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Mutations in ANAPCT, Encoding a Scaffold Subunit
of the Anaphase-Promoting Complex, Cause
Rothmund-Thomson Syndrome Type 1

Norbert F. Ajeawung,’.¢ Thi Tuyet Mai Nguyen,¢ Linchao Lu,2¢ Thomas ]J. Kucharski,3
Justine Rousseau,! Sirinart Molidperee,! Joshua Atienza,! Isabel Gamache,! Weidong Jin,2
Sharon E. Plon,%* Brendan H. Lee,* Jose G. Teodoro,? Lisa L. Wang,2* and Philippe M. Campeau!.5*

Rothmund-Thomson syndrome (RTS) is an autosomal-recessive disorder characterized by poikiloderma, sparse hair, short stature, and
skeletal anomalies. Type 2 RTS, which is defined by the presence of bi-allelic mutations in RECQL4, is characterized by increased cancer
susceptibility and skeletal anomalies, whereas the genetic basis of RTS type 1, which is associated with juvenile cataracts, is unknown. We
studied ten individuals, from seven families, who had RTS type 1 and identified a deep intronic splicing mutation of the ANAPCI gene, a
component of the anaphase-promoting complex/cyclosome (APC/C), in all affected individuals, either in the homozygous state or in
trans with another mutation. Fibroblast studies showed that the intronic mutation causes the activation of a 95 bp pseudoexon, leading
to mRNAs with premature termination codons and nonsense-mediated decay, decreased ANAPC1 protein levels, and prolongation of
interphase. Interestingly, mice that were heterozygous for a knockout mutation have an increased incidence of cataracts. Our results
demonstrate that deficiency in the APC/C is a cause of RTS type 1 and suggest a possible link between the APC/C and RECQL4 helicase
because both proteins are involved in DNA repair and replication.

Analysis of the clinical and molecular features of individ-
uals with Rothmund-Thomson syndrome (RTS [MIM:
268400]), including assessing the prevalence of osteosar-
coma and the mutational status of the RECQL4 gene
(MIM: 603780), resulted in the definition of two distinct
forms of RTS: RTS type 2, which is characterized by
poikiloderma (hyper- and hypo-pigmentation, telangiecta-
sias, and atrophy), skeletal anomalies, sparse hair, and
abnormal nails; increased susceptibility to cancer, particu-
larly osteosarcoma; and bi-allelic mutations in RECQL4;
and RTS type 1, which displays the same core clinical
features, including poikiloderma, sparse hair, and nail ab-
normalities, but is also associated with bilateral juvenile
cataracts, the distinct absence of osteosarcoma, and a
lack of RECQL4 mutations."? Mutations in RECQL4 have
also been described in individuals with RAPADILINO
(MIM: 266280) and Baller-Gerold (MIM: 268400) syn-
dromes, both of which share clinical features, including
radial anomalies, short stature, and increased risk of
cancer, with RTS.® Thus far, more than 300 individuals
with RTS have been reported, and the majority of these
have RECQL4 mutations and are classified as RTS type 2.'
However, the etiology of RTS type 1 remains undefined.
To identify the genetic cause of RTS type 1, we recruited a
cohort of ten individuals, from seven families, who had a
firm clinical diagnosis of RTS type 1. Informed consent
was obtained from all participants, who were enrolled
in a study approved by the institutional review board at
Baylor College of Medicine. Families 1-3 were of Amish

ancestry. All individuals presented with classical RTS
type 1 features, including poikiloderma, abnormal hair
and nails, bilateral juvenile cataracts, and an absence of
RECQL4 mutations (see Table 1 and Figure 1A for photos
and Figure 1B for pedigrees). Additional features in our
cohort included undescended testes, growth retardation,
and multiple skeletal and dental abnormalities (see
Figure S1).

Whole-exome sequencing was performed in all affected
individuals. Although we found that no gene displayed
bi-allelic coding variants in a significant proportion of
individuals, we identified a single region of homozygos-
ity larger than 1 Mb on chr2q13-q14.1 in the Amish indi-
viduals by using HomozygosityMapper software (hgl9
position chr2:112,484,446-118,589,953).* We then per-
formed real-time qRT-PCR analysis in RTS type 1 and con-
trol fibroblasts for the genes in that interval. ANAPCI
(MIM: 608473) expression levels were significantly lower
in RTS samples than in controls (Figures 2A and S1B-
S1D). A focused search for coding and non-coding muta-
tions of ANAPCI1 in the exome data revealed a variant
in intron 22 (GenBank: NM_022662.3:c.2705—-198C>T)
in the ANAPC1 gene, which happened to be covered in
the exome. All four Amish individuals (1-3B) and one
non- Amish individual (4) were homozygous for this
variant. In the other families, we found compound-het-
erozygous ANAPC1 mutations where, in each case, the in-
tronic mutation was in trans with any of three other muta-
tions predicted to cause loss of function; these mutations
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Table 1.

Clinical Characteristics of RTS Type 1-Affected Individuals with ANAPCT Mutations

Individuals Homozygous for
the Intron 22 Mutation

Individuals Compound Heterozygous for the
Intron 22 Mutation and Another Mutation

Individuals Without
ANAPC1 Mutations

Individual 1 2 3A 3B 4 5 6A 6B 7A 7B  8A 8B 9
Gender f f f f f m m m m m m m f
Eyes Bilateral juvenile cataracts + + + + + + + + + + - = =
Ectoderm Poikiloderma + + + + + + + + + + + +
Sparse or absent hair, - + + + + + + + + + + + —
eyebrows, or eyelashes
Abnormal teeth — - - - + - + + + + — — _
Abnormal nails - - - - - - + + + - - —
Other Endocrine and fertility - POF - POF - Hypogonadism HypoT4 HypoT4 - - - - -
systems
Undescended testes NA NA NA NA NA + + + + + - — -
Short stature - - - - + + + + + + + + -
Growth hormone therapy — - - - - + + + + + - - -
Skeletal abnormalities + - - - - - + + + + - _ _
Neurological - - - - - DD D ADHD - - - - -

Abbreviations are as follows: f = female, m = male; ID = intellectual disability; DD = developmental delay; ADHD, =attention-deficit hyperactivity disorder;
HypoT4 = hypothyroidism; NA = not applicable, and POF = premature ovarian failure. See Table S1 for additional details and Figure S1 for radiographs of

some of the skeletal changes (sclerotic marks).

included: GenBank: NM_022662.3:c.4882_4883del in
individual 5; GenBank: NM_022662.3:c.1778dupA in
individuals 6A and 6B; and GenBank: NM_022662.3:
c.4373+1G>A in individuals 7A and 7B (Figures 1B and
1C). All variants were confirmed by Sanger sequencing
and were found to segregate in an autosomal-recessive
manner (n.b. for individual 1; parental samples were
unavailable) (Figure 1A). We additionally performed
concomitant exome sequencing and then screening for
the intronic ANAPCI1 mutation in three individuals from
two families (individuals 8A and 8B are siblings) who
had RECQL4-negative RTS but no juvenile cataracts, and
none were found to have ANAPCI1 mutations, suggesting
that ANAPC1 mutations are specific to individuals with
RTS type 1 with juvenile cataracts. We had complete
coverage of the ANAPC1 coding sequence, and we
searched the exome data for mutations in other helicases,
as well as components of the anaphase-promoting com-
plex and pathway, and no mutation was identified.
There was a more complex phenotype in those individ-
uals that had compound-heterozygous ANAPCI muta-
tions compared to those homozygous for the intronic
splicing mutation (Table 1). All individuals with com-
pound-heterozygous mutations in ANAPCI had short
stature and received growth hormone therapy (Table 1).
This small group of individuals also had more anomalies
of the teeth, nail, endocrine, genital, and skeletal sys-
tems. With regard to the skeletal anomalies, four individ-
uals with compound-heterozygous mutations presented
with one or more bone abnormalities such as osteopo-
rosis, bone fracture, delayed bone age, short metacarpals

and phalanges, dysplastic phalanges, sclerotic metaphy-
seal foci, and genu varum, features which are commonly
associated with individuals who have type 2 RTS.
Whether these findings will be generalizable and truly
represent genotype-phenotype correlations is limited by
the fact that there were only five individuals (who were
all female) homozygous for the intron 22 mutation and
five (who were all male) with compound-heterozygous
variants.

The ANAPC1 gene encodes the APC1 protein, the largest
subunit of the anaphase-promoting complex/cyclosome
(APC/C). The finding of decreased ANAPCI RNA expres-
sion was consistent with subsequent immunoblotting
analysis that demonstrated decreased APC1 protein levels
compared to controls (Figure 2B). To further explore a po-
tential mechanism that could result in a reduction of
ANAPCI transcript and protein levels, we assessed the
effect of this ¢.2705—198C>T intronic mutation on the
basis of the in silico prediction that the intron 22 splicing
mutation introduces a new splice donor site that could
lead to the introduction of a pseudoexon with premature
termination codons. To test this hypothesis, we used the
protein synthesis inhibitor cycloheximide (CHX), an in-
hibitor of nonsense-mediated decay (NMD), to assess the
potentially degraded mRNA. Indeed, CHX treatment of fi-
broblasts from RTS-affected individuals and control cells
and then real-time PCR of RNA-derived cDNA with primers
spanning the intronic splicing mutation revealed the pres-
ence of a longer fragment in the RTS type 1 samples but not
in the control samples (Figure 2C). Sequencing of this band
revealed a 95 nucleotide pseudoexon that is incorporated
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aa 1617-1944

Figure 1. ANAPC1 Mutations in Individ-
uals with Rothmund-Thomson Syndrome
Type 2

(A) Photos of three affected individuals
show the alopecia and abnormal teeth,
nails, and skin.

(B, top) Pedigrees of ten individuals from
seven families with RTS type 1 and ANAPCI
mutations. All individuals affected have the
ANAPCI intronicsplicing variant (GenBank:
NM_022662.3:¢.[2705—-198C>T]). Individ-
uals 1, 2, 3A, 3B, and 4 are homozygous
for the ANAPCI intronic splicing variant,
whereas individuals 5, 6A, 6B, 7A, and 7B
have compound-heterozygous mutations.
(B, bottom) Graphical representation of
all ANAPCI variants identified. Introns
other than 22 are not drawn to scale. The
domains of ANAPC1 are discussed in detail
by Li et al. and Chang et al.”*** The WD40
domain mediates conformational changes
important for stimulating the APC’s cata-
lytic activity upon co-activator binding.
The Mid-N and Mid-C domains coalesce
together in the APC complex. The PC
domain joins the APC platform to the tet-
ratricopeptide repeat lobe of the APC.

Family 4

€[2705-198C>T)i[=]

Individual 4
€[2705-198C5T);
[2705-198C>T)

G was no difference in the time spent in
mitosis (Figure S1E). Because APC1 is a
major structural component of the
APC/C and acts as a scaffold between
the catalytic and regulatory subcom-
plexes,” " we speculate that a reduc-
tion in APC1 levels could impair the
integrity and function of the APC/C.
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in the ANAPCI nascent transcript (Figure 2D). As pre-
dicted, the pseudoexon introduces two premature termi-
nation codons that activate the NMD pathway, accounting
for the decreased mRNA and protein levels observed in
RTS type 1 cells.

The APC/C is an E3 ubiquitin ligase that targets specific
proteins for degradation and associates with one of two co-
activators, CDC20 and CDH1, to control cellular transition
at distinct phases of the cell cycle. The APC/C also plays roles
in the control of senescence, quiescence, DNA replication
and repair, cell differentiation, metabolism, and neuronal
function.® In light of previous findings demonstrating a
low proliferation rate and an early entry into senescence by
Cdh1-deficient mouse embryonic fibroblasts’ and other
studies showing that inhibition of APC-Cdhl or APC-
cdc20 prevents cells from entering the cell cycle,® we hypoth-
esized that RTS type 1 cells undergo defective cell cycling.
Analysis by real-time cell cycle microscopy revealed a signif-
icant delay within the interphase for synchronized fibroblast
cells derived from individuals with the intronic splicing
mutation compared to control fibroblasts (Figure 3A). There

This, in turn, could prevent cells from

entering the cell cycle or reduce the

rate at which cell cycle substrates are
degraded at the end of mitosis and at the G1-phase,'” result-
ing in a longer interphase in RTS type 1 cells.

Given the phenotypic overlap between RTS type 1
(caused by ANAPCI mutations) and type 2 (caused by
RECQL4 mutations), we hypothesize that both types of
RTS might share a common pathway. Several lines of evi-
dence suggest potential links between the APC/C and
RECQLA4. Defects in either the APC/C or RECQIL4 lead to
chromosomal instability and cell cycle delays.'*'* The
APC/C is known to degrade ctIP (CtBP-interacting protein)
in a timely fashion to prevent hyper-resection of double-
stranded breaks and increase genomic stability,’>'® and
RECQL4 is known to recruit ctIP to double-stranded
breaks.!” Finally, in a recent review, Sommers et al. discuss
the importance of helicase degradation during the cell cy-
cle to maintain genome homeostasis.'® Our experiments
show that RECQL4 levels, like the levels of most cell cycle
substrates targeted by the APC/C, vary at different phases
of the cell cycle in Hela cells; the levels decrease at early
mitosis and peak after the degradation of cyclin Bl
(Figure 3B). A fluctuation of RECQL4 during the cell cycle

The American Journal of Human Genetics 105, 625-630, September 5, 2019 627



>
@
(9]

Ex22.F/Ex23.R

] ] —_—
1 e Ladder Control#1 Individual #3
508 Individual Individual Control  Control 300 bp
g #2 #3 #1 #2 200bp
g 06
I ANAPC1 100 bp
204 ‘
=4
S
2 02
GAPDH —— — —
0
Individual #2  Individual #3 Control #1  Control #2
.
.
-
-
D -
-

Exon22

Exon23

TAGCCAAAT

CAGATAGAAAATGCARG
EE A K I E HEEE K "M Q Y S DL N
| Stop Stop

T AT . TG TET GRS TG TG

AGAATAACTA
RO T N

Exon22 Pseudoexon translation

Figure 2. Effect of the ANAPCT Splicing Variant on Protein Levels and the Mechanism of Pseudoexon Activation in Fibroblasts
Derived from Individuals 1 and 2

(A) Realtime PCR analysis demonstrating significant difference (p < 0.001) in messenger RNA from individuals 1 and 2 compared to
unrelated controls.

(B) An immunoblot showing a decrease in ANAPC1 protein levels in fibroblasts from individuals 1 and 2 compared to unrelated controls.
(C) Realtime PCR with primers spanning exons 22 and 23 of ANAPC1 and subsequent agarose gel electrophoresis revealing the presence
of an additional fragment in fibroblasts from affected individuals. Sanger sequencing of the additional fragment revealed the presence of
a 95 bp nucleotide that is incorporated between exon 22 and 23 of ANAPCI1 cDNA. Analysis of the pseudoexon revealed two stop codons
leading to the nonsense-mediated decay pathway, accounting for the decrease in RTS type 1 individual transcript (A) and protein (B)

levels.

has been noted by Kitao et al. in 1998,'” and RECQL4 has
up to three potential D-box APC/C destruction motifs.’
Also, like the levels of most proteins targeted by the
APC/C, RECQL4 levels stabilize after treatment with the
proteasome inhibitor MG132 (Figure 3B).

The APC has been shown to be essential for cell prolif-
eration and differentiation in the lens, in vitro and in
zebrafish.?"?? As part of the main project of the Inter-
national Mouse Phenotyping Consortium (IMPC),** a
mouse with a knock-out mutation of Anapcl was gener-
ated by the Knockout Mouse Phenotyping Program
(KOMP2) at the Jackson Laboratory with CRISPR-Cas9
technology. The alteration results in the deletion of
221 bp, deleting exon 4 and 169 bp of a flanking intronic
sequence, including the splice acceptor and donor. This
alteration is predicted to cause a change of the amino
acid sequence after residue 125 and early truncation
four amino acids later. A homozygous mutation resulted
in lethality in mice (no homozygous mice were detected
at weaning). Interestingly, mice heterozygous for the mu-
tation show an increased incidence of lens opacities when
assessed at three months of age (p = 0.017; see Figure 3C
for graphical representation of data from the IMPC). The
IMPC phenotyping pipeline did not identify other fea-
tures suggestive of RTS in these mice, but it is important
to note that only one allele is mutated in the phenotyped
mice.

In summary, we identified ANAPC1 mutations to be a
genetic cause of RTS type 1 and demonstrated that pseu-
doexon activation results in decreased ANAPC] transcript
and protein levels with concomitant delay in the inter-
phase of the cell cycle. Given the marked phenotypic simi-
larity between RTS types 1 and 2, we further highlight a
possible link between ANAPC1 and RECQL4, both of which
are involved in DNA replication and repair. It is interesting
to note that to date, bilateral juvenile cataracts are seen only
in individuals with RTS and ANAPC1 mutations and osteo-
sarcoma only in those with RECQL4 mutations. The cause
for this association and the detailed interaction between
these proteins warrant further investigation.

Accession Numbers

Variants have been deposited in ClinVar under submission num-
ber SUB5720241.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.06.011.
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and Cell Cycle Variations of RECQL4

(A) Fibroblasts derived from individuals
homozygous for the ANAPCI intronic
variant spent a longer time at the inter-
phase of the cell cycle compared to control
fibroblasts (*** = p < 0.001); the time-lapse
microscopy was performed as described
previously.”° The middle line represents
25% the median, the box represents quartiles,
and the whiskers represent minimum and
maximum values within 1.5 times the in-
terquartile range.

(B) Proteins from thymidine-nocodazole-
synchronized-MG132-treated and non-
treated HeLa cells at specific time points
(0 to 8 hours) were analyzed by SDS-PAGE
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(C) Mice heterozygous for a loss-of-
function Anapcl mutation develop cata-
racts more frequently than wild-type

mice (detailed data: no lens opacity in 2,766 WT (wild-type) mice and 12 het (heterozygous KO) mice, lens opacity in one
eye in 116 WT mice and 4 het mice, lens opacities in both eyes in 17 WT mice and no het mice).
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