comparing pa-
tients with and without MR, we found that almost all neuro-
logic findings except SEGA are significantly associated with the
presence of MR (P < .001). In addition, MR is associated with
HM (P = .0022), FA (P = .0024), renal AMLs (P < .0001), and
more than two renal cysts (P = .024) among these patients.
When patients with and without FA were compared, FA was
often significantly associated with HM (P = .038), ungual fi-
bromas (P = .0016), shagreen patches (P = .0025), fibrous
facial plaques (P = .0196), tubers (P = .0177), retinal pha-
komas (P = .0201), RA (P = .0103), and renal cysts (P =
.0014). Patients with RA are more likely to have RC (P <.0001)
and other tumors, including FA (P <.0001), FFP (P = .0001),
RH (P =.0031), dental enamel pits (P = .0057), gingival fibro-
mas (P = .0039) and nonrenal hamartomas (P = .0007), and
brain-related findings, including SEN (P = .0009), MR (P <
.0001), and LD (P = .0004). When analyzed for the presence of
clusters of TSC features, no specific smaller clusters of major
and minor diagnostic features can be identified. We conclude
that the neurocutaneous features of TSC present together as
part of the natural history of the disease.

In summary, the overall small mutation detection rate for
patients with TSC with a definite diagnosis was 72% in our
study. TSC-causing mutations were dispersed throughout the
61 coding exons of the TSCI and TSC2 genes with no specific
mutation hot spot. The two most common mutations identi-
fied were substitution mutations in R611 and an in-frame de-
letion of amino acid 1746-11 (HIKRLR), both in TSC2 and
both nonprotein truncating. The proportion of TSCI to TSC2
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mutation is approximately one to one for TSC families with mul-
tiple affected individuals. In de novo cases, TSCI mutation ac-
counted for only 20% and TSC2 mutations accounted for 80%.
Despite the highly variable expressivity of TSC phenotypes,?” our
study indicated that male patients have more severe neurologic
phenotypes than female patients. As other studies have shown,
our study demonstrated that major diagnostic features, includ-
ing facial angiofibromas, forehead plaques, SENs, renal AMLs
and cysts, retinal phakomas, and MR, are significantly associ-
ated with mutations in the TSC2 gene. The trend holds true for
familial cases with TSC2 mutations associated with a higher
chance of having renal and retinal abnormalities.
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