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Abstract

The National Institutes of Health Undiagnosed Diseases Program evaluates patients for whom no 

diagnosis has been discovered despite a comprehensive diagnostic workup. Failure to diagnose a 

condition may arise from the mutation of genes previously unassociated with disease. However, 
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we hypothesized that this could also co-occur with multiple genetic disorders. As demonstration of 

a complex syndrome caused by multiple disorders, we report two siblings manifesting both similar 

and disparate signs and symptoms. They shared a history of episodes of hypoglycemia and lactic 

acidosis, but had differing exam findings and developmental courses. Clinical acumen and exome 

sequencing combined with biochemical and functional studies identified three genetic conditions. 

One sibling had Smith-Magenis Syndrome and a nonsense mutation in the RAI1 gene. The second 

sibling had a de novo mutation in GRIN2B, which resulted in markedly reduced glutamate potency 

of the encoded receptor. Both siblings had a protein-destabilizing homozygous mutation in PCK1, 

which encodes the cytosolic isoform of phosphoenolpyruvate carboxykinase (PEPCK-C). In 

summary, we present the first clinically-characterized mutation of PCK1 and demonstrate that 

complex medical disorders can represent the co-occurrence of multiple diseases.

Keywords

Hypoglycemia; lactic acidemia; dysmorphism; developmental delay; protein structure-function; 
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1. INTRODUCTION

Genome-Scale or “Next Generation” Sequencing (NGS) has become widely available for 

clinical use. The field of rare and new disease discovery leads the way in the application of 

NGS, and the NIH Undiagnosed Diseases Program (UDP) typifies this effort. The UDP 

features intensive phenotyping, diagnostic tools agnostic to disease causation, newly 

developed NGS analytics, and collaborative research aimed at establishing the disease-

causality of candidate mutations by biochemists, cell biologists, and physiologists.

A traditional search for the cause of a heritable disease seeks a single, highly penetrant, 

large-effect gene. In this model, unusually severe or treatment-refractory presentations 

represent novel versions of known disorders and are considered to reflect the influence of 

genetic and/or environmental modifiers. However, case reports support the epidemiologic 

expectation that multiple rare disorders will occasionally occur in the same individual [1, 2] 

[2, 3]. Experience in the UDP has confirmed that a substantial number of apparently unique, 

undiagnosed medical conditions will, in fact, be combinations of multiple genetic disorders 

in single individuals or families. Illustrating this, we present a non-consanguineous family 

with two affected children in which three different functionally verified mutations contribute 

to their phenotypes. For undiagnosed, unique and extensively investigated individuals such 

as those evaluated by the UDP, physicians should consider complex alternatives to a single, 

unifying genetic explanation.

The family reported here included two siblings who presented with variable developmental 

delay, hypotonia, and fasting hypoglycemia with lactic acidemia. One had prominent 

dysmorphic features and obesity; the other did not. Each had extensive metabolic and 

genetic testing by several specialists before the final diagnoses were confirmed by DNA 

sequencing, functional, and structural analyses.
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2. METHODS

2.1 Patients

The family was enrolled in clinical protocol 76-HG-0238, “Diagnosis and Treatment of 

Patients with Inborn Errors of Metabolism and Other Genetic Disorders”. The parents gave 

written informed consent for their children, who were enrolled in the NIH UDP. This 

initiative evaluates individuals and families in whom previous diagnostic investigations have 

been unrevealing [3–5].

22.2 NGS Sequencing and SNP Analysis

SNP oligo array analysis for filtering of exome sequence data was performed using Illumina 

Bead Array Platform and Genome Studio software (Illumina Corp, San Diego, CA), as 

described previously [6, 7]. NGS data were generated using the Sureselect Human All Exon 

System (Agilent Technologies Inc, Santa Clara, CA) and a GAIIx sequencer (Illumina Inc, 

San Diego CA). Library construction, sequence generation, sequence alignment to the 

reference genome, variant calling and potential pathogenic variant identification were 

performed as described [8, 9].

Initial sequence-variant analysis was performed using an autosomal recessive genetic model. 

A second round of analysis employed a new-dominant model, identifying sequence variants 

that met the following criteria: (1) excellent coverage in all samples from prior UDP NGS 

projects; (2) variation from the human reference sequence (HG18) occurring in only the 

family being studied; and (3) appearance of the candidate mutation only in affected 

members of the family.

2.3 Sanger sequencing

The primer pairs RAI1-F-5′-CCAGGGCTGTTTGAAGACC -3′ and RAI1-R-5′-

AAGTCGGCGGTGGAACAG -3′, PCK1-F-5′-CTCTGCAGAAATGCCTCCTC -3′ and 

PCK1-R-5′-CACCTTTCTCCACCAACTCC -3′ and GRIN2B-F-5′-

AATCCCACAGCTCAAAAGCA -3′ and GRIN2B-R-5′-ATGTTGGCACTTGTTGGCTT 

-3′ were used to amplify respectively from genomic DNA the putative variants 

NM_030665:c.2273G>A, NM_000834.3:c.1238A>G, NM_002591.3:c.134T>C and 200 

flanking nucleotides. PCR amplification was performed using Qiagen HotStarTaq master 

mix (Qiagen, Valencia, CA). The following conditions were used for amplification: 1 cycle 

of 95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and 

a final extension at 72°C for 5 min. Unincorporated primers and nucleotides were removed 

using ExoSAP-IT reagent (USB, Cleveland, OH, USA).

Sanger sequencing of the PCR products was performed by Macrogen (Rockville, MD). The 

sequences were aligned and analyzed using Sequencher v.5.0.1 (Gene Codes, Ann Arbor, 

MI, USA). Mutation interpretation analysis was conducted using Alamut 2.0 (Interactive 

Biosoftware, San Diego, CA, USA).
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2.4 RAI1 mRNA expression analysis

Total RNA was isolated from patients’ or control lymphoblastoid cells using the RNeasy 

Mini-Kit (Qiagen, Valencia, CA). RNA was subsequently treated with DNA-free DNase 

(Applied Biosystems). RNA concentration and purity were assessed on a NanoDrop 

ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). First strand 

cDNA was synthesized using a high capacity RNA-to-cDNA kit (Applied Biosystems). 

qPCR was performed utilizing a RAI1 Assays-On-Demand Taqman primer-probe assay 

(Applied Biosystems), Hs00430773_m1 (located at the RAI1 exon 2–3 boundary) and a 

control assay for the beta-actin housekeeping gene (Hs99999903_m1). PCR amplifications 

were performed on 100ng of cDNA using TaqMan Gene Expression Master Mix reagent 

(Applied Biosystems) and were carried out on an ABI PRISM 7900 HT Sequence Detection 

System (Applied Biosystems). Results were analyzed with the comparative CT method as 

described [10, 11]. All assays were performed in triplicate. Displayed values in Figure 3 

represent the relative quantification (RQ) normalized to the average of all control assays in 

all three control cell lines (arbitrarily set to 1).

2.5 GRIN2B physiology and structural modeling

Site-directed mutagenesis was performed using the QuikChange protocol (Stratagene, La 

Jolla, CA); amino acid numbering refers to full length protein (initiating methionine is 1) 

[12]. cRNA was prepared from cDNA for mutant and wild type human NMDA receptor 

subunits in pCI-neo (GenBank: NP_015566 and NP_000825) and injected into Xenopus 

laevis oocytes as previously described [13, 14]. Two-electrode voltage-clamp recordings 

from oocytes were made 2–4 days post-injection (23°C). The recording solution contained 

(in mM) 90 NaCl, 1 KCl, 10 HEPES, 0.5 BaCl2, 0.01 EDTA (pH 7.4); recording electrodes 

were filled with 0.3–3 M KCl. Homology models of the human GluN2B ligand binding 

domain [15] were simulated with molecular dynamics bound L-glutamate and explicit 

solvent at 310K and 1 bar under periodic boundary conditions using the program NAMD 

[16].

2.5 PEPCK-C enzyme activity, immunoassay, and expression of the recombinant mutant 
form for structural and functional analysis

PEPCK total enzyme activity (including PEPCK-C and PEPCK-M) was assayed in 

disrupted cultured skin fibroblasts and in frozen liver homogenates by PEP 

(phosphoenolpyruvate)-dependant 14CO2 fixation [17, 18]. Immunoblot assays of PEPCK-C 

and PEPCK-M in frozen liver from one sibling and controls, using specific monoclonal 

antibodies that distinguish the two isoforms (Santa Cruz Biotechnology, Dallas, Texas), and 

the tissue reference proteins, β-actin and GAPDH [19]. Control fibroblasts and frozen liver 

samples were obtained from unused extra material retained in the Center for Inherited 

Disorders of Energy Metabolism laboratory (UHCMC).

Recombinant and mutant I45T PEPCK were expressed and purified as previously described 

[20], with the exception that the I45T-PEPCK was initially grown at 37°C to an OD of 1.2–

1.5 and then the temperature was lowered to 30°C and the cells were induced with 0.05mM 

IPTG and grown for a further 15–20 hours. Crystals of I45T in complex with βSP and GTP 

were grown as previously described for the WT enzyme [20, 21]. Diffraction data on the 
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cryocooled (100K) I45T-Mn2+-BSP-Mn2+GTP crystals were collected at the University of 

Waterloo on a Rigaku Micro-Max rotating anode X-ray generator equipped with an RaxisIV

++ detector and Oxford cryostream. The 2.0 Å structure was solved by the molecular 

replacement method using MOLREP in the CCP4 package and the previously solved 

structure of the WT-Mn2+-BSP-Mn2+GTP complex [22–24]. The molecular replacement 

solution was refined using Refmac5 followed by manual model adjustment and rebuilding 

using COOT [25]. Ligand, metal, and water addition and validation were also performed in 

COOT. The crystallographic data and model statistics are presented in Table S-1. All 

structural data were validated using Molprobity (http://molprobity.biochem.duke.edu) [26, 

27], and the statistics from this analysis are also presented in Table S-1.

For kinetic analyses, WT and I45T PEPCK-C were assayed as previously described [20, 21]. 

To determine of the half-life stability for the enzymes, WT and I45T PEPCK-C were 

incubated in 25 mM HEPES pH 7.5, 10mM DTT at either 37 or 50° C. At various time 

points a quantity of enzyme was removed from the incubation mix and assayed for activity 

using the standard PEPCK assay in the direction of OAA formation [20, 21]. The 

inactivation rate (kinact) was determined by plotting the natural log of the remaining activity 

vs time. This value was used to calculate the apparent ½ life for the enzymes using the 

equation t1/2 = ln2/kinact.

2.6 Expression of PEPCK-C in HEK293 cells and measurement of half-life

The PCK1 wild type cDNA (NM_002591.3) was cloned into the pENTR vector (Life 

Technologies, Grand Island). The mutation c.134T>C was introduced by site directed 

mutagenesis using QuikChange II kit (Agilent, Santa Clara). The wild type and mutant 

cDNAs were then recombined into the pDEST31 (Life Technologies, Grand Island) 

expression vector using the GateWay system (Life Technologies, Grand Island).

The pDEST31-PCK1wt and pDEST-PCK1134T>C constructs were transfected into T-

REx-293 cell line (Life Technologies, Grand Island) using Lipofectamine 2000 according to 

the manufacturers protocol (Life Technologies, Grand Island). Cells stably transfected with 

each construct were selected by subsequently growing the transfected cells in DMEM 

containing 10% FBS, 5 μg/ml blasticidin and 120 μg/ml G418. Expression of the transgene 

was induced in each stable cell line by treatment with 1 μg/ml tetracycline for 24 h. To 

measure protein decay, the cells were treated with 1 μg/ml tetracycline for 24 h and then 

washed with PBS and grown in DMEM containing blasticidin, G418 and 50 μg/ml 

cycloheximide. The cells were harvested at 0, 2, 4, 6, 12, 18 and 24 h by scraping and the 

cell pellets were stored at −80°C.

Cell pellets were lysed by addition of 1 volume of 2X Laemmli Sample Buffer (Biorad, 

Hercules) and boiling for 10 min. After a brief centrifugation, the supernatants were 

fractionated over a 12% PAGE SDS gel. The proteins were transferred to nitrocellulose 

membranes detected with anti-PEPCK-C (Sigma-Aldrich, St. Louis) and anti-GAPDH 

(Novus Biologicals). Primary antibodies bound to the membrane were detected with infrared 

fluorescence labeled secondary antibodies (LI-COR, Lincoln). The images were captured by 

Odyssey infrared imaging system (LI-COR, Lincoln). Analysis of band intensity was 

performed using Image J (http://imagej.nih.gov). The amount of PEPCK-C was normalized 
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to GAPDH to adjust for loading differences. Decay was measured from the maximal 

PEPCK-C level detected.

2.7 PCK1 mRNA expression analysis

For extraction of total RNA, T-Rex -PCK1wt and -PCK1134T>C cells were treated with 1 

μg/ml tetracycline for 24 h and then washed with PBS and grown in DMEM containing 

blasticidin, G418 and 50 μg/ml cycloheximide for 0 or 6 h. We purified RNA using the 

RNeasy mini kit (Qiagen, Valencia, CA). One μg total RNA was reverse transcribed with 

SuperScript VILO cDNA kit (Life Technologies, Grand Island) and used for PCK1 

transgene PCR amplification. To specifically amplify the transgene, one the forward primer 

was placed within the amino-terminal 6xHis tag: PCK1_his_Fw 

CCATCACACCGGTGATATCCT and PCK1 Rv AGCCAACCAGCAGTTGTCAT. PCR 

amplification was performed using Qiagen HotStarTaq master mix (Qiagen, Valencia, CA) 

under the following conditions: 1 cycle of 95°C for 5 min, followed by 40 cycles of 95°C for 

30 s, 55°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 5 min. The PCR 

products were run on 1.2% agarose gels.

3. RESULTS

3.1 Case Reports

The propositae are two sisters born to non-consanguineous parents with Ashkenzi Jewish 

ancestry and a non-contributory family history.

3.1.1 Patient 1—The elder (Patient 1) was born at term following an uncomplicated 

pregnancy. Her birth weight, length and head circumference were 3118 g (25–50th %ile), 

48.3 cm (25–50th %ile) and 33.75 cm (5.5 %ile), respectively. She did not have neonatal 

hypoglycemia. Her growth during infancy and early childhood was normal, although she did 

have problems with gastroesophageal reflux and esophagitis as well as allergies to soy and 

milk proteins. By mid-childhood she had become obese, and at 11 years, she had a BMI of 

33.5 kg/m2 (>97th %ile).

Her early motor development was late; she sat and walked independently by age 8 and 16 

months, respectively. Gradually, she manifested intellectual disability (talking after 3 years), 

gross and fine motor delays, easy fatigability, sleep disturbance, low muscle tone, and 

transient unexplained neuropathy with an abnormal EMG. She also exhibited coarse facial 

features, brachydactyly, fifth finger clinodactyly and widely spaced teeth (Fig. 1). At 11 

years of age, she could walk and talk commensurate with her cognitive abilities, was not 

toilet trained, and required significant assistance with fine motor and executive tasks. She 

had disrupted sleep architecture and aggressive and obstinate behavior when tired. On 

examination, her weight, height and head circumference were 68.9 kg (>97th %ile), 143.4 

cm (25–50th %ile) and 60 cm (>97th %ile), respectively. Other notable features included 

synophrys, brachycephaly hypotelorism, hypoplastic toenails and abdominal striae.

At 20 months, she presented with fever, lethargy, fasting hypoglycemia (blood glucose 29 

mg/dl) and ketonuria. She had appropriately elevated growth hormone and cortisol levels, 

undetectable insulin and normal C-peptide levels. Over the subsequent 5 years, she had at 
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least 12 similar episodes of illness or fasting associated hypoglycemia, on occasion 

associated with significant lactic acidemia (9.6 mM), leading to consideration of a defect of 

gluconeogenesis. Gluconeogenic enzyme assays included liver glucose-6-phosphatase, 

blood fructose-1,6-diphosphatase, skin fibroblast pyruvate carboxylase and total 

phosphoenolpyruvate carboxykinase (not excluding cytosolic PEPCK deficiency), which all 

were within their reference ranges.

In the context of illness related hypoglycemia with lactic acidosis and steatosis, she was also 

evaluated for glycogen storage disease (GSD) and fatty acid oxidation. Analysis of a muscle 

biopsy performed at 2 years however showed normal muscle histopathology, glycogen 

content, glucose-1-phosphate/glucose ratio, debranching enzyme activity, pyruvate 

dehydrogenase and total phosphorylase activity. Subsequently, histopathological studies of a 

liver biopsy at age 4 years showed no iron deposits, and no abnormal lipid or glycogen, 

although there was mild-moderate portal inflammation, mild portal fibrosis, and patchy, 

moderate, macrovesicular steatosis. Furthermore, assessment of the biopsied liver tissue did 

not detect deficiency of debranching enzyme or phosphorylase, phosphorylase kinase, and 

testing of peripheral blood DNA did not identify pathogenic mutations of G6PC, SLC37A4, 

ALDOA, or GSK3B deficiency. Consistent with these findings, she lacked the GSD features 

of hepatomegaly, growth failure, hypertriglyeridemia, or hyperuricemia.

To exclude mitochondrial disorders, she had additional studies and another muscle biopsy at 

4 years of age. Analysis of this muscle biopsy showed normal histopathology and electron 

transport chain enzymology. She also had no detectable mutations of the muscle 

mitochondrial DNA or of POLG, TK2, COX10, ACAD9 and DGUOK in her blood DNA.

She had a normal cardiac ECHO, renal ultrasound, brain MRI, electroretinogram, karyotype, 

TSH and free T4 levels, plasma amino acid and acylcarnitine profiles, urine organic acid 

profile, ammonia and lactate levels (when she was well), complete blood counts, and liver 

function tests. Other molecular testing found normal SNRPN methylation and detected no 

mutations of BBS1 or FMR1. Abnormal non-diagnostic test results included array 

comparative genomic hybridization (CGH) Xq13.3 (hg18:74,015,588bp–74,683,357bp) x3 

paternal origin.

3.1.2 Patient 2—The younger sister of Patient 1 (Patient 2) was born at term following a 

pregnancy complicated by premature labor. Her birth weight, length and head circumference 

were 3515 g (50th–75th %ile), 48.3 cm (25–50th %ile) and 33.25 cm (2.4 %ile), respectively. 

She did well in the newborn period, without hypoglycemia.

In contrast to her sister, she had earlier delayed development and hypotonia. She rolled at 6 

months, sat independently at 19 months, cruised at 3.5 years and walked independently at 4 

years. At 5 years she was not toilet trained and was unable to dress or undress herself or feed 

herself with a spoon. She spoke only one comprehensible word “mom” and was unable to 

communicate by pointing or signing. Her neuropsychiatric evaluation at age 5 years assessed 

her gross motor, visual reception, fine motor, receptive language and expressive language 

age equivalents as 15 months, 5 months, 12 months, 10 months and 4 months, respectively; 
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she had no daily living skills. No autism spectrum features could be clearly differentiated 

from her general profound intellectual disability.

At approximately 8 months, she also presented with illness-associated lethargy, fasting 

hypoglycemia (blood glucose 31 mg/dl) elevated urine lactate, and ketonuria. At 10 months, 

she had a similar episode, with blood glucose 20 mg/dl and lactate 11.4 mM. Like her sister, 

she has had several repeated episodes of illness or fasting-associated hypoglycemia, 

sometimes associated with acidosis.

On examination at 5 years, her weight, height and head circumference were 17.8 kg (25th–

50th %ile), 106.1 cm (25th–50th %ile) and 50 cm (25th–50th %ile), respectively. Aside from 

the absence of dysmorphism, her notable features included an unsteady gait, hypotonia, 

stereotypic hand movements, absent pincher grasp, sensitivity to texture and pes planus. She 

did not have microcephaly or a webbed neck.

She had extensive testing that did not identify the cause her hypoglycemia or intellectual 

disability. The normal blood test results included plasma amino acid and acylcarnitine 

profiles, urine organic acid and acylglycine profiles, blood ammonia and lactate (when she 

was well), complete blood counts, and liver function tests. Similarly, testing of CSF 

neurotransmitter, lactate and glucose levels did not identify any abnormalities. Muscle 

biopsies performed at ages 4 and 6 years showed normal muscle electron transport and 

histopathology. She had a normal karyotype and no detectable mutations of muscle 

mitochondrial DNA, ETFDH, ETFA, ETFB, ALDOB, COX10, G6PC, SLC37A4, FMR1 and 

ACADVL. Patient 2 also had a normal cardiac ECHO, abdominal ultrasound (showing upper 

normal liver size), and brain MRI. Her EEG was within the broad range of normal limits for 

age in the awake and drowsy state and without focal, paroxysmal, or epileptiform 

abnormalities. By array CGH she also had inherited the paternal duplication of Xq13.3 

(hg18:74,015,588bp–74,683,357bp).

3.2 Diagnosis #1: Smith-Magenis syndrome

Patient 1 had signs and symptoms consistent with Smith-Magenis Syndrome (SMS) 

including obesity, brachydactyly, developmental delay, cognitive impairment, behavioral 

outbursts, sleep disruption and facial appearance (Fig. 1). Since the common deletion 

causing SMS had been excluded by the CGH array, we tested for mutations in RAI1. Sanger 

sequencing identified NM_030665:c.2273G>A (NP_109590.3:p.W758X), a mutation 

previously reported in SMS [28]. This mutation was detected only in patient 1, not in her 

parents or sister (Fig. 2B). The RAI1 mRNA in patient lymphoblastoid cells was decrease to 

62%±2% of the level in control cells (Fig. 2C), likely due to RNA decay of the nonsense 

allele.

3.3 Diagnosis #2: Cytosolic PEPCK deficiency

The episodic fasting hypoglycemia and lactic acidemia of both siblings remained 

unexplained, even after investigating possible gluconeogenic defects (including assaying 

total PEPCK in cultured skin fibroblasts). This prompted exome sequencing. Assuming a 

recessive genetic model, variant filtering yielded 19 homozygous and 9 compound 
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heterozygous variants. A homozygous variant in cytosolic PCK1 (PEPCK-C, 

NM_002591.3:c.134T>C) was found in both children (Fig. 2D); it changed the highly 

conserved isoleucine 45, which resides in a β-pleated sheet in the N-terminal domain, to a 

threonine (Fig. 2E and Fig. S1). NM_002591.3:c.134T>C (rs202197769) occurs with a 

frequency of 0.2% in Europeans and has not been detected in other populations or 

previously reported to occur in homozygosity. Consequently, this homozygous variant was 

of immediate interest due to the critical role of PEPCK-C in gluconeogenesis [29, 30].

We determined that recombinant I45T PEPCK-C was predominantly expressed in E. coli as 

an insoluble protein located largely in inclusion bodies, compared with the normal 

expression and distribution of the WT enzyme (1mM IPTG, 37°C, 4 h) (data not shown). 

Only upon lowering the induction temperature to 30°C and inducing with 0.05mM IPTG for 

a total of 15–20 hours was a sufficient amount of the enzyme present in a soluble, active 

form. Even with these altered conditions, a majority of the enzyme was present in the 

insoluble fraction.

The 2.0Å crystal structure of I45T PEPCK-C was determined in complex with beta-

sulfopyruvate (βSP, a substrate analog of OAA) and GTP; this state approximates the OAA-

GTP Michaelis complex. The enzyme-complex crystallized under identical conditions to the 

same complex with the WT enzyme [23], and the overall structure is essentially identical to 

that of the WT enzyme with an overall Cα RMSD of 0.2Å (Fig. 3A and Supplementary 

Table 1). Consistent with the similarity in overall structure, the local structure around the 

I45T, most notably the hydrophobic pocket formed in part by I45 (Fig. 3B), is identical to 

that in the WT enzyme. However, the participation of I45 in formation of this hydrophobic 

pocket, when viewed in conjunction with other data, is consistent with this hydrophobic 

cluster being important in the folding and stability of PEPCK-C. These findings are 

consistent with the mutation destabilizing the folded state and suggest that the N-terminal 

domain possibly acts as an intra-molecular chaperone for correct folding.

In addition, the kinetic parameters (KM of both substrates and kcat) of the recombinant 

mutant and WT enzymes are virtually identical within error of determination (Fig. 3C). Heat 

stability of the mutant PEPCK-C (t1/2) was 59% of that for the WT enzyme at 37°C, and 

24% at 50°C (also Fig. 3C).

These findings are consistent with the low level of immunoreactive PEPCK-C in frozen liver 

from patient 1 (Fig. 3D). Western blotting of frozen liver from patient 1 showed greatly 

reduced amounts (≤ 10%) of immunoreactive PEPCK-C relative to human controls, 

indicating that the I45T mutation caused PEPCK-C instability; surprisingly, the amount of 

PEPCK-M was increased (Fig. 3D). Total enzymatic activity of PEPCK was increased in 

frozen liver (217% of control mean) and normal in cultured skin fibroblasts (94% of control 

mean). Attempts to assay PEPCK-C and PEPCK-M activity separately in frozen liver or 

cultured fibroblasts by specific immunoprecipitation or inhibition were unsuccessful. The 

relatively increased level of PEPCK-M in liver from patient 1 accounts for the increased 

activity of total PEPCK in frozen liver.
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Induced expression of both WT and mutant PEPCK-C in stable cultured human 293 cells, 

using the T-Rex system, further confirmed these observations. The half-life of 

immunoreactive WT PEPCK under these conditions was more than 24 h, whereas the half-

life of the I45T mutant form of PEPCK-C was no more than 2 h (Figure 3E), and based on 

RT_PCR, this was not attributable to differences in stability of the WT and mutant PCK1 

mRNAs (data not shown).

3.4 Diagnosis #3: Mutation of GRIN2B

The severe neurological and developmental problems of patient 2 still required explanation, 

so we re-analyzed the exome sequence data using a model to identify new-dominant 

variants. For patient 2 but not in Patient 1 or either parent, this procedure identified a 

heterozygous NM_000834.3:c.1238A>G (NP_000825.2:p.E413G) mutation in GRIN2B, the 

gene encoding GluN2B, an NMDA receptor subunit (Fig. 4A). The p.E413G mutation 

resides close to residues that correspond to those shown to be in direct atomic contact with 

the co-agonist L-glutamate in structures of GluN2A and GluN2D glutamate binding 

domains (Fig. 4B) [31, 32]. We hypothesized that substitution of a glycine at this position 

would reshape the glutamate binding pocket (Fig. 4B). Two electrode voltage clamp 

recordings following co-expression with the GluN1 subunit in Xenopus laevis oocytes 

showed that the p.E413G mutation reduced the glutamate potency >50-fold compared to the 

wild type receptor (Fig. 4C). This mutation had no effect on the potency of glycine, which 

binds to the GluN1 subunit (Fig. 4D). Moreover, molecular dynamic simulations for 

GluN2B (E413G) suggested that H486 in E413G has fewer atomic interactions with 

neighboring residues, making it more mobile compared to the wild-type receptor (Wells, 

Yuan, Synder, and Traynelis, unpublished results). These data suggest that the E413G 

mutation reduced the sensitivity of GluN2B-containing NMDA receptors to synaptic and 

non-synaptic glutamate through a decrease in EC50 value and thus agonist potency.

4. DISCUSSION

This family’s unaffected parents had two daughters, each of whom had PEPCK-C deficiency 

(associated with proven instability of the mutant protein), one of whom had SMS 

(documented by RAI1 mutation), and the other of whom had a GRIN2B mutation (shown by 

functional assay of the p.E413G mutation’s effect on GluN2B). The SMS explains the 

dysmorphisms and behavioral phenotype. Mutations in the GRIN2B gene have been 

associated with a wide range of neurological disorders, including intellectual disability 

(MRD6, OMIM #613970), autism spectrum disorders, attention deficit hyperactivity 

disorder, schizophrenia, epilepsy, developmental and other cognitive phenotypes [33–42]. 

Most reported individuals with GRIN2B mutations have developmental delay, mental 

retardation, or intellectual disability, often accompanying other neurological problems. The 

GluN2B alteration (E413G) could lead to hypo-function of GluN2B-containing NMDA 

receptors, which are expressed early in development and play an important role in 

development of the brain [43–49]. The PEPCK-C deficiency explains the previously 

unexplained repeated events of fasting hypoglycemia with lactic acidemia. This report of a 

mutation in the PCK1 gene and its protein consequences is the first molecularly 
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characterized case of PEPCK-C deficiency in humans and the second functionally well-

characterized case [30].

The respective functional roles of PEPCK-C and PEPCK-M, their tissue distribution and 

interaction in different species are not currently fully explained [29, 50]. It is clear the 

PEPCK-C is critical for hepatic gluconeogenesis in mammals, and expression of that gene 

(PCK1) is responsive to physiological and hormonal regulation. The functional role of 

PEPCK-M is less clear, except that it appears to be important for birds in flight. In 

mammals, it constitutes approximately 50% of total hepatic PEPCK; PEPCK-M appears to 

play an important role glycerogenesis, amino acid catabolism, insulin secretion, and 

thermogenesis [29, 50]. No human case of primary PEPCK-M deficiency has yet been 

confirmed. Although PEPCK-C deficiency was suspected prior to molecular diagnosis in 

these siblings, the assays of total PEPCK in cells and frozen liver from patient 1 were not 

informative because of the usual predominance of PEPCK-M in fibroblasts and the 

unanticipated increase in levels of PEPCK-M in liver (which apparently failed to replace the 

gluconeogenic role of PEPCK-C). Possible separation of mitochondria and cytosol from 

fresh liver did not materialize, but was performed in the one previous, well-documented case 

of functional diagnosis of PEPCK-C deficiency [30]. In retrospect, exome sequencing or 

sequencing of a panel of gluconeogenic genes may be the initial diagnostic method of choice 

in cases of suspected defects of gluconeogenesis; it could be more efficient, comprehensive, 

and more economical than a fresh liver biopsy, which would require on-site separation of 

mitochondria and cytosol and comprehensive assays of all the gluconeogenic enzymes. Most 

medical centers would find this difficult to execute, as evident in the lack of reported cases 

of PEPCK-C deficiency for nearly 30 years. Of course, the diagnostic benefits of exome 

sequencing in these rather different siblings extend beyond the elucidation of PEPCK-C 

deficiency.

In summary, the occurrence of three particularly rare disorders in one family is an unlikely 

event. This case illustrates the larger issue of multiple overlapping heritable diseases 

combining to produce a constellation of findings that are difficult to diagnose. As an 

example, we can crudely estimate the frequency of finding a patient with two autosomal 

recessive diseases. Assume that about one in 200 individuals will have any one of the many 

known recessive disorders. Then, within the US population of 316 million individuals, 1.6 

million will have a single recessive disorder and, by coincidence, 8000 of those will have a 

second recessive disorder and 40 a third disorder. This estimate does not account for genetic 

variants that produce mild effects when present by themselves, but have a profound synergy 

when combined with a second, or third, heritable disease [51]. It is not surprising then, that a 

program like the UDP, which stringently selects for complicated disorders, would uncover a 

family with multiple genetic aberrations.

5. CONCLUSION

In the current era, in which multiple, sophisticated methodologies are employed for 

molecular diagnostics, more and more families with multiple genetic abnormalities are 

likely to be ascertained. This challenges the tenet of Occam’s razor, i.e., that one explanation 

should account for all of a patient’s symptoms. In particular, our family illustrates the need 
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to consider additional diagnoses for cases that present in an atypical fashion or are not fully 

explained by mutation(s) in a single gene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BSP 3-sulfopyruvate

CGH comparative genomic hybridization

COOT Crystallographic Object-Oriented Toolkit

DMEM Dulbecco’s Modified Eagle Medium

DTT dithiothreitol

ECHO echocardiogram

EC50 half maximal effective concentration

EEG electroencephalogram

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GTP guanosine-5′-triphosphate

GRIN2B/GluN2B N-methyl-D-aspartic (NMDA) receptor subunit 2B gene/protein

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IPTG isopropyl β-D-1-thiogalactopyranoside

KCl potassium chloride

KM the Michaelis constant of an enzyme, the concentration of substrate at 

half-maximum activity

μg/dl micrograms/deciliter

μM micromolar

mM millimolar

NaCl sodium chloride

NAMD Nanoscale Molecular Dynamics, a freeware molecular dynamics 

simulation package

NMDA N-methyl D-aspartate
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OAA Oxaloacetic acid

OD optical density

PAGE SDS polyacrylamide gel electrophoresis in sodium dodecyl sulfate

PCK1 phosphoenolpyruvate carboxykinase 1

PDB protein data bank

PEPCK-C phosphoenolpyruvate carboxykinase cytosolic isoform

PEPCK-M mitochondrial isoform

RAI1 retinoic acid induced 1

RMSD root-mean-square-deviation

SMS Smith-Magenis Syndrome

SNP single nucleotide polymorphism

WT wild type

kcat rate constant of an enzyme, maximum catalytic activity
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Highlights

1. Diseases can be the co-occurrence of multiple disorders in individuals and 

siblings

2. Deficiency of PECK-C gives rise to infantile and childhood hypoglycemia
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Fig. 1. 
Photographs of propositae. Patient 1 (A–C) was obese and had a broad square-shaped face, 

midfacial hypoplasia, mildly upslanting palpebral fissures, a broad nasal bridge, a full-tipped 

nose, short tapering fingers and mild 5th finger clindodactyly. In contrast, patient 2 (D–F) 

was slight and had no dysmorphic features.
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Fig. 2. 
Identification and characterization of RAI1 and PCK1 mutations. (A) Family pedigree. (B) 

Sanger sequence traces showing a heterozygous RAI1 mutation (NM_030665:c.2273G>A, 

NP_109590.3:p.W758X) only in patient 1 (II-1). (C) Quantification of RAI1 steady state 

mRNA levels in cultured skin fibroblasts of patient 1 and an unaffected control. The nearly 

50% decrease in RAI1 steady state mRNA levels in patient lymphoblastoid cells compared 

to unaffected control lymphoblastoid cells suggests that the p.W758X causes nonsense 

mediated mRNA decay. β-actin mRNA levels were used for normalization. (D) Sanger 

sequence traces showing that both patients (II-1 and II-2) had a homozygous PCK1 mutation 

(NM_002591.3:c.134T>C, NP_002582.3:p.I45T), whereas the parents (I-1 and I-2) were 

heterozygous for the mutation. (E) NP_002582.3:p.I45T alters an isoleucine (arrowhead) 

conserved across species to Drosophila melanogaster (see also Figure S-1 for more 

extensive species comparison, indicating this hydrophobic residue is conserved in the GTP 

utilizing enzymes all the way through Ascaris suum).

Adams et al. Page 19

Mol Genet Metab. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. 
Structural and Functional Properties of the Mutant PEPCK-C. (A) The overall structure of 

crystallized recombinant I45T PEPCK-C indicating the location of the I45T mutation with 

respect to the overall enzyme structure and the active site (indicated by the molecules of βSP 

and GTP rendered as ball and stick models colored by atom type). The N- and C-termini are 

also labeled. (B) The comparison of WT (light blue, PDB 3DT7) and I45T PEPCK-C (grey, 

PDB 4OX2, this work) in the vicinity of I45 illustrates that the local structure of the 

hydrophobic pocket is not perturbed upon the threonine for isoleucine substitution. 2Fo-Fc 

density corresponding to the side-chain of T45 is illustrated as a blue mesh rendered at 1.2 σ. 

(C) Kinetic characterization of recombinant I45T PEPCK-C compared with the wild type 

(WT) enzyme, showing very similar kinetic parameters (KM for both OAA and GTP and 

kcat), and heat stability (t1/2) at two temperatures (*WT data is from [20]). (D) Western blots 

of PEPCK-C and PEPCK-M in frozen liver from patient 1 and two controls. Figures above 

show western blots specific for PEPCK-C and PEPCK-M and the reference proteins β-actin 

or GAPDH, with the amount of micrograms of protein homogenate beneath, for patient 1 

and human controls A or B. Graphs below these respective blots comparing the normalized 

signal intensity (corrected for the ratio to their reference proteins) of ratios of PEPCK-C 

(blue) and PEPCK-M (red) in the patient vs controls A and B. (E) Half lives of mutant I45T 

and wt PEPCK-C in T-Rex 293 cultured stable inducible cell lines. Figure above shows 

Western blots at indicated time intervals before and after tetracycline induction of PEPCK-C 

I45T (upper row), PEPCK-C wt (lower row), and GAPDH as a reference protein. Graph 
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below shows relative amounts of PEPCK-C I45T/GAPDH (solid circles) and PEPCK-C/

GAPDH wt (solid squares) over 24 h after induction, to establish the mutant and wild type 

protein half-lives.
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Fig. 4. 
Identification and characterization of a de novo GRIN2B (GluN2B) mutation in patient 2. 

(A) Sanger sequence traces showing a heterozygous GRIN2B mutation (NM_000834.3:c.

1238A>G, NP_000825.2:p.E413G) only in patient 2 (II-2). (B) Predicted quaternary 

structure of tetrameric human GluN1/GluN2B, based on the GluA2 AMPA receptor 

structure (left; 3KG2) [52]. The bi-lobed ligand binding domain (yellow) of GluN2B and 

related glutamate receptors adopts a clamshell-like structure, which binds glutamate (blue) 

within the cleft. Ligand-protein interactions between L-glutamate (spheres) and wild-type 

GluN2B (middle) or GluN2B-E413G (right) ligand binding domains, are modeled from 

GluN1/GluN2A crystallographic data (2A5T) [15]. Nearby residues and crystallographically 

conserved waters are shown (sticks). Hydrogen bonds are depicted by the black dashed lines. 

(C) The composite concentration-response curves and fitted EC50 values are shown for 

human GluN1/GluN2B (wild type) or GluN1/GluN2B-E413G (E413G) current responses 

(100 μM glycine in all solutions, VHOLD −40 mV). (D) The composite glycine 

concentration-response curves and fitted EC50 values at human GluN1/GluN2B (wild type) 

or GluN1/GluN2B-E413G (E413G) receptors (1 mM glutamate present in all solutions). 

EC50 values were obtained by fitting the curves in (C) and (D) with Response (%) = 100 / (1 

+ (EC50 / [agonist])N). N is the Hill slope, which ranged between 1.1 – 1.4; n = 11–20 

oocytes).
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