
Complex patterns of inheritance, including synergistic 
heterozygosity, in inborn errors of metabolism: Implications for 
precision medicine driven diagnosis and treatment

Jerry Vockleya,g,*, Steven F. Dobrowolskib, Georgianne L. Arnolda,g, Ruben Bonilla 
Guerreroc, Terry G.J. Derksd, David A. Weinsteine,f

aUniversity of Pittsburgh School of Medicine, Department of Pediatrics, Pittsburgh, PA, United 
States of America

bUniversity of Pittsburgh School of Medicine, Department of Pathology, Pittsburgh, PA. UPMC 
Children's Hospital of Pittsburgh. 4401 Penn Avenue, Pittsburgh, PA 15224, United States of 
America

cAdmera Health, South Plainfield, NJ 07080, United States of America

dSection of Metabolic Diseases, Beatrix Children's Hospital, University Medical Center Groningen, 
University of Groningen, PO box 30 001, 9700, RB, Groningen, the Netherlands

eDepartment of Pediatrics, University of Connecticut School of Medicine, Farmington, CT 06030, 
United States of America

fGSD Program, Connecticut Children's Medical Center, Hartford, CT 06106, United States of 
America

gUPMC Children's Hospital of Pittsburgh, 4401 Penn Avenue, Pittsburgh, PA 15224, United States 
of America

Abstract

Inborn errors of metabolism have traditionally been viewed as the quintessential single gene 

disorders; defects in one gene leads to loss of activity of one enzyme causing a metabolic 

imbalance and clinical disease. However, reality has never been quite that simple, and the classic 

“one gene-one enzyme” paradigm has been upended in many ways. Multiple gene defects can 

lead to the same biochemical phenotype, often with different clinical symptoms. Additionally, 

different mutations in the same gene can cause variable phenotypes, often most dramatic when 

a disease can be identified by pre-symptomatic screening. Moreover, response to therapy is 

not homogeneous across diseases and specific mutations. Perhaps the biggest deviation from 

traditional monogenic inheritance is in the setting of synergistic heterozygosity, a multigenic 

inheritance pattern in which mutations in multiple genes in a metabolic pathway lead to sufficient 

disruption of flux through the pathway, mimicking a monogenic disorder caused by homozygous 

defects in one gene in that pathway. In addition, widespread adoption of whole exome and whole 

genome sequencing in medical genetics has led to the realization that individual patients with 

apparently hybrid phenotypes can have mutations in more than one gene, leading to a mixed 
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genetic disorder. Each of these situations point to a need for as much precision as possible in 

diagnosing metabolic disease, and it is likely to become increasingly critical to drive therapy. 

This article examines examples in traditional monogenic disorders that illustrates these points and 

define inborn errors of metabolism as complex genetic traits on the leading edge of precision 

medicine.

1. Introduction. A trend towards more accurate genetic diagnoses and 

treatment

Hereditary rare diseases affect approximately 1 in 20 people, but only a minority of patients 

receive a specific genetic diagnosis [1-4]. Before the advent of next generation sequencing, 

the diagnostic odyssey typically began with a symptom-based diagnostic approach, moved 

through screening tests, often by multiple care providers, and resolved with specific gene 

tests only if sufficient clues were present to allow sequencing of a single gene. Multi-gene 

panels broadened the scope of clinical sequencing, triggering genetic testing based on a 

clinical phenotype. More recently, whole exome and whole genome sequencing (WES and 

WGS, respectively) have become the standard for genetic diagnosis [5]. They have the 

advantage of bypassing extensive preliminary, non-specific testing, thus leading to more 

rapid diagnoses, often at a significantly reduced cost and with less emotional turmoil for 

families. Of note, as many as 5% of patients undergoing WES or WGS provide evidence 

of being concurrently affected by two genetic disorders rather than a single disorder [6]. 

In retrospect, these patients may be recognized as having symptoms of both disorders, 

and in disease specific studies would have inappropriately expanded the phenotype of one 

or the other of the disorders. Although it has many definitions, precision medicine must 

start with an accurate diagnosis, and has come to the forefront as a guiding principle for 

medical treatment largely through recognition of the power of WGS and WES. However, 

precision medicine has also come to mean the use of genetic information to direct therapy. 

In most cases to date, this has focused on pharmacogenomics, but also can reflect the use 

of designer drugs specific to a single mutation in a rare disease (CF example), or targeted 

to a type of cancer (CAR T) [7,8]. In pharmacogenomics, the simultaneous analysis of 

genes encoding proteins associated with drug metabolism (pharmacokinetics), drug targets 

(pharmacodynamics), and drug exposure leading to adverse drug reactions has provided 

more accurate therapy to treat IEM symptoms [9-11]. In either setting, accurate genetic 

information and phenotype are critical to therapeutic success.

In many ways, diagnosis and treatment of inborn errors of metabolism (IEMs) presaged the 

current focus on precision medicine and lead to the description of IEMs as examples of 

complex genetic traits [12]. Diagnosis was typically through broad based metabolite panels 

rather than individual tests, and the pathophysiology of the enzyme defect drove therapy. 

However, directed molecular or enzymatic testing was still necessary as metabolites could 

be non-specific; for example, methylmalonic acidemia is not one disease by nearly a dozen 

[13]. Pre-symptomatic screening, especially newborn screening, also identified individuals 

with a wide variety of disease-causing variants for most disorders, some of which predicted 

outcome more accurately than the analyte itself, as, for example, with the common C.985A 
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> G mutation in MCAD deficiency. Recently, the field of IEMs has come full circle, with 

many new disorders identified by WES or WGS rather than metabolite testing.

Identification of patients with single mutations in multiple steps of a metabolic pathway 

with probable clinical effect was originally recognized in the context of energy deficiency, a 

phenomenon referred to as synergistic heterozygosity, but has been suggested to play a role 

in other disorders [14-17]. This article will examine diagnosis and treatment of IEMs in the 

context of precision medicine and present novel findings in several disorders that broadens 

the potential scope of the concept of synergistic heterozygosity.

2. Disorders of mitochondrial energy metabolism: new cellular based 

methods to evaluate synergistic heterozygosity

Mitochondrial energy metabolism is a complex process that involves optimum function 

and efficient interaction of three mitochondrial metabolic cycles: oxidative phosphorylation 

(OXPHOS), fatty acid oxidation (FAO), and the tricarboxylic acid (TCA) or Krebs cycle 

(Fig. 1) [18]. OXPHOS is organized into inner mitochondrial membrane supercomplexes 

that promote substrate channeling and catalytic efficiency, and the enzymes of FAO 

functionally and physically interact with the supercomplexes to optimize delivery of 

reducing equivalents from high energy fat stores to OXPHOS [19,20]. It is therefore not 

surprising that perturbation of energy metabolism is often more complicated than a simple 

Mendelian trait. A clear example of this phenomenon is seen in the disorders of long 

chain fatty acid metabolism (LC-FAOD). Here, three main symptoms – hypoglycemia, 

cardiomyopathy, and rhabdomyolysis – have long been viewed as direct outcomes of 

decreased cellular ATP levels due to reduction of reducing equivalents from FAO to 

OXPHOS. However, evidence that a secondary TCA cycle depletion exacerbates this 

primary energy deficiency led to the development of the novel anaplerotic therapeutic 

agent triheptanoin that essentially eliminates hypoglycemia in patients with LC-FAODs and 

greatly improves heart function [18,21,22]. Nevertheless, most patients continue to have 

episodes of rhabdomyolysis (albeit decreased in number and therapy) in spite of restored 

of mitochondrial energy homeostasis [18]. Focus is now turning to other possible causes 

of rhabdomyolysis, most importantly otherwise subclinical inflammation that appears to be 

induced by the presence of metabolites that accumulate due to the block in FAO. In this 

regard, we have demonstrated accumulation of increased levels of mitochondrial superoxides 

in fibroblasts from patients with very long chain acyl-CoA dehydrogenase (VLCAD) 

deficiency [23]. As in the inflammatory response to pegvaliase in phenylketonuria (PKU), 

genetic variation in proteins involved at any point the pertinent inflammatory pathway may 

be relevant in determining the clinical phenotype or response to therapy [24].

Precision medicine in the context of mutation specific therapy is likely to be an important 

factor in the treatment of LC-FAOD in the coming years. Expression for all of the genes of 

FAO, as well as many for OXPHOS, is controlled from a single regulatory element for RNA 

transcription, the PPARδ promotor, while the PPARγ controls an antioxidant pathway that is 

important in protecting mitochondria against oxidant stress. Thus, treatment of patients with 

a point mutation in a LC-FAO gene with a PPARδ agonist is a compelling option, leading 
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to both an increase in even a minimally active protein, especially if it has some PPARγ 
activity leading to induction of the mitochondrial antioxidant pathway [25]. A trial of one 

such agent is currently in progress (https://www.clinicaltrials.gov/ct2/show/NCT03833128?

term=reneo&rank=2). Similarly, increased reactive oxygen species in VLCAD deficient 

fibroblasts could be reduced with subsequent improved cellular bioenergetics using a potent 

mitochondrially targeted antioxidant [23].

Finally, recognition of a multi-functional energy complex containing both OXPHOS and 

FAO provides a potential functional explanation for the phenomenon termed synergistic 

heterozygosity. Originally, patients with clinical symptoms suggestive of energy deficiency 

but without a specific single diagnosis were shown to have multiple partial defects in both 

energy pathways [12,14]. Synergistic heterozygosity can theoretically occur due to partial 

reduction of flux through a metabolic pathway caused by reductions in catalytic efficiency 

at multiple steps [12]. Alternatively, stability of a multi-enzyme complex may be reduced 

due to changes in the structure of multiple proteins in the complex, leading to reduction 

in catalytic efficacy of the whole pathway [19,20]. As an example, we routinely are asked 

to evaluate cellular energy function in patients with abnormal newborn screens consistent 

with a LC-FAOD but in whom only a mutation on a single allele in one gene is identified. 

In this context, cellular bioenergetics are usually normal, and heterozygosity is assumed. 

However, we have also evaluated cell lines with single mutations in two LC-FAO genes. Fig. 

2 shows results from one such cell line from a patient identified with an abnormal newborn 

screen (elevated C12, C10, C8, C6, C10:1, 5DH + C10OH, C14, C14:1, and C14:2) 

suggestive of multiple acyl-CoA dehydrogenase deficiency (GA2) but who has remained 

asymptomatic. Ethylmalonic acid was elevated in urine (36.78 mg/g Cr; normal 0.5–20.2). 

Molecular studies identified heterozygous mutations in the electron transfer flavoprotein 

dehydrogenase (ETFDH; c413T > G; pL138R) gene and the gene for the beta subunit of the 

mitochondrial trifunctional protein (HADHB;c693_696dupCGC; pA233RFS*12). ACADS 
and ETHE1 variants (other causes of ethylmalonic aciduria) were not identified. The cell 

line showed appropriately decreased amounts of ETFDH and HADHB protein (but not 

zero), neither of which alone should affect cellular bioenergetics alone (Fig. 1E). HADHA 

was also reduced (often seen in the context of HADAB mutations) and VLCAD protein 

level was normal. Whole cell palmitate oxidation (Fig. 1B) was reduced, not typical of 

heterozygote cells. Equally striking, the cellular basal respiratory rate and reserve capacity 

were decreased (Figs. 1A, C, and D), consistent with reduction of OXPHOS activity. As 

previously described, a VLCAD deficient cell line shows increased basal respiratory rate but 

decreased reserve capacity, consistent with mitochondrial bioenergetic stress [23].

It has been proposed that cellular FAO flux rather is a better predictor of phenotype 

than VLCAD activity in cells from patients with VLCAD deficiency [26,27]. However, 

one of us ((TGJD) was involved in the case of a newborn with VLCAD deficiency 

who died before newborn screening is traditionally performed in the Dutch screening 

program. The baby became sick on day one of life with concurrent feeding difficulties 

and hypothermia and presented to hospital on day two of life in cardiac arrest, where 

resuscitation was unsuccessful. Postmortem investigations were suspicious for an inborn 

error of fat metabolism with fatty infiltrate in several organs, and an acylcarnitine profile in 

cultured fibroblasts was consistent with VLCAD deficiency. Molecular testing demonstrated 
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compound heterozygosity in the ACADVL gene: a paternal c.253dup (p.Asp85Glyfs*19) 

mutation and a presumed de novo C.469A > G (p.Asn157Asp) variant of unknown 

significance not found in either parent. Fibroblasts displayed ~45% FAO flux of that 

measured in control fibroblasts. Thus, the in vivo situation is more complex for neonates. 

Perinatal physiology transitions include a shift from a passive towards active glucose 

homeostasis in the liver; from primarily glucose towards free fatty acid driven energy 

metabolism in the heart; and from passive to active thermogenesis requiring FAO in brown 

adipose tissue. All of these changes in the newborn must be taken into account and are 

likely to be driven in some measure by genetic factors. Evaluation of additional examples 

of such combinations of gene variants in FAO and OXPHOS genes will allow a better 

understanding of the impact of these effects in patients with pictures of non-classical 

energy deficiency, and encourage development of therapies targeting stabilization of the 

energy protein complex rather than focusing on correcting a single enzyme defect. Precision 

medicine, with application of WES or WGS to identify potential combinations of mutant 

alleles, is critical to this understanding. This is where the clinic really meets the genetics.

3. Glycogen storage disorders: a new example of synergistic 

heterozygosity

The glycogen storage diseases (GSDs) are a group of inherited metabolic diseases caused by 

abnormal degradation or synthesis of glycogen due to diminished or absent enzyme activity 

[28,29]. The literature describes two different groups of GSDs: hepatic and muscular. 

Hepatic GSDs are characterized by hypoglycemia, fasting intolerance, and failure to thrive. 

Hepatomegaly is a cardinal feature of all hepatic GSDs except for glycogen synthase 

deficiency (GSD 0). GSD type I is a hypoketotic disorder, while GSD 0, III, VI, IX, and XI 

are ketotic forms of GSD. The readily identified clinical phenotype of hypoglycemia with 

ketosis, but without identification of biallelic mutations in a gene for one of the enzymes in 

the glycogen degradation pathway frequently leads to the non-specific diagnosis of “ketotic 

hypoglycemia” [30]. However, more aggressive evaluation of such patients with WES or 

WGS has allowed identification of patients with single mutations in multiple steps of the 

glycogen metabolism pathway, another potential example of synergistic heterozygosity.

Tables 1 and 2 summarize laboratory, clinical, and molecular findings from three previously 

unpublished patients. All three patients (patients 1 and 2 were identical twins) presented 

with a constellation of findings characteristic of a hepatic GSD, including fasting intolerance 

with ketotic hypoglycemia and mild hepatomegaly; however, a traditional monogenic 

enzyme deficiency could not be identified. All patients developed overnight ketosis with 

low prealbumin concentration, characteristic of the ketotic forms of GSD. Additionally, all 

of the patients responded well to traditional GSD treatment therapies as outlined in the 

consensus guidelines for the ketotic forms of GSD, and the metabolic abnormalities abated. 

In each case, the symptoms recurred when treatment was delayed or missed, supporting its 

benefit. WES analysis of each patient revealed multiple single allelic genetic variants in 

genes that participate glycogen metabolism (Table 2 and Fig. 3) likely explaining the clinical 

and biochemical phenotype of GSD. Thus, while functional cellular testing was not available 

to prove causation, the association of variants in related genes in glycogen metabolism 
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is striking and may represent another example of synergistic heterozygosity. It is worth 

noting that while each patient presented with symptoms of GSD and was diagnosed based 

on the phenotypic presentation, traditional focused Sanger sequencing would have missed 

the diagnosis since only one genetic change was found per gene. The field of genetics 

is evolving, and precision medicine requires a more comprehensive analysis for complex 

inheritance patterns including synergistic heterozygosity.

Modifier genes for expression of clinical symptoms in GSDs also need to be considered 

as clinical studies have documented considerable heterogeneity among GSDIa patients with 

identical G6PC genotypes [31]. Additionally, experimental studies in liver-specific GSDIa 

−/− mice have shown that hepatocytes contribute to residual glucose production through 

α-glucosidase activity, (i.e. glycogen debranching) and/or lysosomal glycogen degradation, 

providing other points for the impact of gene variants [32]. Indeed, as endogenous glucose 

production is dominated by the liver, GSDs ultimately offer a less complicated model 

to study synergistic heterozygosity and modifier gene effects than FAODs due to the 

involvement of multiple organs and related energy pathways in the latter.

4. Porphyrias: additive disease in an IEM

Heme is an important protein synthesized from glycine and succinyl CoA, involved in 

various systems including respiratory chain cytochromes and cytochrome P450 enzymes 

(Fig. 4) [33]. The porphyrias are a group of IEMs resulting from enzymatic defects in 

heme biosynthesis. They are characterized as “erythroid” or “hepatic”, depending on the 

site of accumulation of abnormal metabolites, and can be primarily classified as “acute” 

or “cutaneous”, reflecting the major clinical signs and symptoms [34]. The majority of the 

porphyrias are inherited in an autosomal dominant manner, with most subjects retaining 

approximately 50% of normal enzyme activity, under most circumstances, resulting in 

reduced disease penetrance. However, precipitating factors that increase the demand for 

heme can induce clinical symptoms in individuals with monoallelic mutations. Traditionally, 

the diagnosis of porphyria is made on the basis of clinical symptoms, characteristic 

biochemical findings and enzyme assays [35]. However, in some porphyria patients and 

families, these diagnostic tools reveal simultaneous findings compatible with two different 

forms of porphyria.

At least 15 patients and families have been described in the literature, with biochemical 

and metabolic testing identifying dominant defects in two enzymes in the heme biosynthetic 

pathway, leading to combined deficiency of uroporphyrinogen decarboxylase with either 

porphobilinogen deaminase, coproporphyrinogen oxidase, or protoporphyrinogen oxidase 

[36-38]. Not surprisingly, patients showed a mixed clinical picture as sufficient flux through 

the pathway occurred to allow the symptoms related to both defects to manifest. This 

phenomenon, referred to as dual porphyria, represents yet another example of the potential 

complex nature of inheritance in IEMs. In addition to the presence of dual porphyrias, 

a relatively more common scenario is manifestation of an acquired porphyria such as 

uroporphyrinogen decarboxylase deficiency secondary to liver or renal disease (the most 

common form of porphyria), preceding the clinical manifestation of a latent or late-onset 
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form of inherited porphyria, most commonly porphobilinogen deaminase deficiency (RBG, 

unpublished observation).

5. PKU, learning new tricks from an old dog: modifier genes and clinical 

severity

Complex mechanisms of disease in IEMS exceeds the boundaries of synergistic 

heterozygosity and extends to interactions of modifying genes. While this topic is covered 

more broadly in this special issue, one example is useful in considering its role in IEMs. 

As the most common IEM in many populations, and the one with the longest history 

of newborn screening, hundreds of mutations have been reported in the phenylalanine 

hydroxylase (PAH) gene leading to phenylketonuria (PKU) with differing allele frequencies 

in distinct ethnic groups (see http://www.biopku.org). As a precision medicine tool, there 

is little doubt that mutation identification in the PAH gene provides some insight into 

ultimate severity of disease [39-41]. Clearly, null mutations leading to complete lack of 

protein portend poor phenylalanine (Phe) tolerance and more difficult to control disease. 

In contrast, those mutations preserving some enzymatic activity are more likely to result 

in milder disease with a relatively higher Phe tolerance [42]. However genotype/phenotype 

correlations are imperfect [43]. Rare individuals have been reported with apparently null 

mutations in the PAH gene who nonetheless are of normal intelligence and show no 

untoward neurologic effects in spite of a lifetime of blood Phe levels that are consistent with 

classical PKU [44]. In contrast, siblings with the same mutations may show different disease 

severity [45]. It is also important to note that mutations in a number of other genes besides 

PAH either cause hyperphenylalaninemia, including defects in the synthesis or recycling 

of the PAH biopterin cofactor [46]. Recently, a defect in DNAJC12 has been identified as 

another hyperphenylalaninemia gene, acting as a co-chaperone protein vital to the proper 

folding of a group of amino acid hydroxylases including PAH [47-49]. One can imagine 

that variants in proteins sucha s DNAJC12 could lead to less efficient folding of some 

mutant PAH proteins, leading to variability in expression of a PAH mutation in different 

individiuals.

The phenotype-genotype variation seen with PAH mutations is only an extreme example 

of clinical variation, and raises interesting questions especially regarding the use of the 

only two drugs approved by the Federal Drug Administration (FDA) for treatment of PKU. 

Sapropterin is a synthetic biopterin, an essential cofactor for the PAH enzyme, that for most 

mutations appears to work by acting as a molecular chaperonin that promotes folding of 

some mutant PAH proteins, thus increasing the residual enzyme activity and reducing the 

severity of disease [50,51]. One might a priori predict that a response to such a medication 

would depend solely on the PAH mutation, implying that siblings with the same PAH 
genotype by definition would respond similarly to treatment with sapropterin. Interestingly, 

extensive published clinical experience demonstrates otherwise [52,53]. Even in the clinical 

trials leading to approval of the medication, variability in response independent of genotype 

was reported except for null mutations leading to complete loss of PAH protein [54,55]. 

Similarly, patients with PKU, even siblings, show variable responses to treatment with 

pegvaliase, an enzyme substitution therapy given to patients subcutaneously [56,57].
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The factors that mediate genotype/phenotype correlations and response to treatment in 

patients with PKU remain unknown but are likely to be critical for directing precision 

treatment of disease. Entry of Phe into the CNS is mediated by a transporter protein (LAT1) 

that is shared with other large neutral amino acids [58]. Reduced avidity of a variant 

LAT1 protein to Phe could explain reduced sensitivity to Phe toxicity, and thus explain the 

identification of patients with classical PKU but with normal cognitive outcome, though 

this has not been proven [44]. Other proposed mechanisms for variable phenotype include 

variations in genes regulating transport of phenylalanine across membranes of other cells in 

the brain, or in those regulating brain vulnerability to high phenylalanine levels.

Other factors that mediate genotype/phenotype correlations and response to treatment in 

patients with PKU remain unknown but are likely to be similarly variable as the disease. 

These might include any number of factors ranging from the protein chaperonins as 

discussed above, to the presence of variant enzymes that allow for alternative metabolism 

of Phe and thus reduced toxicity in patients with the same PAH mutations, or differential 

end organ or cell susceptibility. In the case of pegvaliase, such factors such as modulation 

of immune response to the foreign protein and differences in absorbance or clearance of 

the enzyme could lead to variation in response to therapy. Identifying the genetic factors 

that mediate variation in disease phenotype and response to treatment will undoubtedly be 

a major focus of research in the personalized medicine era, but will require an exhaustive 

WES, WGS, or epigenomic approach that is likely to require coordination across multiple 

centers nationally and worldwide. Undirected, broad spectrum metabolomics could also 

play a role by identifying marker metabolites indicative of alternative metabolic processes 

that indicate susceptibility or refractivity to pathological outcomes. Ultimately, it must be 

remembered that with the PAH enzyme inactivated, PKU is the ultimate environmental 

disorder, with exposure to dietary Phe as the toxin. All current PKU management strategies 

seek to reduce Phe exposure. In this context, treatment based on reducing the toxicity of Phe 

rather than lowering it is likely to be a major goal of personalized medicine.

6. Lessons learned and future needs

This admittedly non-exhaustive review of IEMs and novel clinical case presentations 

demonstrates the need to consider IEMs as examples of complex genetic traits. Biochemical 

phenotypes are not restricted to defects in a single gene, the need for the coordinated 

activity of multiple gene products, and the clear involvement of other, non-metabolic genes 

in modifying clinical symptoms and response to therapy require a new paradigm in studying 

and treating IEMs. Synergistic heterozygosity is a specific example of a complex pattern 

of inheritance leading to decreased flux through a metabolic pathway, but modifier genes 

and digenic inheritance must also be considered. To address this issue, it is first necessary 

to characterize all patients as completely as possible through broad based metabolomics, 

WES or WGS, epigenomics, and in vitro or in vivo fluxomics. Currently these modalities 

are considered research tools, but application to clinical practice will be ubiquitous as 

we accumulate more undirected data on patients with IEMs. These findings will in turn 

drive research both on pathophysiology and therapy. With advances in care including next 

generation gene panels, WES, and WGS, clinicians are faced with interpreting results when 

genetic changes in multiple genes are identified due to increased use of these tests. Study 
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of IEM patients for genetic heterogeneity and complexity could identify other examples 

synergistic heterozygosity, and future investigations should examine the various genes 

involved in biochemical pathways in considering possibilities for this phenomenon. It is also 

likely that other genetic mechanisms will be identified in such cases, including variations in 

non-coding regions and ultimately epigenetic alterations [59,60]. Illustrative cases presented 

here are a reminder that it is critical to look beyond a simple genotype and to treat the 

clinical phenotype and not just the genotype. Precision medicine, long a hallmark of the 

diagnosis and treatment of IEMs, will take on ever greater importance, emphasizing the 

pleiotropic nature of this disorders and their nature as complex genetic traits.
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Fig. 1. 
Possible sites of defects leading to synergistic heterozygosity in disorders of energy 

metabolism. Multiple enzymes must function together to produce optimum energy output. 

In the first patient described in the text, heterozygous mutations in ACADVL and 

mitochondrial HADHA were identified (red arrows). We have previously described patients 

with symptoms of energy deficiency and heterozygous mutations in fatty acid oxidation and 

the electron transport chain. Adapted from [61].
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Fig. 2. Analysis of a synergistic heterozygous cell line.
A. Oxygen consumption rate (OCR) was measured with a Seahorse XFe96 Extracellular 

Flux Analyzer (Agilent, Santa Clara, CA). Cells were seeded in 96-well Seahorse tissue 

culture microplates in growth media at a density of 60,000 cells per well. Initial OCR was 

measured to establish basal respiration (C) followed by injection of oligomycin (an inhibitor 

of ATP synthase) that reduces OCR, representing ATP turnover. Subsequent injection of 

300 nM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, Seahorse XF Cell 

Mito Stress Test Kit, Santa Clara, CA) dissipates the proton gradient and allows maximum 

respiration. The rise in OCR upon FCCP addition represents mitochondrial reserve capacity 
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(D). Finally, rotenone and anti-mycin A were added to effectively disable the electron 

transport chain and inhibiting the total mitochondrial respiration. The remaining OCR 

represents non-mitochondrial respiration. In all panels, C = control cell line; VLCAD = 

VLCAD deficient cell line; Pt = cells from the patient with the ETFDH and HADHB 
mutations. B. Flux through the FAO pathway was quantified by production of 3H2O from 

[9,10-3H] palmitate. E. Western blots of cellular extracts probed with antibodies to the 

proteins indicated at the top of each panel. The arrows indicate the expected migration of the 

native protein (ETFDH, 68 kDa; HADHB, 50 kDa; HADHA, 75 kDa; VLCAD, 48 kDH; 

GAPDH loading control, 37 kDa).
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Fig. 3. Defects in Glycogenolysis Caused by Synergistic Heterozygosity Resulting in a GSD 
Phenotype.
Defects identified in patients in this study are identified with a red X.
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Fig. 4. Heme biosynthetic pathway.
Heme biosynthesis consists of eight enzymatic steps, with the first and the last three steps 

(Blue) occurring in the mitochondria and the intermediate four steps (Green) occurring 

in the cytosol. Note that Coproporphyrinogen III is (Orange) produce in the cytosol, 

however its conversion to Protoporphyrinogen IX occurs in the mitochondrial. If there is 

an enzymatic defect or inhibitor, metabolites may accumulate, resulting in expression of 

clinical symptoms. The disorders are listed on the left while the enzymes are listed on 

the right, except for congenital erythropoietic porphyria (CEP) in which the enzyme and 

disorder are listed on the right on top of each other; and porphyria cutanea tarda (PCT) 

in which they are in opposite sites. Aminolevulinic acid synthase (rate limiting enzyme) is 

induced depending on the bioavailability of free heme pool. *In red are enzymes associated 

with the corresponding metabolic steps found in dual porphyrias.
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