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Figure S1. Pedigree of the MRX3 Family 

 

Updated pedigree of the MRX3 family is shown. HCFC1 chrX:152,890,455A>G (hg18) 

genotyped individuals are shown with either their genotype (A, A/A, G, or A/G) or an asterisk 

(*), for those individuals, where the genotype is not disclosed (but was typed and segregated 

with their clinical status). Open circles show females; circles with a dot in the middle show 

obligate carrier females; empty squares show males, solid squares show affected males, 

crossed symbols show deceased individuals. 
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Figure S2. Coverage Plot for All Bases Tiled on the Targeted Capture Array 
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Figure S3. Work Flow of Detecting and Prioritizing Variants 



 4 

 

 
  
 

Figure S4. Possible Effects of YY1 Binding Site S2 Mutation on RENBP, TMEM187, and 

MECP2 
 

Upper panel, schematic diagram of the genomic structure of the HCFC1 gene and possible 

responsive genes to the mutation in the YY1 binding site S2. Arrows with dashed lines 

represent the possible pattern of effects on the transcriptional activity of genes in the region. 

Lower panel, qRT-PCR showing the relative expression of RENBP, TMEM187 and MECP2 

to β-actin expression in controls (females n = 4, C Fem; and males n = 4 C Male), MECP2 

gene duplications involving these genes (n = 3; Dup), and the MRX3 patients (n = 2; P). qRT-

PCR was carried out as previously described (Nat. Genet. 39, 1127–1133, 2007), using 

primers listed in Table S4. Data was derived from three independent experiments. Graphs 

represent mean expression ± SD. 
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Figure S5. Relative Expression of KDM5C, RENBP, TMEM87, MECP2, and HCFC1 of 

the Patients (n = 2) as Determined by qRT-PCR to Control Males (n = 192) and Females 

(n = 175) Measured by Microarray (GSE1485)  
 

Box plots illustrate the expression distribution in LCLs of normal males and females of 

KDM5C, which is known to escape X inactivation, and RENBP, TMEM87, and MECP2 that 

are known to be subjected to X inactivation. Expression of the patients (black dot near the 

HCFC1 mRNA box plot) was determined as fold change by qRT-PCRs and converted into 

log2 expression relative to the mean of the control group.  Microarray analysis was carried 

out using Partek Genomic Suite V6.6 as previously described (Nature 430, 743-747, 2004). 

qRT-PCR was carried out using primers listed in Table S4. 
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Figure S6. Total Protein Lysates (12 μg each) from Normal (WT; n = 2) and MRX3 

(MT; n = 2) Male LCLs Were Immunoblotted According to Published Method (Mol 

Cancer Res. 4, 655-665, 2006) using a Rabbit Anti-HCFC1 Antibody (Cell 74, 115-125, 

1993) 
 

HCFC1 protein is post-translationally processed into multiple species, which are shown on 

the left hand side of the blot. Anti- -actin antibody (Sigma) was used as a loading control 

(bottom panel).   
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Figure S7. Hcfc1 Is Highly Expressed during Embryonic Brain Development 

 

qRT-PCR used to quantify Hcfc1 mRNA at different stages of embryonic (E) and post-natal 

(P) stages of murine brain development. n ≥ 4 brains at each time point. qRT-PCR was 

carried out as previously described (Nat. Genet. 39, 1127–1133, 2007), using primers listed in 

Table S4 below. The embryonic expression profile is consistent with a role in proliferative 

cells – as these cells deplete through the generation of terminally differentiated cells so does 

Hcfc1 expression. Expression during postnatal development, however suggests likely role in 

post-mitotic cells as well.  
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Figure S8.  HCFC1 Overexpression Reduces Number of NSCs 

 

NSCs were isolated, grown and differentiated using described methods (Methods Mol Biol. 

482, 143-158, 2009), and transfected via nucleofection as per manufactures instructions 

(Lonza). NSCs were transfected with plasmids expressing GFP (pMax-EGFP; Lonza) 

together with either an empty vector control (pcDNA3.1; Invitrogen) or HCFC1 expression 

plasmid (pCGN-HCFC1). Transfected NSCs were grown for 3 days in adherent culture 

before analysis.  

 

(A) Cells labelled for 12 hours with EdU. EdU labelling and detection was achieved using the 

Click-it EdU AlexaFluor647-Azide kit (Invitrogen). Representative immunofluorescent 

images identifying transfected cells via EGFP expression (green) and the presence of EdU 

incorporation (red).  Nuclei are stained with DAPI (blue). Closed arrowheads indicate 

transfected cells labelled with EdU, open arrowheads indicate transfected cells not labelled 

with EdU.  

 

(B) Representative immunofluorescent images of transfected cells (green) stained using 

antibodies against cell type specific marker proteins: NSCs (Sox2; red) and Neurons (TuJ1; 

cyan); Nuclei are stained with DAPI (blue). Closed arrowheads indicate transfected cells 

expressing Sox2, open arrowheads indicate transfected cells that do not. Note that cells over-

expressing HCFC1 are less likely to be labelled with EdU, and also less likely to co-express 

Sox2 compared to controls. All staining and microscopy carried out as previously described 

(Mol. Biol. Cell. 20, 2015-2029, 2009). 
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Figure S9. HCFC1 Overexpression Reduces Hippocampal Neuronal Arborisation and 

Increases Neurotoxicity 
 

Primary hippocampal neurons were isolated, transfected and grown as previously described 

(Am. J. Hum. Genet. 87, 371-375, 2005). Neurons were transfected with plasmids expressing 

GFP (pMax-EGFP; Lonza) together with either an empty vector control (pcDNA3.1; 

Invitrogen) or a HCFC1 expression plasmid (pCGN-HCFC1).  

 

(A) HCFC1 over-expression reduces hippocampal outgrowth. Transfected cells were 

identified using GFP expression, and axons and dendrites were identified using 

immunoreactivity to TAU1 and MAP2 antibodies respectively, as previously described (Am. 

J. Hum. Genet. 87, 371-375, 2010). Average number of neurite termini identified at days 4 

and 8 of differentiation determined as previously described
 
(Am. J. Hum. Genet. 87, 371-375, 

2010). At least 25 neurons scored per experiment done in triplicate.  

 

(B and C) HCFC1 overexpression is neurotoxic.  

 

(A) Representative immunofluorescent images used to score neurons undergoing cell death. 

Transfected neurons identified using GFP expression, and TAU1 immunoreactivity. Neurons, 

which displayed nuclei with overt signs of condensation and fragmentation (closed 

arrowheads), were scored as dying, whilst neurons with normal nuclei (open arrowheads) 

were not. Note that dying neurons commonly displayed other morphological differences 

including blebbing membranes and vesicular inclusions. At least 300 neurons scored per 

experiment conducted in triplicate. All graphs represent the mean of triplicate experiments +/- 

SD. *p<0.05 by 2-tailed Student’s t-test. 
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Figure S10. ClustalW Multiple Protein Alignment of Selected HCFC1 Orthologs 

 

ClustaW alignment has been performed at http://www.ebi.ac.uk/. The “MUT” sequence on 

top of each alignment indicates the mutant HCFC1 protein with that specific amino acid 

highlighted by a box and variant annotation. At the bottom of each panel there is a schematic 

of HCFC1 protein (similar to that shown in Figure 2E) showing the position of that specific 

amino acid within the HCFC1 protein. The underlined amino acid changes indicated those 

found as part of this study. The asterisk (*) indicate those also found by Piton et al. (Mol. 

Psychiatry 16, 867-880, 2011) and the hash (
#
) indicates those found by Tarpey et al. (Nat. 

Genet. 41, 535-543, 2009). 

http://www.ebi.ac.uk/
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Figure S11. Pedigree of Family D144 
 

The segregation of the HCFC1 change (hg18) chrX:152881908C>T; p.Ser225Asn is shown. 

“C” refers to the wild type allele and “T” to the mutant allele. 

 

 

 

 

 

 

 

 

Figure S12. Patients from the D144 Family 
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Table S1. Statistics of the Data from Targeted Sequencing 
 

 
 

 
 

 
 
 

 
 

 

 
 

 
 

 
 

 
 
 
 
 

 

Table S2. Overview of Coding Regions Not Covered by Sequence Reads 
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 Table S3. Overview of All Sequenced Variants in Custom Array but Not in dbSNP 

 

 
 

 

Table S4. List of Primers Used in This Study for Sequencing and qPCR 

 

 
RNA isolation, reverse transcription reactions and qPCR reactions were performed as 

previously described (Nat. Genet. 39, 1127–1133, 2007). 

Primer 
Name 

F/R Sequence (5’ to 3’) Size 
(bp) 

Location Product 
Sizes 

HCFC1 Total F GGCAACGAGGGAATAGTGGAC 21 Exon 1 73 bp 

R TCACGGCTGGGATGAACC 18 Exon 2  

HCFC1  
S2 Specific  

F GCTTCTTCTGCCGTACAGTTGC 22 Intergenic 91 bp 

R CTCACTTCCCGCCTTATGACTC 22 Intergenic  

RENBP F TGCGCCTCTTCTACCAAGTG 20 Exon 9 82 bp 
 R CTCAGGTAGCCAAACCATTCC 21 Exon 10  

TMEM187 F AGGCGAGTGAGGCGAAATAC 20 Exon 1 232 bp 
 R GAGAGCAGCCTTCAATACGC 20 Exon 2  

MECP2 F GCTTTTCCCTGGGGATTGA 19 Exon 3 120 bp 
 R GGGACCCATGTATGATGACC 20 Exon 3  

Hcfc1 F GCAACGAGGGGATAGTGGAC 20 Exon 1 74 bp 
 R TCTCACAGCTGGGATGAACC 20 Exon 2  
HCFC1  
Sequencing  

F TACGGCAGAAGAAGCGGTA  20 intergenic 199 bp 

R GGGTCCTTTAAGAGGCTTGG  21 Intergenic  



 14 

 
 
 
Table S5. List of Oligonucleotides Used in Electrophoretic Mobility Shift Assays 

 

Oligonucleotides matching the YY1 consensus binding site (sc-2533, Santa Cruz Biotech), 

the S2 binding site in HCFC1 (152,890,443-152,890,469), or the variant mS2 binding site of 

affected individuals in the MRX3 family. Variant nucleotide is in lowercase bold font in mS2. 

 
 
 
 
 

Table S6. Primers for ChIP-PCR Amplifications 

 
 
 

 

 

 

 

 

 

 

 

 

PCR amplifications were performed using the KAPA HiFi PCR Kit (Kapa Biosystems) under 

the following conditions: S2 and S6: 98 °C for 3 min; 31 cycles of 98 °C for 15 s, 66 °C for 

15 s, and 72 °C for 30 s and HUWE1 negative control: 98 °C for 3 min; 31 cycles of 98 °C for 

15 s, 60 °C for 15 s, and 72 °C for 30 s. 

Binding Site Genomic Location Sequence (5’-3’) 

YY1 
Consensus 

N/A CGCTCCCCGGCCATCTTGGCGGCTGGT 

S2 chrX:152,890,443-
152,890,469 

CTGGGAGCCGCCATCTTGTGTGAAGAA 

mS2 chrX:152,890,443-
152,890,469 

CTGGGAGCCGCCgTCTTGTGTGAAGAA 

Target 
Region 

F/R Sequence (5’ to 3’) Size 
(bp) 

S2   F TACGGCAGAAGAAGCGGTAAC 199 

 R GGGTCCTTTAAGAGGCTTGG  

S6 F TCGTCTAAGGCAGCTCTCACGGAGAAG 169 

 R GCTTCTTGAGCCTAGGCGCTCGACAGT  

-C F AACTTTCCCCAGTTCAGTGC 103 

 R TGGGAACGACTTAGCATGAG  



 15 

Table S7. List of Primers for the PCR Amplification of Genomic DNA Fragments Used 

in Luciferase Reporter Constructs 
 

 
a
Bold lowercase indicates the restriction enzyme site. 

Genomic 
fragments 

F/R Sequence (5’ to 3’) Size 
(bp) 

Retriction 
enzyme 

1 205 bp   F GGgctagcAGTCTCATCCGGGCAT
TTCa 

27 NheI 

 R CGGAGAaagcttTCTCACACAGCG
GTAGACG 

31 HindIII 

705 bp F GGgctagcAGTCTCATCCGGGCAT
TTC 

27 NheI 

 R GGCaagcttCGTACGGCTTGTGAA
GTCTCG 

30 HindIII 

R-705 bp F CTGAGCaagcttGCAGTCTCATCCG
GGCATTTC 

33 HindIII 

 R AGGGGGCgctagcCGTACGGCTTG
TGAAGTC 

31 NheI 
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 Table S8. Functional Annotation of 218 Differentially Expressed Genes 
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Table S9. List of Genes with Greater Than Two-Fold Upregulation or Downregulation 
 

 
a
FC: fold change 

b
relative to expression in controls 

c
moderated t-statistic 

d
B statistic 
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Table S10. Functional Annotation of 35 Two-Fold Upregulated or Downregulated Genes 
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 Table S11. Clinical Description of Individuals with Missense Variation in HCFC1 

 
 

 

FAMILY VARIANT CLINICAL INFORMATION 
 
D144 

 
X:1528881908C>T; 
p.S225N 

 
The index individual was born after an uneventful 
pregnancy at term to healthy and unrelated parents. He had 
mild intellectual disability and attended a school for special 
needs. On examination at the age of 17 years, he had 
behavioral problems including anxiety disorder and a 
tendency to compulsive behavior, but was otherwise 
healthy. His younger brother also had mild intellectual 
disability. At the age of 6 years, high-grade hyperopia was 
detected, and he attended a school for children with visual 
problems. On examination at the age of 9 years, deficits in 
fine motor skills were more pronounced than his verbal 
deficiencies. Body measurements were normal, and he had 
no dysmorphic signs or other additional health problems 
(see Supplementary Fig. 11) 
 

 
D82 

 
X:152870346G>A; 
p.A1756V 

 
The index individual was born after an uneventful 
pregnancy to healthy and non-consanguineous parents. 
Psychomotor development was delayed. On examination at 
the age of 11 years, he had mild intellectual disability. Body 
measurements were normal, and, apart from asthma, he 
had no other health problems. Clinical information for other 
affected of the family was unavailable. 
 

 
D147 

 
X:152875279C>T; 
p.G876S 

 
The individual was born to non-consanguineous healthy 
Turkish parents after an uneventful pregnancy at 37 weeks 
of gestation. His birth measurements were normal (weight: 
3200 g, length: 49 cm, OFC: 35 cm). Breast feeding was not 
possible due to muscular hypotonia. He learned to sit at the 
age of 10 months and was able to walk without support at 
the age of 2 years. He spoke his first words at the same 
age. His childhood was complicated by frequent infections. 
An inguinal hernia and a cryptorchidism were surgically 
corrected. Seizures were successfully treated with 
carbamazepine. He visited a school for the mentally 
disabled. At the age of 8 9/12 years he had normal 
measurements for height and weight [height: 130 cm (10-
25th centile; weight: 36 kg (90-97th centile)], but he 
presented with macrocephaly [OFC: 56 cm (>97th centile)]. 
He presented with macrostomia with a full and everted 
lower lip, a low-set posterior hairline, large and simple 
modelled ears, brachytelephalangy and hypertrichosis. 
 


