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BACKGROUND & AIMS: We recently identified a recessive 
syndrome due to DNA ligase 3 (LIG3) mutations in patients with 
chronic intestinal pseudo-obstruction, leukoencephalop- athy, 
and neurogenic bladder. LIG3 mutations affect mito- chondrial 
DNA maintenance, leading to defective energy production. We 
aimed at identifying altered molecular path- ways and 
developing possible targeted treatments to revert/ ameliorate 
the cellular energy impairment. METHODS: Whole 
transcriptome analysis was performed on patient-derived fi- 
broblasts total RNA and controls. Mitochondrial function, 
mitophagy, and L-glutamine supplementation effects were 
analyzed by live cell analysis, immunostaining, and Western 
blot. Patients were treated with Dipeptiven (Fresenius-Kabi) 
according to standard protocols. Patients’ symptoms were 
analyzed by the Gastrointestinal Symptom Rating Scale ques- 
tionnaire. RESULTS: We identified deregulated transcripts in 
mutant fibroblasts vs controls, including overexpression of 

genes involved in extracellular matrix development and 
remodeling and mitochondrial functions. Gut biopsy specimens 
of LIG3-mutant patients documented collagen and elastic fiber 
accumulation. Mutant fibroblasts exhibited impaired mito- 
chondrial mitophagy indicative of dysfunctional turnover and 

altered Ca2+ homeostasis. Supplementation with L-glutamine (6 
mmol/L), previously shown to increase mitochondrial DNA- 
defective cell survival, improved growth rate and adenosine 5ʹ-
triphosphate production in LIG3-mutant fibroblasts. These data 
led us to provide parenterally a dipeptide containing L- 
glutamine to 3 siblings carrying biallelic LIG3 mutations. 
Compared with baseline, gastrointestinal and extra- 
gastrointestinal symptoms significantly improved after 8 
months of treatment. CONCLUSIONS: LIG3 deficiency leads to 
mitochondrial dysfunction. High levels L-glutamine supple- 
mentation were beneficial in LIG3-mutant cells and improved 
symptom  severity  without  noticeable  adverse  effects. 
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Our results provide a proof of concept to design ad hoc clinical 
trials with L-glutamine in LIG3-mutant patients. 

 

Keywords: Chronic Intestinal Pseudo-Obstruction; L-Glutamine; 
LIG3; Mitochondria. 

 

 
evere gut dysmotility occurs as a result of structural 
or functional abnormalities in various key cells, such 

as enteric neurons or glial cells, or both, interstitial cells of 
Cajal, and smooth muscle cells.1 A paradigmatic clinical 
phenotype of severe gut dysmotility is chronic intestinal 
pseudo-obstruction (CIPO), an extremely disabling condition 
significantly affecting the patients’ quality of life. CIPO is 
characterized by a major impairment of intestinal propulsion 
leading to recurrent intestinal subobstructive episodes and 
clinical/radiologic findings mimicking an underlying me- 
chanical cause.2,3 CIPO patients also complain of a variety of 
symptoms (eg, chronic nausea, vomiting, abdominal disten- 
sion, and constipation/diarrhea) during the periods between 
one subobstructive episode and another. Enteral or parenteral 
nutrition is often needed to prevent extensive weight loss and 
malnutrition. In addition to adult cases, children can be 
affected by intestinal pseudo-obstruction (hence pediatric 
intestinal pseudo-obstruction), which is also associated with a 
high risk of morbidity and mortality.4,5 

CIPO can be caused by mutations in many different 
genes, indicating a high molecular heterogeneity underlying 
this disorder. As an example, CIPO is a feature associated 
with mitochondrial neurogastrointestinal encephalomyo- 
pathies (MNGIE) caused by mutations in TYMP, encoding 
thymidine phosphorylase, polymerase gamma (POLG) mu- 
tations, or mutations in mitochondrial DNA (mtDNA) 
occurring in mitochondrial encephalomyopathy with lactic 
acidosis and stroke-like episodes.6 

We recently identified a novel form of syndromic CIPO 
caused by recessive mutations in LIG3, encoding the exclu- 
sive DNA ligase 3 present in mitochondria and essential for 
mtDNA repair and replication. This novel recessive syn- 
drome has been named mtDNA depletion syndrome 20, 
MNGIE-type (OMIM# 619780). In addition to CIPO, LIG3- 
mutant patients display neurologic abnormalities such as 
leukoencephalopathy, epilepsy, migraine, stroke-like epi- 
sodes, and neurogenic bladder. Compared with controls, 
LIG3 mutations result in a lack of ligase activity in the 
mitochondria of patients’ tissues with subsequent severe 
mtDNA depletion leading to a major imbalance in cell 
metabolism.7 Additional cases with LIG3 loss-of-function 
mutations and severe mtDNA depletion have recently been 
identified.8 To date all reported patients with LIG3 muta- 
tions usually present with a very severe clinical picture, poor 
quality of life, or premature death. 

Understanding the altered molecular mechanisms is 
instrumental to decipher the clinical complexity of geneti- 
cally driven CIPO, including the LIG3-dependent cases, and 
to develop pharmacologic options or other targeted ap- 
proaches for personalized therapies. Here, we have thor- 
oughly investigated the molecular abnormalities caused by 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
mutant LIG3 and applied a potential treatment (ie, gluta- 
mine supplementation) in vitro and in vivo to rescue 
impaired cell metabolism and energy production and to 
improve the patients’ clinical picture. 

 

Abbreviations used in this paper: ATP, adenosine 5ʹ-triphosphate; 
CEPIA3mt, pCMV6-CEPIA3mt; CIPO, chronic intestinal pseudo-obstruc- 
tion; CNT, control; COX7A1, cytochrome c oxidase subunit 7A1; ECM, 
extracellular matrix; GI, gastrointestinal; GLS1, mitochondrial gluta- 
minase; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis; GSRS, 
Gastrointestinal Symptom Rating Scale; LC3, microtubule-associated 
protein 1A/1B-light chain 3; LIG3, DNA ligase 3; log2-FC, log2-fold change; 
MNGIE, mitochondrial neurogastrointestinal encephalomyopathies; MRC, 
mitochondrial respiratory chain; mtDNA, mitochondrial DNA; MTT, 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; OGDHL, oxogluta- 
rate dehydrogenase; OPA1, OPA1 mitochondrial dynamin like GTPase; PDH, 
pyruvate dehydrogenase; PDK3, pyruvate dehydrogenase kinase 3; PIPOX, 
pipecolic acid and sarcosine oxidase; RNA-seq, RNA sequencing; RT-qPCR, 
reverse transcription quantitative polymerase chain reaction.  

 

 

We recently identified a syndrome due to LIG3 mutations 
in patients with chronic intestinal pseudo-obstruction, 
leukoencephalopathy, and neurogenic bladder. LIG3 
mutations affect mitochondrial DNA maintenance, leading 
to defective energy production. 

  

Transcriptional dysregulation in LIG3-mutant cells resulted 
in altered extracellular matrix and mitochondrial 
dysfunction. Glutamine supplementation improved 
growth, energy production, and gastrointestinal and 
extra-gastrointestinal symptoms in mutant cells and 
patients, respectively. 

LIMITATIONS 

This is a proof-of-concept study conducted on a few 
patients and patient-derived tissues. Additional patients 
with LIG3 mutations should be identified and treated with 
glutamine to consolidate the current observations on 
therapeutic efficacy. 

 

Glutamine evoked specific beneficial effects in LIG3- 
mutant cells and improved symptom severity without 
noticeable side effects in patients. Our data are relevant 
for chronic intestinal pseudo-obstruction a disabling 
condition lacking effective, mechanism-based 
pharmacologic treatments. Ad hoc clinical trials with 
glutamine in patients with LIG3-dependent mitochondrial 
DNA depletion syndrome are warranted. 

 

Our study provides a better understanding of LIG3- 
dependent molecular changes, by identifying abnormal 
collagen formation, defective mitophagy, and altered 
mitochondrial  homeostasis.  Cell  growth  and 
energy production were restored by glutamine 
supplementation. We expanded the knowledge on LIG3 
function in cells and provided a basis for further ad hoc 
studies on glutamine in LIG3-dependent mitochondrial 
DNA depletion syndrome. 

 



[Digitare qui] [Digitare qui] [Digitare qui] 

■ 2024 Glutamine and LIG3-Dependent CIPO 3 

 

Materials and Methods 

Patients and Controls 
Data from patients and controls were handled in accor- 

dance with the St. Orsola Hospital Ethics Committee (protocol 
no. EM/146/2014/O), and analyses were performed after 
obtaining written informed consent from the patients or pa- 
tients’ parents, according to the Declaration of Helsinki. 

Detailed clinical pictures of patients 1-1, 1-2, 1-3 (3 males, 
family 1) and 3-2 (male, family 3) have been reported in Bonora 
et al, 2021.7 A description of the patients and their corresponding 
biallelic LIG3 variants is also provided in the Supplemental Ma- 
terial. Likewise, data regarding the controls are presented in the 
Supplemental Material. Patients from family 1 were treated for 
compassionate use with the dipeptidyl alanyl-glutamine Dipep- 
tiven (Fresenius-Kabi), according to established protocols.9 

 

Cell Cultures 
The following human dermal fibroblasts were investigated: 

cells 1-1, carrying the biallelic p. K537N and p. G964R variants; 
cells 3-2, carrying the biallelic variants p. P609L and p. R811Ter in 
LIG3; and control fibroblasts derived from healthy individuals.7,10 
All fibroblasts were cultured in Dulbecco’s modified Eagle’s me- 
dium (Euroclone, Milan, Italy) with 10% fetal bovine serum, 100 
U/mL penicillin, and 100 mg/mL streptomycin (Sigma-Aldrich, St. 
Louis, MO), in 2 mmol/L (standard concentration, Sigma-Aldrich) 
or 6 mmol/L (high concentration) L-glutamine. Cells were treated 
with different concentrations of glutaminase inhibitor 968 (0, 0.5, 
1, 2, 4, 6 mmol/L; Sigma-Aldrich) for 96 hours. 

 

Whole Transcriptome Analysis via Total RNA 
Sequencing 

Total RNA was isolated from 3 × 105 cultured fibroblasts 
using the Monarch Total RNA Miniprep Kit (New England 
Biolabs, Ipswich, MA). RNA was quantified by a Nanodrop 2000 
spectrophotometer (Thermo Scientific), and its integrity was 
evaluated by an Agilent Bioanalyzer 2100 (Agilent, Santa Clara, 

CA). Only RNA samples with an RNA integrity number ≥7 were 
included in the study. RNA sequencing (RNA-seq) was per- 
formed at CRS4 NGS Core Polaris, Pula, Italy. Briefly, for RNA- 
seq experiments, indexed libraries were prepared using 250 ng 
of total RNA as the starting material with the TruSeq Stranded 
Total RNA Sample Prep Kit (Illumina Inc, San Diego, CA). 
Libraries were validated using the Agilent High Sensitivity 
assay (Agilent Technologies) and then quantified using the 
dsDNA High Sensitivity Assay for Qubit 3.0 (Thermo Fisher, 
Waltham, MA, USA). Libraries were sequenced (paired-ends, 75 

× 2, total 150 cycles) at a concentration of 8 pmol/L per lane 
on the HiSeq 3000 platform (Illumina Inc). Raw RNA-seq reads 
were quality assessed and trimmed for sequencing adaptors 
using TrimGalore 0.6.5 with the default Phred score. 

FastQC (https://www.bioinformatics.babraham.ac.uk/projects/ 
fastqc) and MultiQC11 were applied to all the FASTQ files to 
perform a primary quality control. Reads were subsequently 
mapped on the reference human genome hg38 adopting Spliced 
Transcripts Alignment to a Reference (STAR) software.12 Dupli- 
cate removal, sorting, and indexing were performed using SAM- 
tools.13 Gene expression was quantified and normalized as counts 
per million starting from raw gene counts obtained by the Python 
package HTseq-count.14 Differential gene expression analysis 

 
between control and LIG3-mutant samples was performed 

adopting the R-bioconductor limma package15 (q value < 10—3), 

including genes with counts per million >2 in at least 2 samples. 
Genes were ranked in order of evidence for differential expres- 
sion setting the log2-fold change (log2-FC) cutoff values as fol- 

lows: log2-FC ≤—2 Λ ≥2. 
The filtered genes were further explored with the Gene Set 

Enrichment Analysis (GSEA) tool to investigate enriched path- 
ways in mutant samples.16 The Gene Ontology (GO) Biological 
Process, Cellular Component, and Molecular Function sets were 

selected along with “enrichment statistic” = “weighted,” “metric 
for ranking gene” = “log2_Ratio_of_Classes,” and “normalization 
mode” = “meandiv.” GSEA analysis was performed also using 
MitoCarta3.0 (https://www.broadinstitute.org/mitocarta/), an 
inventory of mammalian mitochondrial proteins and pathways 
to address specifically mitochondrial functions. 

Quantitative real-time reverse transcription quantitative 
polymerase chain reaction (RT-qPCR) was done as described in 
the Supplementary Material. The primer list is reported in 
Supplementary Table 1. 

 

Tissue and Cell Imaging and Staining 
Detailed methods for Gomori Trichrome analysis, elastic 

fiber staining,17 and small-vessel quantitative analysis on pa- 
tients’ colon biopsy specimens are reported in the 
Supplementary Materials and Methods. Cell imaging and pro- 
liferation and mitochondrial and lysosomal staining are pre- 
sented in details in the Supplementary Materials and Methods, 
according to previously published protocols.18 Mitochondrial 

Ca2+ quantification is detailed in the Supplementary Materials 
and Methods. The vector pCMV6-CEPIA3mt was a kind gift of 
Dr M. Iino (http://n2t.net/addgene:58219, Addgene, 58219).19 

 

Western Blot Analysis 
Cell lysis and Western blotting were performed as previ- 

ously described and detailed in the Supplementary Materials 
and Methods.20 The list of primary antibodies and corre- 
sponding dilutions is reported in Supplementary Table 2. 

 

Adenosine 5ʹ-Triphosphate Content 
Intracellular adenosine 5ʹ-triphosphate (ATP) levels were 

measured using a luminescence ATP detection assay (ATPlite, 
PerkinElmer, Waltham, MA) according to the manufacturer’s 
instructions. Data were reported as arbitrary luminometric 
units, measured with the microplate reader (EnSpire, Perkin 
Elmer) and normalized to cell number. 

 

Analysis of Mitochondrial DNA Content by Real- 
Time Quantitative Polymerase Chain Reaction 

Total DNA was extracted from control and mutant fibro- 

blasts treated with 2 mmol/L and 6 mmol/L L-glutamine for 96 
hours or 30 days using the QIAGEN DNA Mini kit according to 
the manufacturer’s instructions. We assessed mtDNA content 
via real-time qPCR, as previously described.7 

 

Analysis of Mitochondrial Glutaminase 1 Inhibitor 
Effects 

Three thousand fibroblasts derived from controls and pa- 
tients were seeded in a 96-well plate, grown in 2 mmol/L 
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(standard  concentration,  Sigma-Aldrich)  or  6  mmol/L 
L-glutamine (high concentration) and treated with different 
concentrations of glutaminase inhibitor 968 (Sigma-Aldrich) 
(0, 0.5, 1, 2, 4, or 6 mmol/L) for 96 hours. MTT [3-(4,5- 
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
assay was performed as described before.7,10 For ATP anal- ysis, 
3000 fibroblasts derived from controls and patients were 
seeded in a 96-well plate, grown in 2 mmol/L (standard 
concentration, Sigma-Aldrich) or 6 mmol/L L-glutamine (high 
concentration) and treated with 2 mmol/L glutaminase in- 
hibitor 968 (Sigma-Aldrich) for 96 hours. ATP levels were 
assessed as described above. 

 

Statistical Analysis 
Unpaired Student t test, Mann-Whitney test, or 1-way 

analysis of variance with multiple comparisons test were per- 
formed as reported in the Results sections and figure legends, 
using GraphPad Prism 8.00 software (GraphPad Software 

Inc). P values <.05 were considered statistically significant. The 
in vitro data are representative of at least 3 biologically 
independent experiments. All data collected are reported as the 

mean ± standard error of the mean. Symptom severity was 
evaluated using the Gastrointestinal Symptom Rating Scale 
(GSRS) according to the methods previously reported.21,22 

 

 

Results 

RNA Sequencing Showed Profound Gene 
Dysregulation in LIG3-Mutant Fibroblasts 

To identify the overall altered biological pathways due to 
LIG3 mutations and integrate them with the previously 
detected mitochondrial dysfunction,7,8 we performed a 
whole transcriptome analysis comparing mutant fibroblasts 
derived from 2 patients’ skin biopsy specimens (1-1 and 3- 
2, carrying the variants LIG3 p. K537N/p. G964R and p. 
P609L/p. R811Ter, respectively) vs control (labelled as 
CNT), commercially available fibroblasts, originally derived 
from a skin biopsy specimen of a heathy, young female 
subject. Raw data showing the total amount of reads/library 
and the mean coverage are reported in Supplementary Table 
3, along with the mean coverage for each library (2 biological 
replicates for each sample were sequenced). 

Supervised gene expression analysis identified 1466 
differentially expressed genes between mutant and control 

fibroblasts with a q value <10—3 and log2-FC ≤—2 Λ ≥2 
(Supplementary Table 4 and Figure 1A). Compared with 
controls, 819 and 647 genes were down-regulated or up- 
regulated, respectively, in the mutant LIG3 fibroblasts 
(Figure 1A). According to the GSEA, we identified 1, 8, and 
32 enriched pathways using the GO Molecular Function, GO 
Cellular Component, and GO Biological Process data set, 

respectively, with a q value <.05 in mutant fibroblasts 
compared with controls. These pathways included the 
external encapsulating structure organization, vasculature 
development, tube development, collagen fibril organiza- 
tion, collagen metabolic process, and connective tissue 
development (Figure 1B and Table 1). 

Considering the enrichment of dysregulated pathways 
involved in extracellular matrix (ECM) development and 
reorganization, we further investigated the ECM genes that 
were found to be significantly overexpressed in LIG3- 
mutant cells (eg, COL1A2, COL3A1, and ELN) (Supplementary 
Table 4), via RT-qPCR analysis. The same control fibroblasts 
used for RNA-seq analysis were also used for data 
normalization. An additional control cell culture (labelled as 
CNT2) derived from a skin biopsy sample of a healthy young 
male volunteer was tested for comparison with the mutant 
fibroblasts. Significant overexpression was confirmed for 
COL1A2, COL3A1, and ELN in both mutant fi- 

broblasts vs controls (for COL1A2 CNT2 vs 1-1 P = .0152, 
CNT2 vs 3-2 P = 00140 [Supplementary Figure 1A]; for 
COL3A1 CNT2 vs 1-1 P = .0007, CNT2 vs 3-2 P = .0182 
[Supplementary Figure 1B]; for ELN CNT2 vs 1-1 P < .0001, 
CNT2 vs 3-1 P = .0187 [Supplementary Figure 1C]). 

Given the overexpression of genes encoding for colla- 
gens and elastin found in mutant fibroblasts, we assessed 
the presence of collagen and elastic fibers in the colon tissue 
biopsy specimens available for patients of family 1 vs con- 
trols. Previously we documented a severe neuronal reduc- 
tion in colon tissue biopsy specimens of these patients.23 We 
observed a strong staining for collagen and elastic fibers in 
patient tissues vs controls (Figures 2A and B, respectively), 
confirming ex vivo the in vitro expression data and indi- 
cating the presence of extensive fibrosis in the intestinal 
tissues of LIG3-mutant patients. 

Because an altered enteric vasculature was reported in 
tissues of TYMP-dependent MNGIE patients17 and, in this 
study, one of the enriched pathways identified by GSEA 
exerts a regulatory role on angiogenesis, we investigated 
whether the patients’ tissues showed an abnormal blood 
vessel structural organization. The submucosal area occu- 
pied by vascular tissue in patients with LIG3 mutations was 
8-fold lower vs controls (1.9% ± 1.3% mm2 small vessels/ 
mm2 submucosa vs 16.1% ± 4.6% mm2 small vessels/mm2 

submucosa; P = .0357) (Supplementary Figure 1D and 
Figure 2C). Furthermore, the number of blood vessels per 
mm2 of submucosa was 3-times lower in patients with LIG3 
mutations vs controls (4.8 ± 2.6 number of vessels/mm2 vs 

14.4 ± 7.4 number of vessels/mm2; P = .0357) 
(Supplementary Figure 1E and Figure 2D). 

Differential gene expression analysis revealed a signifi- 
cant dysregulation of genes involved in cellular bio- 
energetics and mitochondrial metabolism in mutant cells vs 
controls (Supplementary Table 4), including COX7A1, 
encoding for the cytochrome c oxidase subunit 7A1 (9.29 

fold-change, q value = .000118), GLS1, encoding for the 
mitochondrial glutaminase 1 (GSL1) (2.45 fold-change q 

value = .0000591), OGDHL, encoding for oxoglutarate de- 
hydrogenase L (—5.38 fold-change, q value = .000118), 
PDK3, encoding for pyruvate dehydrogenase kinase 3 (—
5.00 fold-change, q value = .000173), and PIPOX,24 encoding 
for pipecolic acid and sarcosine oxidase (—8.07 fold-change, 
q value = .0000237). 

Therefore, to perform a systematic analysis of all the 
possibly deranged mitochondrial pathways, we ran GSEA 
with the MitoCarta3.0 data set, an inventory of 1136 human 
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Figure 1. LIG3-mutant fibroblasts showed profound gene dysregulation. (A) Volcano plot for all significantly dysregulated genes 
with an adjusted P (q value) <10—3 and a log2-FC ≤—2 Λ ≥2. Down-regulated genes (log2-FC≤—2) are labeled in blue; up-
regulated genes (log2-FC ≥2) are labeled in red. The top rank of the most dysregulated genes (COL1A2, COL3A1, ELN, and 
PIPOX) is indicated in the plot. (B) Bubble plot, generated with ggplot2, shows the overrepresented pathways enriched in GO 
Biological Process, Molecular Function, and Cellular Component categories in mutant LIG3 fibroblasts. In the enrichment plot, 
colors represent the P values (the darker the blue, the more significant), the sizes of the bubble represent the gene ratio; that is, 
the ratio between the count of core enrichment genes (number of the genes that were significantly dysregulated in our list) and 
the count of genes in the pathways. 
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Table 1. Enriched Human Gene Sets in Mutant LIG3 Fibroblastsa 

 

Human Gene Set Biological Process Size NOM P value FDR q value 

1 GOBP_EXTERNAL_ENCAPSULATING_STRUCTURE_ORGANIZATION 53 <.0001 <.0001 

2 GOBP_VASCULATURE_DEVELOPMENT 110 <.0001 .003 

3 GOBP_REGULATION_OF_CELLULAR_RESPONSE_TO_GROWTH_ 

FACTOR_STIMULUS 

41 <.0001 .002 

4 GOBP_TUBE_DEVELOPMENT 136 <.0001 .010 

5 GOBP_REGULATION_OF_TRANSMEMBRANE_RECEPTOR_PROTEIN_  

SERINE_THREONINE_KINASE_SIGNALING_PATHWAY 

35 <.0001 .008 

6 GOBP_TUBE_MORPHOGENESIS 120 <.0001 .007 

7 GOBP_BLOOD_VESSEL_MORPHOGENESIS 97 <.0001 .007 

8 GOBP_CIRCULATORY_SYSTEM_DEVELOPMENT 147 <.0001 .007 

9 GOBP_COLLAGEN_FIBRIL_ORGANIZATION 18 <.0001 .009 

10 GOBP_REGULATION_OF_VASCULATURE_DEVELOPMENT 41 <.0001 .010 

11 GOBP_CONNECTIVE_TISSUE_DEVELOPMENT 36 .002 .009 

12 GOBP_MUSCLE_CELL_PROLIFERATION 29 <.0001 .012 

13 GOBP_POSITIVE_REGULATION_OF_VASCULATURE_DEVELOPMENT 24 .002 .017 

14 GOBP_REGULATION_OF_CELL_SUBSTRATE_ADHESION 28 <.0001 .018 

15 GOBP_TRANSFORMING_GROWTH_FACTOR_BETA_RECEPTOR_ 

SIGNALING_PATHWAY 

32 <.0001 .018 

16 GOBP_REGULATION_OF_LOCOMOTION 120 <.0001 .023 

17 GOBP_CARTILAGE_DEVELOPMENT 27 <.0001 .025 

18 GOBP_RESPONSE_TO_TRANSFORMING_GROWTH_FACTOR_BETA 38 <.0001 .024 

19 GOBP_INTEGRIN_MEDIATED_SIGNALING_PATHWAY 16 .002 .023 

20 GOBP_NEGATIVE_REGULATION_OF_LOCOMOTION 40 <.0001 .022 

21 GOBP_WOUND_HEALING 49 <.0001 .030 

22 GOBP_RESPONSE_TO_WOUNDING 63 <.0001 .030 

23 GOBP_COLLAGEN_METABOLIC_PROCESS 18 <.0001 .030 

24 GOBP_ENZYME_LINKED_RECEPTOR_PROTEIN_SIGNALING_PATHWAY 106 <.0001 .030 

25 GOBP_AMEBOIDAL_TYPE_CELL_MIGRATION 50 .002 .032 

26 GOBP_CELL_MATRIX_ADHESION 25 .002 .038 

27 GOBP_CELL_SUBSTRATE_ADHESION 43 .002 .039 

28 GOBP_TISSUE_MIGRATION 42 .004 .038 

29 GOBP_RESPONSE_TO_TUMOR_NECROSIS_FACTOR 27 .006 .042 

30 GOBP_NEGATIVE_REGULATION_OF_TRANSMEMBRANE_ 19 .004 .044 

RECEPTOR_PROTEIN_SERINE_THREONINE_ 

KINASE_SIGNALING_PATHWAY 

31 GOBP_RESPONSE_TO_GROWTH_FACTOR 80 <.0001 .047 

32 GOBP_TRANSMEMBRANE_RECEPTOR_PROTEIN_ 47 004 .046 

SERINE_THREONINE_KINASE_SIGNALING_PATHWAY 

Human Gene Set Molecular Function 
 

1 GOMF_EXTRACELLULAR_MATRIX_STRUCTURAL_CONSTITUENT 37 <.0001 <.0001 
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Table 1. Continued 
 

Human Gene Set Cellular Component    

1 GOCC_EXTERNAL_ENCAPSULATING_STRUCTURE 81 <.0001 <.0001 

2 GOCC_COLLAGEN_CONTAINING_EXTRACELLULAR_MATRIX 71 <.0001 <.0001 

3 GOCC_ENDOPLASMIC_RETICULUM_LUMEN 50 <.0001 <.0001 

4 GOCC_COLLAGEN_TRIMER 19 <.0001 .003 

5 GOCC_LYSOSOMAL_LUMEN 11 .002 .006 

6 GOCC_VACUOLAR_LUMEN 18 .002 .032 

7 GOCC_RNAI_EFFECTOR_COMPLEX 6 <.0001 .036 

FDR, false discovery rate; NOM, nominal. 
aGSEA was performed using the Gene Ontology (GO) data sets “Biological Process, GOBP,” “Molecular Function, GOMF,” 
and “Cellular Component, GOCC.” 

 

genes encoding proteins with strong support of mitochon- 
drial localization and pathway annotations.25 Although we 

did not find any significant enrichment with a q value <.05, 
4 different mitochondrial pathways showed a significant 
nonadjusted P value (Table 2), converging on COX7A1 in 
mutant vs control fibroblasts (Supplementary Figure 1F, i–ii, 
and G). COX7A1 encodes for a subunit of the cytochrome c 
oxidase complex and plays an important role in the super- 
assembly of the complex into the mitochondrial respira- tory 
chain (MRC). Recent studies have shown that COX7A1 also 
promotes the tricarboxylic acid cycle and regulates 
mitochondrial dynamics, autophagy, and mitophagy.26,27 

 

Evaluation of Autophagy and Mitophagy in LIG3- 
Mutant Fibroblasts 

Based on the expression data and pathway enrichment 
observed in mutant cells, we analyzed the mitochondrial 
network organization in control and patient-derived cells 
(MitoTracker Green staining). Compared with controls, all 
mutant fibroblasts showed a fragmented mitochondrial 
network with significantly shorter branch lengths (CNT vs 

1-1 P = .0003; CNT vs 3-2 P = .0054) (Figure 3A). We 
investigated whether autophagy or mitochondrial auto- 
phagy (mitophagy), or both, were activated in the patient- 
derived fibroblasts. We assessed the cleavage of 
microtubule-associated protein 1A/1B-light chain 3 (LC3), a 
marker for autophagy, from LC3-I to LC3-II.28 In both mutant 
fibroblasts, we observed the cleaved form of LC3-I (LC3-II) 
vs controls (Figure 3B), indicating autophagy activation. 

Mitophagy is a crucial process in segregating damaged 
mitochondria due to stress and bioenergetic damage, 
thereby preserving the integrity of unimpaired mitochon- 
dria.29,30 Its effectiveness relies on functional mitochondrial 
dynamics; therefore, we tested several mitochondrial pro- 
teins involved in mitochondrial fusion/fission, such as OPA1 
and mitofusin1-2. Mutant fibroblasts showed reduced 
amounts of OPA1 and mitofusin-2, consistent with mito- 
chondrial fragmentation (Figures 3C and D). We examined 

whether damaged mitochondria were undergoing mitoph- 
agy by assessing the colocalization of MitoTracker Green and 
LysoTracker Red probe signals, for live cell labeling of 
mitochondria and lysosomes, respectively. Live confocal 
imaging revealed a normal mitophagy pattern in control 
fibroblasts, with colocalization between mitochondria and 
lysosomes (Pearson’s coefficient of 0.402) (Figure 3E, left 
panel). Differently, in 1-1 and 3-2 fibroblasts, mitochondria 
and lysosomes failed to colocalize (Pearson’s coefficient of 
0.224 and 0.184, respectively) (Figure 3E, middle and right 
panels). 

Mitochondria also play a key role in intracellular and 

mitochondrial Ca2+ homeostasis. We used the genetically 
encoded mitochondrial matrix-specific calcium-measuring 
organelle-entrapped protein indicators system (CEPIA3mt) 

to study mitochondrial Ca2+ dynamics.19 We transfected 
mutant and control fibroblasts with the CEPIA3mt probe 

and analyzed mitochondrial Ca2+ uptake by confocal imag- 
ing. LIG3-mutant fibroblasts showed significantly lower 
fluorescence than controls, indicating a reduction in 

mitochondrial Ca2+ (CNT vs 1-1 P = .0345, CNT vs 3-2 

P = .0351) (Figure 3F). We therefore investigated whether 
mutant cells showed any alterations in mitochondria- 
associated membranes; that is, in the IP3R-GRP75-VDAC- 

MCU complex, responsible for regulating Ca2+ transport 
from the endoplasmic reticulum to mitochondria.31 We did 
not observe any significant difference in VDAC1, GRP75, and 
MCU levels (Supplementary Figure 2A–C), whereas a pro- 
found IP3R reduction was observed in LIG3-mutant 

fibroblasts vs controls (CNT vs 1-1, P = .0006; CNT vs 3-2, P 

= .0003) (Figure 3G). 

 
Glutamine Supplementation Rescued Growth 
and Bioenergetic Deficiencies in Mutant LIG3 
Fibroblasts 

To rescue the observed mitochondrial impairment, we 
started from our previous preliminary data showing that 6 
mmol/L L-glutamine improved the growth of LIG3-mutant 
fibroblasts carrying the variants p.Lys537Asn/p.Gly964Arg.7 
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Figure 2. Patients’ colon tissues biopsy samples showed an increased connective tissue and an altered vascularization. 
(A) Representative images of Gomori Trichrome staining of control and LIG3-mutant patient (1-1, 1-2, and 1-3) colon biopsy 
specimens, in which collagen is detectable as blue staining, muscles appear pink, and nuclei are labeled in purple red. An 
extensive blue staining is observed in the patient vs control tissues. Scale bar: 100 mm. (B) Representative images of orcein 
staining in control and patients’ colon tissue biopsy samples show an increase in elastic fibers in patient vs control tissues. 
Scale bar: 100 mm. Lower panels show magnification of the insets. Scale bar: 50 mm. (C and D) Microvasculature analysis of 
colon tissue biopsy samples reveals a severe reduction in the percentage of submucosal area occupied by vascular tissue in 

patients (1-1, 1-2, and 1-3) vs controls (C; Mann-Whitney test, P = .0357) and in the number of vessels (D; Mann-Whitney test, 
P = .0357). 

 

Cell proliferation in the presence of 2 mmol/L (standard 
concentration) and 6 mmol/L (high concentration) of L- 
glutamine was assessed up to 96 hours using the IncuCyte 
Live-Cell Analysis System. In control fibroblasts, the growth 
rate slightly decreased in the presence of 6 mmol/L L-gluta- 
mine. The doubling time shifted from 31.26 hours with 2 
mmol/L L-glutamine to 32.25 hours with 6 mmol/L L-gluta- 
mine (Figure 4A). This suggests that, in concordance with 

previous findings, L-glutamine excess may not confer any 
beneficial effects in the absence of mitochondrial defects. 

In contrast, LIG3-mutant fibroblasts derived from pa- 
tients 1-1 and 3-2 showed an increased proliferation rate 
when exposed to 6 mmol/L vs 2 mmol/L L-glutamine. 
Specifically, the doubling time for 1-1 fibroblasts decreased 
from 36.69 hours in 2 mmol/L L-glutamine to 28.71 hours in 

6 mmol/L L-glutamine (P = .026 at 78 hours) (Figure 4B) 
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Table 2. Enriched Human Gene Sets Resulted in Gene Set Enrichment Analysis Using the MitoCarta3.0 Data Set 
 

MitoPathways Size NOM P value FDR q value 

1 OXPHOS 1 .012 1.000 

2 COMPLEX_IV 1 .014 .941 

3 CIV_SUBUNITS 1 .006 .634 

4 OXPHOS_SUBUNITS 1 .014 .521 

FDR, false discovery rate; NOM, nominal. 

 

and for 3-2 fibroblasts from 71.37 hours in 2 mmol/L 
L-glutamine to 53.97 hours in 6 mmol/L L-glutamine 

(P = .034 at 66 hours) (Figure 4C). 
Accordingly, 6 mmol/L L-glutamine supplementation 

significantly improved ATP levels in LIG3-mutant fibroblasts 

(1-1, 2 mmol/L vs 6 mmol/L L-glutamine, P = .0497; 3-2 2 

mmol/L vs 6 mmol/L L-glutamine, P = .0444) (Figure 4D). 
Control fibroblasts did not show any significant increase in 
ATP levels when supplemented with 6 mmol/L L-glutamine, 
in agreement with cell growth data and previously pub- 
lished findings (Supplementary Figure 2D).7 RNA-seq anal- 
ysis of LIG3-mutant cells cultured in 2 mmol/L vs 6 mmol/L 
L-glutamine revealed no significant gene dysregulation at 

adjusted P value (q value) <.05, suggesting that the rescue 
was not associated with a considerable transcriptional 
reorganization in mutant cells (Supplementary Table 5), 
including the expression of ECM genes (Supplementary 
Tables 6A and B and Supplementary Figure 2E). 

We also investigated ECM gene expression (e.g. COL1A2, 
COL3A1, ELN) at 2 mmol/L and 6 mmol/L L-glutamine sup- 
plementation via RT-qPCR. The same commercial control fi- 
broblasts used for RNA-seq analysis were used for data 
normalization. We did not find any significant differences in 
gene expression between mutant cells supplemented with 2 
mmol/L vs 6 mmol/L L-glutamine (Supplementary Figure 2F, 
i–iii). In addition, when considering the 2 different mutant 
fibroblasts independently, COL1A2 and ELN expression did 
not vary significantly at 2 mmol/L vs 6 mmol/L 
(Supplementary Figure 2G, i and ii). However, we observed a 
reduction in COL3A1 expression in 3-2 cells supplemented 

with 6 mmol/L vs 2 mmol/L L-glutamine (P = .0136, Welch’s t 
test), but not in 1-1 cells treated with 6 mmol/L vs 2 mmol/L 
L-glutamine (Supplementary Figure 2G, iii). 

Quantitative assessment of mtDNA copy number in fi- 
broblasts derived from patients 1-1 and 3-2 and grown in 6 
mmol/L L-glutamine for 96 hours showed no significant 
increase in mtDNA compared with the corresponding fi- 
broblasts grown in 2 mmol/L L-glutamine (Supplementary 
Figure 3A). Nonetheless, in both 1-1 and 3-2 fibroblasts, we 
detected an indicative but not statistically significant 
increase in mtDNA copies after 30 days of growth in 6 
mmol/L L-glutamine compared with 2 mmol/L L-glutamine 
(Supplementary Figure 3B). 

To confirm that the beneficial effects on growth and ATP  
levels  were  specifically  related  to  L-glutamine 

supplementation, 1-1 and control cells were grown in 2 
mmol/L and 6 mmol/L L-glutamine and treated with the 
GLS1 inhibitor 968. MTT assay was performed to determine 
cell proliferation in absence or in presence of different 
concentrations of the GLS1 inhibitor 968. Mutant fibroblasts 
cultured in L-glutamine 2 mmol/L exhibited a reduced in- 
hibitor sensitivity compared with controls (Supplementary 
Figure 3C). Notably, the sensitivity was fully restored in 
mutant fibroblasts grown in 6 mmol/L L-glutamine 
(Supplementary Figure 3C). Control fibroblasts treated with 
the inhibitor showed a comparable decrease in ATP levels at 
both 2 and 6 mmol/L L-glutamine, whereas ATP reduction 
was more pronounced in mutant fibroblasts treated with 
the GLS1 inhibitor, when cultured in 6 mmol/L compared 
with 2 mmol/L L-glutamine (1-1 2 mmol/L 
L-glutamine +DMSO vs 1-1 2 mmol/L L-glutamine +968, 
P = .0002; 1-1 6 mmol/L L-glutamine +DMSO vs 1-1 

6 mmol/L L-glutamine +968, P < .0001) (Figure 4E). 

 

Supplementation With L-Glutamine Ameliorated 
Gastrointestinal and Extra-Gastrointestinal 
Symptoms in LIG3-Mutant Patients 

The in vitro effects of L-glutamine prompted us to 
include, as compassionate use, in the parenteral supple- 
mentation of the 3 alive siblings of family 1, a dipeptide 
containing glutamine (L-alanyl–L-glutamine), used in the 
past years for other therapeutic purposes.9 Patients 1-1, 1-2, 
and 1-3 were treated with a daily dose of 1.5–2.5 mL/kg 
(equivalent to 0.3–0.5 g of L-alanyl–L-glutamine/kg body 
weight) and the differences in symptom severity scores 
according to the Gastrointestinal (GI) Symptom Rating Scale 
questionnaire, at baseline (t0) and after 8 months (t8) of 
supplementation, were evaluated. At t8, all siblings were on 
parenteral nutrition. Siblings 1-2 and 1-3 showed a signifi- 
cant improvement, and therefore, further investigations 
were deemed unnecessary. Conversely, patient 1-1 was 
referred for additional examinations due to a diversion- 
related proctitis and hematochezia. At physical examina- 
tion, his abdomen was not distended, he did not complain of 
abdominal pain, and compared with t0, borborygmi could be 
appreciated suggesting gut motility improvement. His body 

weight was 60 (+1 kg vs t0) with a body mass index of 20 
due to an increase of lean mass detected at body impedance 
measurement.  His  nutritional  balance  was  stable  by 
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introducing 2020 Kcal/d via parenteral nutrition. Bowel 
function normalized (w1 bowel movement/d) and Bristol 
stool score ranged from 3 to 4. 

Compared with t0, we could observe a positive effect of L-
glutamine supplementation for several gastrointestinal (GI) 
symptoms reported by the 3 affected patients. Indeed, 
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we found a significant decrease in the GSRS score severity 

(t8 vs t0) for frequent belching (P = .0131), acid regurgi- 
tation (P = .0494), epigastric burning (P = .0267), abdom- 

inal distension (P = .0261) and abdominal pain (P = .0171) 
(Figure 5A). We also observed a significant improvement in 
extra-GI symptoms, with reduced oral and tongue lesions (P 

= .0377), joint/muscle pain (P = .0351), foggy mind (P = 

.0229), and headache (P = .0091) (Figure 5B). Addi- tional 
GI and extra-GI symptoms scores showed a trend 
toward amelioration without reaching statistical signifi- 
cance (Supplementary Figures 4A and B). No adverse effects 
were reported during treatment. 

 

Discussion 
LIG3 is the gene mutated in mitochondrial DNA deple- 

tion syndrome 20, MNGIE-type (OMIM# 619780), a novel 
autosomal recessive syndromic form of CIPO that we have 
recently characterized.7 Since our first report, further cases 
have been reported, with neonatal onset and death.8 Pre- 
mature death also occurred recently in one of the patients 
belonging to the original 3 families and in other LIG3- 
mutant cases (M. Taniguchi-Ikeda, personal communica- 
tion), indicating that LIG3 impairment substantially com- 
promises patients’ life expectancy and that the underlying 
altered molecular mechanisms deserve further investiga- 
tion. In this report, we provide a thorough analysis of the 
molecular and mitochondrial derangements due to LIG3 
mutations and offer a possible treatment to overcome LIG3 
deficiency. 

Differential gene expression via transcriptomic assess- 
ment highlighted that compared with controls, several 
pathways were altered in patients’ fibroblasts derived from 
skin biopsy specimens, including chromosome organization, 
cell cycle, DNA replication, mitotic cell cycle replication, 
external encapsulating structure organization, vasculature 
development, connective tissue development, tube devel- 
opment, and collagen fiber organization. 

The overexpression of genes involved in ECM formation 
was confirmed by identification of an excess of collagen and 
elastic fibers in patients’ colon full-thickness biopsy speci- 
mens. Interestingly, in the same specimens, we previously 
showed a significantly decreased number of enteric neu- 
rons,23 most likely caused by mtDNA depletion with 

consequent metabolic impairment leading to an increased 
fibrosis in the damaged tissues. Several studies have shown 
that the enteric smooth muscle layer of patients with 
myogenic CIPO undergoes a progressive replacement with 
collagen32 and that myogenic CIPO may also exhibit a 
concomitant neuropathy.17 This aspect of LIG3-mutant pa- 
tients is reminiscent of the MNGIE-like phenotype, which 
affects both muscular and neuronal components.7 

Interestingly, a recent study has shown that ECM 
remodeling modifies mitochondrial homeostasis, with 
mitochondria acting as a hub to integrate information from 
different intracellular compartments and regulate cell 
functions and metabolism.33 

Transcriptomic analysis also showed a significant dys- 
regulation of several genes involved in cellular metabolism 
and mitochondrial functions. Among significantly down- 
regulated genes, we found PIPOX that encodes a fla- 
voenzyme localized in peroxisomes and mitochondria and 
involved in pipecolate metabolism.34 Pipecolate is an in- 
termediate of the lysine catabolic pathway, and is oxidized 
to D1-piperideine-6-carboxylate by PIPOX.34 Notably, pipe- 
colate has been shown to be proapoptotic for neurons,35 and 
its accumulation evoked toxicity in a disorder characterized 
by spinal muscular atrophy and mitochondrial impairments 
due to mutations in the mitochondrial carrier SLC25A21.36 
In LIG3-deficient cases, a markedly reduced PIPOX may lead 
to pipecolate accumulation, with increased neuronal loss as 
observed in gut tissues of our cases.23 

Data analysis using MitoCarta3.0, a specific inventory of 
mitochondrial genes and pathways, revealed 4 pathways 
converging on a single gene, COX7A1, which was overex- 
pressed in mutant cells. This gene encodes for a subunit of 
the cytochrome c oxidase complex, which has a key role in 
the super-assembly of the complex into the MRC. Different 
COX7A isoforms coexist, generating a redundant regulatory 
mechanism to prevent MRC deficiency.37,38 In particular, 
COX7A1 overexpression seems to promote FADH2 (complex 
II)-dependent oxidative phosphorylation, together with an 
increased tricarboxylic acid cycle.39 The COX7A isoform- 
dependent structural organization of the MRC is tightly 
regulated by the activity of the pyruvate dehydrogenase 
(PDH) complex, which modulates MRC structural redun- 
dancy to optimize its performance under different metabolic 
conditions.39  In  turn,  PDH  is  inhibited  through 

E 
Figure 3. Autophagy and mitophagy are dysregulated in LIG3-mutant fibroblasts. (A) Confocal microscopy assessment of the 
mitochondrial network in control (CNT) and mutant LIG3 1-1 and 3-2 fibroblasts stained with MitoTracker Green. Scale bars: 20 
mm. Right panel: Branch length analysis (one-way analysis of variance [ANOVA] with Tukey’s multiple comparisons test). Data 

represent the mean ± standard error of the mean (at least n = 4). Representative Western blot for (B) LC3I-II, (C) OPA1, and (D) 
mitofusin (MFN) 1/2 in control (CNT) vs patient-derived fibroblast (1-1 and 3-2) cell lysates. Immunoblotting for LC3I-II, OPA1, 
or MFN1/2 and vinculin (endogenous control) were performed on the same blot. Cropped images are reported. (E) Confocal 
microscopy assessment of mitophagy in control and mutant LIG3 fibroblasts. Panels represent merged images of CNT, 1-1, 
and 3-2, costained with MitoTracker Green and LysoTracker Red. Three visual fields in at least 3 independent samples per 
fibroblast type were analyzed. Scale bars: 20 mm. Right panel: The Pearson’s correlation coefficients are indicated, (one-way 
ANOVA with Dunnett’s multiple comparisons test). (F) Representative images of CEPIA3mt-transfected fibroblasts. The 
magenta puncta indicate the mitochondria. Scale bar: 20 mm. Right panel: Violin plots of CEPIA3mt signal quantification in 
CNTs, 1-1, and 3-2 fibroblasts. One-way ANOVA with Dunnett’s multiple comparisons test. (G) Representative Western blot for 
IP3R in CNT vs 1-1 and 3-2 fibroblast lysates. Right panel: Quantification of Western blot analysis for IP3R expression 
normalized to endogenous control protein (vinculin). Cropped images are reported. (One-way ANOVA with Dunnett’s multiple 
comparisons test). 
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Figure 4. Supplementation with L-glutamine (L-Gln) rescued growth and energy production in mutant LIG3 fibroblasts. (A–C) 
Cell proliferation analysis assessed via the IncuCyte Live-Cell Assay. (A) CNT, (B) 1-1–, and (C) 3-2–derived fibroblasts were 
imaged and analyzed every 8 hours over a time range of 96 hours, grown in complete medium containing 2 mmol/L L- 

glutamine or 6 mmol/L L-glutamine. Data are reported as the mean ± standard error of the mean (SEM) (n = 3 independent 
experiments). (D) Cellular ATP content was measured in patient-derived fibroblasts grown in 2 mmol/L L-glutamine or 6 mmol/L 
L-glutamine. (Unpaired t test with Welch’s correction). Data are reported as mean ± SEM. (E) Cellular ATP content in CNT and 
patient-derived fibroblasts grown in 2 mmol/L or 6 mmol/L L-glutamine and treated with the mitochondrial glutaminase inhibitor 

968. (Unpaired t test with Welch’s correction). Data are reported as mean ± SEM (n = 3). 

 

phosphorylation by pyruvate dehydrogenase kinase 3 
(PDK3). Notably, in LIG3-mutant cells we observed a sig- 
nificant decrease in PDK3 expression, a finding which may 
explain an increased PDH activity able to compensate the 
mutant LIG3-dependent mitochondrial energy production 
impairment.39 Recent studies have shown that COX7A1 also 
promotes the tricarboxylic acid cycle and regulates mito- 
chondrial dynamics, autophagy, and mitophagy.26,27 We 
demonstrated that mitophagy is impaired in mutant cells, 
resulting in the accumulation of nonfunctional, damaged 
mitochondria. 

In this scenario, it is particularly promising that we were 
able to restore both growth and ATP levels in mutant fi- 
broblasts by supplementing them with high concentrations 
of L-glutamine, which plays a critical role in several meta- 
bolic pathways.40 In particular, L-glutamine can fuel energy 
production via the glutamine–glutamate–a-ketoglutarate 
pathway,41 through the conversion of glutamine to gluta- 
mate catalyzed by the mitochondrial glutaminase GLS1.42 
LIG3-mutant cells grown in high L-glutamine were more 
sensitive to the specific blockade with GLS1 inhibitor, which 
abolished the L-glutamine–mediated positive effect on cell 
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Figure 5. Supplementation with L-glutamine 
(L-Gln) ameliorates GI and extra-GI 
symptoms in LIG3-mutant patients. (A) GI 
symptoms reported using the GSRS ques- 
tionnaire completed by patients from family 
1 before and after 8 months of L-glutamine 
supplementation. (B) Results for the extra GI 
symptoms based on the GSRS question- 
naire completed by patients from family 1 
before and after 8 months of L-glutamine 
treatment. 

 

growth and energy production, thus indicating that any 
abnormalities in L-glutamine metabolism may contribute to 
the mitochondrial dysfunction observed in LIG3 defi- 
ciency.40 We did not observe an overall significant differ- 
ence at transcriptional levels in both LIG3-mutant cells 
grown with 2 mmol/L vs 6 mmol/L L-glutamine; however, in 
1 of the 2 cases investigated, we found a significant decrease 
in the expression of 1 ECM gene, COL3A1, sug- gesting a 
beneficial effect in reducing ECM abnormality. 

Nevertheless, additional analyses to clarify the actual 
effect of L-glutamine on ECM genes in LIG3-mutant cells are 
warranted, especially because L-glutamine supplementation 
(as a dipeptide containing alanine to promote its uptake) has 
been safely used for other therapeutic purposes.9 These data 
prompted us to include L-glutamine supplementation, with a 
dosage routinely used for the dipeptide, in the daily 
parenteral supplementation of the 3 patients of family 1. 
Treatment evaluation using the GSRS questionnaire 
revealed a reduction in the severity of specific GI and extra- 
GI symptoms after 8 months of supplementation. 

We used the GSRS because it is an easy to compile, 
reliable tool for symptom assessment and to evaluate the 
effects of dietary/pharmacologic interventions in various GI 
disorders, including those related to gut dysmotility.43–47 
This metric clinical assessment prevents subjective bias in 
symptom interpretation. We therefore considered it appro- 
priate also for this exploratory evaluation of the effects of L- 
glutamine supplementation. The GSRS questionnaire was 
completed during the scheduled visits of the 3 siblings of 
family 1 in the presence of a dedicated physician. 

We chose to monitor the 3 patients’ clinical conditions 
and the effects of the L-glutamine supplementation at t8, 
which was thought to be a convenient time frame to detect 
clinically meaningful improvements. Symptom amelioration 
was more evident in the younger siblings of patient 1-1, who 
had had CIPO for a shorter period before starting with L- 
glutamine supplementation. Notably, patient 1-1 showed 
the most prominent reduction of enteric neurons.23 

Although we were able to study only a limited number of 
affected individuals due to the rarity of this genetic 
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condition, our data suggest L-glutamine implementation as a 
treatment option for LIG3-mutant patients. It is important to 
point out that dealing with patients affected by such severe 
disorders (ie, genetically related CIPO with mitochondrial 
impairment), does not allow a true blinded test to be per- 
formed when using L-glutamine as possible treatment for 
this condition. 

Nevertheless, the complex clinical picture of mtDNA 
depletion syndrome caused by LIG3 mutations requires 
further studies on the effect of L-glutamine supplementation 
in metabolic phenotype rescue and symptom improvement. 
Moreover, it is crucial to identify additional patients with 
mutations in LIG3 and test L-glutamine supplementation 
effects in vitro and in vivo for longer periods of time. Having 
established the possible efficacy of L-glutamine, future trials 
can be conducted on additional patients carrying LIG3 mu- 
tations and exhibiting the herein reported CIPO phenotype 
to test the actual efficacy of L-glutamine supplementation. In 
conclusion, the translational approach used in this study is a 
proof of concept that provides the rationale for ad hoc 
clinical trials with L-glutamine as a personalized strategy in 
patients with LIG3-dependent mitochondrial DNA depletion 
syndrome 20, MNGIE-type. 

 

Supplementary Material 
Note: To access the supplementary material accompanying 
this article, visit the online version of Gastroenterology at 
www.gastrojournal.org, and at https://dx.doi.org/10.1053/ 
j.gastro.2024.08.009. 
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