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A B S T R A C T

Phosphomannomutase 2 deficiency (PMM2-CDG), the most frequent congenital disorder of glycosylation, is an
autosomal recessive disease caused by biallelic pathogenic variants in the PMM2 gene. There is no cure for this
multisystemic syndrome. Some of the therapeutic approaches that are currently in development include
mannose-1-phosphate replacement therapy, drug repurposing, and the use of small chemical molecules to correct
folding defects. Preclinical models are needed to evaluate the efficacy of treatments to overcome the high
lethality of the available animal model. In addition, the number of variants with unknown significance is
increasing in clinical settings. This study presents the generation of a cellular disease model by knocking out the
PMM2 gene in the hepatoma HepG2 cell line using CRISPR-Cas9 gene editing. The HepG2 knockout model
accurately replicates the PMM2-CDG phenotype, exhibiting a complete absence of PMM2 protein and mRNA, a
90% decrease in PMM enzymatic activity, and altered ICAM-1, LAMP1 and A1AT glycoprotein patterns. The
evaluation of PMM2 disease-causing variants validates the model's utility for studying new PMM2 clinical var-
iants, providing insights for diagnosis and potentially for evaluating therapies. A CRISPR-Cas9-generated HepG2
knockout model accurately recapitulates the PMM2-CDG phenotype, providing a valuable tool for assessing
disease-causing variants and advancing therapeutic strategies.

1. Introduction

Phosphomannomutase 2 deficiency or PMM2-CDG (MIM# 212065)
is the most common congenital disorder of glycosylation (CDG) with an
estimated prevalence of 1:20,000 in some populations [1,2]. It is an
autosomal recessive disorder caused by pathogenic variants in the
PMM2 gene (MIM# 601785). PMM2 is located on chromosome 16p13
and encodes the phosphomannomutase 2 (PMM2) enzyme (EC_5.4.2.8)
[3]. This homodimeric enzyme catalyzes the reversible conversion of
mannose-6-phosphate (M6P) to mannose-1-phosphate (M1P) in the
cytosol [4,5], the second step in the synthesis of guanosine-diphosphate-
mannose (GDP-Man). GDP-Man is a critical component in glyco-
conjugate synthesis; thus, the alteration of this reaction affects the entire

N-glycosylation pathway [6] and causes metabolic dysfunction [7–10].
PMM2 deficiency is considered a multisystemic disease [11,12].

Patients with PMM2-CDG exhibit highly variable phenotypes with
different degrees of severity, ranging from asymptomatic [13] and mild
cases with slight neurological impairment [14] to highly severe cases
that can cause death in the first days of life [15]. The most severe clinical
presentation consists of both neurological and extra-neurological man-
ifestations, including growth failure, hypotonia, dysmorphic features,
liver, kidney, gastrointestinal, and cardiac problems, coagulopathies,
recurrent infections, edema, and hormonal imbalances [11,16].
Approximately 20–25% of patients die before the age of five, often due
to multiorgan failure or immunological issues [17–19].

Despite being the first described CDG [20], this disease still has no
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cure. The most promising therapeutic approaches proposed so far
involve therapies designed to increase the availability of M1P and/or
GDP-Man [21], (https://www.glycomine.com/), drug repurposing
based on the pathophysiology [22,23], and those focused on enhancing
the concentration and/or activity of hypomorphic PMM2 mutants
[24,25]. Some of these approaches have already reached the clinical
trial phase: GLM101 M1P replacement therapy from Glycomine
(ClinicalTrials.gov identifier: NCT05549219) and the repurposed drugs
epalrestat (ClinicalTrials.gov identifier: NCT04925960) and acetazol-
amide (ClinicalTrials.gov identifier: NCT04679389).

In the genomic era, early diagnosis of PMM2-CDG remains chal-
lenging, despite carrier and neonatal screening, and symptomatic
diagnosis [26–29], the growing number of variants of unknown signif-
icance (VUS) further complicates the diagnosis process [30]. Current
high-throughput systems, such as our recently developed prokaryotic
system, are not well-suited for evaluating the effect of PMM2 variants in
a physiological environment, thus limiting their clinical utility [31].

Disease models play a crucial role in drug discovery and develop-
ment [32,33]. The scope of PMM2-CDG models encompasses not only
patient-derived fibroblasts but also prokaryotic systems for expressing
recombinant proteins, three-dimensional structures, and various cellular
and animal models [10,22,34–45]. Although fully replicating the com-
plex and variable phenotype of PMM2-CDG represents a challenge, each
model has significantly contributed to advancing research in this dis-
ease. For instance, the C. elegansmodel facilitated the identification of a
potential treatment for PMM2-CDG through drug repurposing [22].
Zebrafish models have provided insights into embryonic development,
neurogenesis, endoplasmic reticulum stress and other altered pathways
in PMM2 deficiency [42,43,45]. The generation of mouse models is still
challenging due to the high embryonic lethality associated with some
genotypes [40] and to the fact that not all the clinical features observed
in human patients are present in the available mouse models, particu-
larly the neurological symptoms [44].

Patient-derived fibroblasts are widely employed models for diag-
nosing and researching many rare diseases, such as inborn errors of
metabolism, as they allowmaintaining the patients' genetic background.
Nevertheless, not all genes or markers of pathology are expressed in this
cell type [46], and fibroblasts are metabolically inactive cells with a
limited lifespan [47,48]. An alternative to using patientś fibroblasts is
the immortalization of primary cultures or the use of established cul-
tures derived from different types of tumours such as hepatoma, neu-
roblastoma, or cervical cancer [49–53]. Another advantage of cellular
models is that they can be easily genetically manipulated with CRISPR-
Cas technology to study the pathogenic mechanism of specific variants
or the effect of depleting or inserting a particular gene [54,55].

Rare diseaseś research is full of challenges and limitations such as the
scarcity of patientś samples and the development of models to study the
pathogenicity, methods for an accurate and rapid diagnosis, and effec-
tive treatments. The availability of disease models is essential to identify
therapeutic targets and biomarkers, serving as a screening and drug
evaluation platform. This project's main objective has been improving
the diagnosis and developing therapeutic strategies for PMM2-CDG by
generating a cellular PMM2-CDGmodel. Due to the hepatic involvement
described in many PMM2-CDG patients and the exciting possibility of
using the liver as a target organ in the drug evaluation process for PMM2
deficiency, this study has focused on the development of a cellular dis-
ease model in the hepatoma HepG2 cell line.

A PMM2 knockout (KO) model has been generated that can be used
as a platform for functional variant analysis and pharmacological
evaluation.

2. Materials and methods

2.1. Cell culture

The hepatoma cell line HepG2 was obtained from ATCC (HB-8085).

HepG2, HepG2-KO, and HEK293T cells were cultured under standard
conditions in minimal essential medium (MEM) supplemented with 5 or
10% fetal bovine serum (FBS), 1% glutamine and antibiotics (penicillin
and streptomycin mix) with a relative humidity of 95%, 5% CO2, and a
temperature of 37 ◦C.

2.2. Karyotyping

Cells were treated with 10 μg/ml Colcemid® Solution (Irvine Sci-
entific, USA) for 90 min at 37 ◦C, harvested with trypsin, treated with
hypotonic solution, and fixed with Carnoy's fixative for karyotype
analysis at Centro Nacional de Investigaciones Oncológicas (CNIO, Madrid,
Spain). The minimum number of analyzed metaphases was 20.

2.3. Generation of the PMM2 knockout model

The bioinformatics tool Breaking-Cas (https://bioinfogp.cnb.csic.es
/tools/breakingcas/) was used for the design of RNA guides (gRNA)
that targeted exon 5 of the PMM2 gene. Only the two gRNA with the
higher score and lower probabilities of producing off-targets were
selected (gRNA1: ATGTTAAACGTGTCCCCTAT; gRNA2:
CTTTCATTGAATTCCGAAAT).

The Alt-R CRISPR-Cas9 System and Streptococcus pyogenes Cas9
(SpCas9) nuclease (Integrated DNA Technologies, IDT, USA) were used
following the supplier's recommendations for knockout generation.
After reverse transfection of 800,000 HepG2 cells per well of a 6-well
plate with the ribonucleoproteins (RNP), the transfection efficiency
was checked by measuring the fluorescent signal from the Alt-R CRISPR-
Cas9 tracrRNA ATTOTM 550 (IDT). For the cell sorting, cells were
harvested with trypsin and collected in sorting buffer (PBS, 5 mM EDT,
2% FBS, HEPES pH 7) at a cell density of <15 million cells/ml. Positive
cells were seeded again into 150 mm cell culture dishes to form single-
cell colonies. Colonies were isolated by manually picking and seeding
into individual wells of 24-well plates. The candidate cell populations
were then expanded into 12-well and 6-well plates.

2.4. PCR mismatch

Genomic DNA was extracted from the candidate cell populations
with the QIAmp DNA Mini kit (QIAGEN, Germany) following the
manufacturer's recommendations. Editing was verified by PCR
Mismatch using 100 ng of DNA from each population, specific primers
(Suppl. Table 1), and the Supreme NZYTaq II 2× Green Master Mix
(NZYTech, Lisbon).

2.5. Sanger sequencing and targeted deep sequencing

Approximately 250–500 ng of genomic DNA were sequenced by the
company Macrogen® using specific oligonucleotides at 5 μM (Suppl.
Table 1) and the enzymatic chain-termination DNA sequencing method
described by Sanger et al., 1977 [56]. Samples for targeted deep
sequencing were prepared following the instructions of the Parque
Científico de Madrid and, next, sequenced on a MiSeq sequencer (Illu-
mina, USA). The bioinformatics analysis of the targeted deep sequencing
was carried out at the Centro de Diagnóstico de Enfermedades Moleculares
(CEDEM, Madrid, Spain).

2.6. Quantitative RT-PCR

The three predicted off-targets for gRNA1 with the highest score as
provided by the Breaking-Cas software and PMM2 mRNA levels were
checked by RT-qPCR as described elsewhere [25] with specific oligo-
nucleotides (Suppl. Table 1).
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2.7. Western blot analysis

Cells were harvested with scraper and resuspended in RIPA buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS) containing Complete Mini EDTA-free Protease
Inhibitor Cocktail (Roche, Switzerland). Lysis was achieved by pipetting
the cell suspension and freezing at − 80 ◦C for at least 30 min. Next,
samples were thawed and lysed with a 22-gauge needle and, finally,
centrifuged for 10 min at maximum speed and 4 ◦C to collect the su-
pernatant. Protein concentration was quantified using the Bradford
assay (BioRad, USA). The samples for the electrophoretic separation
were prepared in NuPage®LDS 4× sample buffer (Invitrogen, USA) and
dithiothreitol (DTT); after that, they were heated at 70 ◦C for 10 min.
The electrophoresis was performed in 4–12% NuPAGE Novex Bis-Tris
mini gels (Invitrogen), or in 12% acrylamide/bisacrylamide handmade
gels. The selected molecular weight marker was the ProSieve Color
Protein Marker (Lonza, Switzerland). Following the electrophoretic
separation, proteins were transferred to a nitrocellulose membrane
using the iBlot Gel Transfer Stacks Nitrocellulose Regular (Invitrogen) in
an iBlot2 Transfer System (Invitrogen). Membranes were blocked for at
least 1 h with TBS 0.05% Tween and 5% low-fat milk at room temper-
ature. Immunodetections were performed using PMM2 antibody at
1:1000 (10666–1-AP, Proteintech, USA), ICAM-1 antibody at 1:1000
(sc-7891; Santa Cruz Biotechnology, USA), LAMP1 antibody at 1:1000
(3243, Cell signaling, USA), A1AT antibody at 1:500 (sc-59438; Santa
Cruz), GAPDH antibody at 1:5000 (ab8245, Abcam, UK) and β-actin
antibody at 1:5000 (TA811000S; Origene, USA). The secondary anti-
bodies used were goat anti-rabbit IgG horseradish peroxidase-linked
antibody at 1:5000 (7074S, Cell Signaling, USA) and horse anti-mouse
IgG horseradish peroxidase-linked antibody at 1:2000 (7076S, Cell
Signaling). Two detection methods were used depending on the in-
tensity of the signal: SuperSignal West Femto Maximum Sensitivity
Substrate (ThermoFisher, USA) for low signal substrates and Enhanced
Chemiluminescence System (GE Healthcare, UK) for high signal
substrates.

2.8. PNGaseF treatment

HepG2 and HepG2-KO cells were lysed in lysis buffer (10 mM Tris,
150 mM NaCl, 10% glycerol, 0.1% Triton X-100) with Complete Mini
EDTA-free Protease Inhibitor Cocktail (Roche). Next, cell suspensions
were frozen in liquid nitrogen for 5 min, followed by a 5 min-incubation
at 37 ◦C. This process was repeated three times before centrifuging the
samples for 10 min at maximum speed and 4 ◦C for collecting the su-
pernatant. The protein content in the samples was quantified with the
Bradford method, and the corresponding volume of cell extract was
denaturalized and digested with PNGaseF (New England Biolabs, USA)
following the manufacturer's recommendation. The digestion was
analyzed by western blotting as previously specified.

2.9. Lentiviral transduction

The HepG2-KO model was used to introduce different PMM2 clinical
variants (c.53C > G (p.Thr18Ser), c.131 T> C (p.Val44Ala), c.193G> T
(p.Asp65Tyr), c.194 > G (p.Asp65Gly), c.338C > T (p.Pro113Leu),
c.357C > A (p.Phe119Leu), c.367C > T (p.Arg123*), c.484C > T (p.
Arg162Trp), c.710C > T (p.Thr237Met) and c.710C > A (p.Thr237Lys))
by lentiviral transduction. Two different lentiviral constructions were
generated, one with the pReceiver-Lv101 plasmid (GeneCopoeia, USA),
containing the PMM2 cDNA coupled to a FLAG tag (LV-FLAG system),
and another with the pReceiver-Lv103 plasmid (GeneCopoeia) with the
PMM2 cDNA fused to the coding sequence of the green fluorescent
protein (GFP) (LV-GFP system). The variants were introduced in the
plasmids with the QuikChange Site-Directed Mutagenesis kit (Agilent,
USA) following the manufacturer's instructions and using specific oli-
gonucleotides (Suppl. Table 1).

2.10. Phosphomannomutase enzymatic activity assay

Phosphomannomutase (PMM) enzymatic activity was measured in
the cellular extract of the HepG2 cells, HepG2-KO cells, and in the
HepG2-KO cells transduced with the different lentiviral particles. To
that end, 20,000 cells per well for the LV-FLAG lines and 10,000 cells per
well for the LV-GFP lines were seeded in 96-well plates and incubated
for 72 h at 37 ◦C. The assay was performed using the method of Van
Schaftingen and Jaeken [57] after the modifications made by de Koning
[58]. The NADPH signal was amplified to improve the detection method
using the Amplite® Fluorimetric NADP/NADPH Ratio Assay Kit Red
Fluorescence (AAT Bioquest, USA) [35].

The production of the lentiviral particles and the infection of the
HepG2-KO cells were performed as described elsewhere [59]. Efficiently
infected HepG2-KO cells were selected by geneticin treatment at 2 mg/
ml (Lv-101 vector) or by puromycin treatment at 2.5 μg/ml (Lv-103
vector), depending on the system. The antibiotic concentrations were
reduced to 1 mg/ml and 1 μg/ml, respectively, for maintaining the cell
lines after selection.

2.11. Proliferation assay

Following the manufacturer's instructions, cell proliferation was
evaluated through the CCK8 assay (Abcam). HepG2 cells were seeded
into a 96-well plate at 10,000 cells per well and grown overnight. CCK8
reagent was added to the culture medium at 0, 24, 48, 72 and 96 h after
seeding to reach a final concentration of 10%. After 1 h of incubation at
37 ◦C, absorbance at 460 nm was measured to assess the generation of
the formazan product by viable cells.

2.12. Trypan blue staining

A total of 135,000 HepG2 cells were seeded into a 35 mm plate and
grown overnight. Cells were stained with 0.4% trypan blue (Sigma-
Aldrich, USA) at 0, 24, 48, 72 and 96 h and alive cells were counted in a
hemocytometer.

2.13. Statistical analysis

The statistical analysis was performed using GraphPad Prism 8.0.2
(GraphPad Software Inc.). Data were expressed as mean± SD. Statistical
significance was determined using the Student's t-test to compare two
groups and Ordinary One-way ANOVA or Two-way ANOVA with Dun-
net's correction for multiple comparisons. A p-value of <0.05 was
considered statistically significant (* p < 0.05, ** p < 0.01, *** p <

0.001).

3. Results

3.1. The HepG2 PMM2 knockout model recapitulates the PMM2-CDG
cellular phenotype

The PMM2-CDG KO model was generated through the CRISPR-Cas9
gene editing system of the human hepatoma cell line HepG2. Before the
genetic editing, karyotype analysis of HepG2 cells confirmed that there
were no numerical or large structural anomalies affecting chromosome
16, in which the PMM2 gene is located (Suppl Fig. 1). To obtain the
model, HepG2 cells were transfected with two different RNA guides
targeting exon 5. This exon encodes amino acids between positions 117
to 149, including some residues that are highly conserved and crucial for
the dimerization and the enzymatic activity of PMM2, such as Phe119,
Arg123, Arg134 and Arg141 [31,34,35,37] (Fig. 1A). The analysis of the
candidate cell populations by PCR mismatch showed that 15 colonies
had been edited (data not shown). PMM2 protein levels were checked in
these 15 candidate populations, and there were undetectable levels of
PMM2 protein in 8 populations, all edited with guide 1 (Fig. 1B).

A. Vilas et al.
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Fig. 1. Generation of the PMM2-CDG knockout model in HepG2 cells. (A) Nucleotide sequence of PMM2 exon 5 and sequences of the two guide RNA specifically
designed for the knockout of PMM2, gRNA1 and gRNA2. The PAM sequences are highlighted in green, and the codons that codify crucial aminoacids for PMM2
function (F119, R123, R134 and R141) are indicated in red. (B) Immunodetection of PMM2 in the selected cell populations, from 1 to 15. The number between
brackets indicate the gRNA used for their edition, gRNA1 (1) or gRNA2 (2). Same amounts of total protein from the soluble extracts were loaded onto SDS-PAGE gels.
GAPDH was used as loading control. (C) Targeted deep sequencing reads of cell population 4 in the Integrative Genomics Viewer (IGV) showing the nucleotide
sequence of PMM2 exon 5, the coverage, and the reads with the 16-bp and 22-bp deletions. (D) Relative PMM enzymatic activity of cell populations 4, 9 and 11
expressed as a percentage (%) considering that the enzymatic activity of HepG2 wildtype cells (WT) is the 100%. Data represents the mean ± SD of at least three
independent experiments (*** p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A. Vilas et al.
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After Sanger sequencing analysis of exon 5 of PMM2, only candidate
cell populations 4, 9, and 11 revealed insertions and/or deletions in both
alleles (data not shown). To confirm the complete absence of wildtype
(WT) sequences in the three most promising candidates, an analysis of
mosaicism by targeted deep sequencing was performed. The cell pop-
ulations 9 and 11 showed WT reads undetected by Sanger sequencing.
On the contrary, cell population 4, exhibited no WT sequences and
showed a deletion of 16 base pairs (bp) and 22 bp in different alleles
(Table 1) (Fig. 1C). The potential off-targets predicted for guide 1 were
checked in the candidate populations, and no modifications were
observed in these regions after the editing (data not shown).

The phosphomannomutase (PMM) enzymatic activity was measured
in cell populations 4, 9, and 11. A substantial reduction in PMM activity
compared to WT cell line was observed in the three populations
(Fig. 1D). Given all the results, cell population 4 was considered a clone
(HepG2-KO clone) and was selected for further studies.

The PMM2 expression levels were analyzed in the HepG2-KO,
showing no PMM2 mRNA in the KO in comparison with the PMM2
mRNA levels in the HepG2 cells (Fig. 2A). The HepG2-KO clone was
further characterized by studying the effect of PMM2 absence in three
glycoproteins: intercellular adhesion molecule 1 (ICAM-1), lysosomal
associated membrane protein 1 (LAMP1), and alpha-1-antitrypsin
(A1AT). ICAM-1 is a membrane protein with 8 glycosylation sites,
LAMP1 is a lysosomal membrane protein with 18 glycosylation sites,
and A1AT is a plasma serine protease inhibitor (serpin) with 6 glyco-
sylation sites (https://glyconnect.expasy.org/). The western blot
revealed that in the HepG2-KO line, the three proteins presented an
altered band pattern, showing changes in their electrophoretic mobility
(Fig. 2B). Next, cell extracts were treated with peptide-N-glycosidase F
or PNGaseF, an amidase that removes N-linked oligosaccharides by
cleaving between the N-acetylglucosamine (GlcNAc) and the asparagine
residues. The aim was comparing the pattern of the glycoproteins in the
HepG2 WT and the HepG2-KO after completely removing the N-glycans.
Interestingly, the molecular weight of the non-glycosylated bands of
ICAM-1, LAMP1, and A1AT was lower than the molecular weight of the
bands of both glycoproteins in the untreated KO sample (Fig. 2C).

The HepG2-KO model was transduced with a lentiviral vector car-
rying the PMM2 WT cDNA (LV-WT) or an empty vector to confirm that
the phenotype observed in the genetically modified cells was only due to
the deletion of the PMM2 gene if it can be reversed by restoring the
PMM2 function. In this experiment, the GFP lentiviral system was used.
PMM2 protein levels were restored after transduction with the LV-WT.
The altered glycosylation pattern of the LAMP1 and ICAM-1 proteins
was also corrected in the LV-WT transduced cells. Neither PMM2 protein
levels nor the glycosylation pattern of LAMP1 and ICAM-1 were recov-
ered when the KO cells were transduced with the empty vector (Fig. 2D).
The enzymatic activity assay showed a significant increment in the PMM
activity measured in the KO line recovered with the LV-WT compared to
the activity measured in the HepG2 WT cells and the KO cells (Fig. 2E).

Proliferation was analyzed in the HepG2 WT, in the HepG2-KO cells

and in the KO recovered with the LV-WT to check if the PMM2-CDG
model had cell growth affected. The results from the CCK8 assay
didn't show significant differences in the proliferation of any of the three
cell lines at 24 and 48 h, however, at 72 h, there was a decrease in the
WT cell line proliferation (Fig. 2F). These results were confirmed by cell
counting of viable cells with Trypan Blue staining. Similar numbers of
cells were registered for the three cell lines at 24, 48 and 72 h (Fig. 2G).

3.2. PMM2-CDG knockout model is successfully used for pathogenic
validation of clinical variants

Once the PMM2 KO model was characterized, it was used to express
and study the effect of several PMM2 clinical variants by stable
expression. Two different lentiviral systems were initially tested, one
with the cDNA of PMM2 fused to GFP (LV-GFP) and the other fused to
the FLAG epitope (LV-FLAG).

First, we expressed five previously characterized destabilizing
hypomorphic mutants (p.Val44Ala, p.Asp65Tyr, p.Pro113Leu, p.
Arg162Trp, and p.Thr237Met) and one variant affecting the dimeriza-
tion of the protein (p.Phe119Leu) [31,35]. After introducing in the
HepG2-KO cells the corresponding variants, we studied their effect on
PMM activity and their functionality by analysis of the glycosylated
proteins LAMP1, ICAM-1 and A1AT.

The enzymatic activity ranged from 6.4 ± 2.5% to 42.5 ± 29.6%
with the LV-GFP system and from 8.3 ± 5.3% to 21.6 ± 5.6% with the
LV-FLAG system. Four mutant proteins (p.Val44Ala, p.Asp65Tyr, p.
Pro113Leu, and p.Phe119Leu) exhibited an activity lower than 20% of
the activity detected in the LV-WT in both systems. The activity of p.
Arg162Trp and p.Thr237Met was higher than 20%, independently of the
LV expression system. The PMM enzymatic activity was slightly higher
when PMM2 was expressed fused to GFP than the activity of the mutants
with the FLAG tag for three of the studied mutants: p.Pro113Leu, p.
Arg162Trp, and p.Thr237Met (Fig. 3A). Since the fusion of the GFP
protein to the mutant PMM2 proteins could be interfering in their re-
sidual activity, the following experiments were performed only with the
LV-FLAG system. Regarding the glycosylation of ICAM-1, LAMP1 and
A1AT, no qualitative differences were observed in the band pattern of
ICAM-1 among the different cell lines, while LAMP1 glycosylation
showed an alteration in the p.Pro113Leu, p.Arg162Trp, and the p.
Thr237Met cell lines. The band of A1AT observed in all the variant cell
lines was similar to the high molecular weight band of A1AT in the WT
cells, although for this glycoprotein, the LV-WT recovery was not as
clear as it was with ICAM1 or LAMP-1. The nonsense mutant p.Arg123*
showed a change in the electrophoretic mobility of ICAM-1, LAMP1 and
A1AT, although the band pattern of A1AT showed an intermediate
electrophoretic mobility between the one observed in the WT cells and
in the KO cells (Fig. 3B).

This model was also used to evaluate the effect of three VUS: p.
Asp65Gly, p.Thr237Lys and p.Thr18Ser. The two first variants, p.
Asp65Gly, and p.Thr237Lys, could not be expressed in the reported

Table 1
Targeted deep sequencing of PMM2 exon 5 in candidate cell populations.

STRAND WT ins_1bp del_1bb del_8bp del_9bp del_4bp del_16bp del_22bp TOTAL READS

4
+ 0 1 20,649 24,207 44,857
− 0 0 20,624 24,850 45,474
TOTAL 0 1 41,273 49,057 90,331

9
+ 2 1 16,138 7364 7104 1 30,610
− 1 0 15,361 7133 7151 0 29,646
TOTAL 3 1 31,499 14,497 14,255 1 60,256

11
+ 10 17,503 19,784 2 37,299
− 5 16,202 19,303 1 35,511
TOTAL 15 33,705 39,087 3 72,810

WT1
+ 49,924 1 49,925
− 48,015 0 48,015
TOTAL 97,939 1 97,940

WT1: HepG2 wildtype cells. Abbreviations: WT: wildtype; ins: insertion; bp: base pairs; del: deletion.
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prokaryotic system, while p.Thr18Ser presented a high enzymatic ac-
tivity that initially discarded its pathogenicity [31].

The results confirmed the severe effect on the stability and enzymatic
activity of the p.Asp65Gly and the p.Thr237Lys variants. Western blot
analysis revealed a total absence of the p.Thr237Lys mutant protein and
deficient levels of the p.Asp65Gly mutant (Fig. 4A) with almost null
residual activity (<5%) in both cases, comparable to the activity
measured in the stop mutant p.Arg123* (Fig. 4B). Concerning the p.
Thr18Ser variant, the results showed a similar amount of PMM2 protein

compared to the LV-WT cells and a residual PMM activity close to 60%
of the activity measured in the LV-WT cell extract (Fig. 4A and B). The
analysis of the band pattern of the glycoproteins ICAM-1, LAMP1 and
A1AT showed that only the LV-T237K cells reproduced an altered
LAMP1 pattern similar to the LAMP1 pattern of the KO and the LV-
R123* cells. ICAM1 was neither qualitatively nor quantitatively
altered in none of the three evaluated mutants, while A1AT showed a
slight molecular weight increase in the cell lines carrying the p.
Asp65Gly and the p.Thr237Lys variants (Fig. 4A).

Fig. 2. Characterization of the HepG2 PMM2 KO. (A) PMM2 mRNA expression levels in the knockout model (KO) relative to the PMM2 mRNA levels in the HepG2
wildtype cells (WT), considered 1́′. (B) Representative western blot of ICAM-1, LAMP1, A1AT and PMM2. β-actin (β-ACT) was used as loading control. (C) Repre-
sentative western blot of the PNGaseF treatment of the cell extract of treated (+) and untreated (− ) HepG2 wildtype (WT) and HepG2-KO (KO) cells. β-actin (β-ACT)
was used as loading control. G: glycosylated; PG: partially glycosylated; NG: non-glycosylated; ICAM-1: intercellular adhesion molecule 1; LAMP1: lysosomal
associated membrane protein 1; A1AT: alpha-1 antitrypsin. (D) Representative western blot of ICAM-1, LAMP1 and PMM2 in HepG2 WT, KO, in the HepG2-KO cells
transduced with the lentiviral vector carrying the PMM2 wildtype cDNA fused with GFP (LV-WT) and in the HepG2-KO cells transduced with the empty GFP lentiviral
vector (LV-ᴓ). GAPDH was used as loading control. Same amounts of total protein from the soluble extracts were loaded onto SDS-PAGE gels. (E) Relative PMM
activity measured in the cellular extract of HepG2 WT, KO and LV-WT, and expressed as percentage (%) considering that the activity of the LV-WT is 100%. Data
represents the mean ± SD of at least three independent experiments (*** p < 0.001). (F) Proliferation of HepG2 WT (solid line, circles), KO (dashed line, squares) and
LV-WT (dotted line, triangles) cells measured at 0, 24, 48 and 72 h with the CCK8 assay and expressed as absorbance at 460 nm. Data represents the mean ± SD of at
least three independent experiments (* p < 0.05). (G) Number of viable HepG2 WT (solid line, circles), KO (dashed line, squares) and LV-WT (dotted line, triangles)
cells at 0, 24, 48 and 72 h in culture. Data represents the mean ± SD of three technical replicates in one experiment.
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4. Discussion

The PMM2-CDGHepG2 knockout model presented in this work is the
first eukaryotic PMM2 knockout cellular model. This model could be
used for pathophysiological studies, assessment of clinical variants, and
evaluation of therapeutic strategies such as compounds aimed to in-
crease or decrease the stability or degradation of PMM2 respectively
[24,25], or even to evaluate the effect of therapies focused on the re-
covery of the defective protein [60]. In addition, we have demonstrated
its utility for analyzing missense variants identified in the clinical

setting.
We have recently described an in vitro recombinant protein expres-

sion system, which, combined with structural information from the
PMM2 crystallographic models [37], demonstrated the pathogenic ef-
fect of 15mutant proteins identified in patients and in a carrier detection
program [31]. However, bacterial systems exhibit apparent weaknesses,
such as the inability to evaluate the effect of splicing variants, the lack of
post-translational protein modifications, and substantial differences in
the proteostasis network. Thus, we were unable to confirm the impact of
three mutant proteins, p.Asp65Gly, and p.Thr237Lys, which could not

Fig. 3. Characterization of clinical variants in the PMM2-CDG knockout model. (A) Relative PMM activity measured in the cellular extract of HepG2-KO cells
transduced with the lentiviral vector carrying the PMM2 cDNA with different clinical variants fused with FLAG (LV-FLAG, clear grey) or GFP (LV-GFP, dark grey),
and expressed as percentage (%) considering that the activity of the HepG2-KO cells transduced with the lentiviral vector carrying the PMM2 wildtype cDNA is 100%.
Data represents the mean ± SD of at least three independent experiments (*** p < 0.001). (B) Representative western blot of ICAM-1, LAMP1, PMM2 and A1AT in
the soluble extract of HepG2 WT, KO, KO cells transduced with the FLAG lentiviral vector carrying the PMM2 wildtype cDNA (LV-WT), HepG2-KO cells transduced
with the lentiviral vector carrying the nonsense variant p.Arg123* (LV-R123*) and in the HepG2-KO cells transduced with the FLAG lentiviral vector carrying
different PMM2 clinical variants (LV-V44 A, LV-D65Y, LV-P113L, LV-F119L, LV-R162W, LV-T237M). GAPDH was used as loading control. Same amounts of total
protein from the soluble extracts were loaded onto SDS-PAGE gels.

Fig. 4. Characterization of variants of uncertain significance (VUS) in the PMM2-CDG knockout model. (A) Representative western blot of ICAM-1, LAMP1, PMM2
and A1AT in the soluble extract of HepG2 wildtype (WT), HepG2-KO (KO), HepG2-KO cells transduced with the lentiviral vector carrying the PMM2 wildtype cDNA
fused with FLAG (LV-WT), HepG2-KO cells transduced with the FLAG lentiviral vector carrying the nonsense variant p.Arg123* (LV-R123*) and in the HepG2-KO
cells transduced with the FLAG lentiviral vector carrying different PMM2 VUS (p.Thr18Ser: LV-T18S; p.Asp65Gly: LV-D65G; p.Thr237Lys: LV-T237K). GAPDH was
used as loading control. Same amounts of total protein from the soluble extracts were loaded onto SDS-PAGE gels. (B) Relative PMM activity measured in the cellular
extract of HepG2-KO cells transduced with the FLAG lentiviral vector LV-R123* and in the soluble extract of HepG2-KO cells transduced different VUS (LV-T18S, LV-
D65G, LV-T237K). The PMM activity is expressed as percentage (%) considering that the activity of the HepG2-KO cells with the lentiviral vector carrying the PMM2
wildtype cDNA is the 100%. Data represents the mean ± SD of at least three independent experiments (*** p < 0.001).
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be produced in bacteria, and p.Thr18Ser because its residual enzymatic
activity was too high to be considered pathogenic [31]. To bypass these
limitations, we generated a PMM2 KO model in HepG2 cells using
CRISPR-Cas9 technology and recovered it with WT PMM2 cDNA or
clinical variants.

In this study we also considered other hepatic cell lines such as the
hepatoma cell lines HepaRG™ and Hep3B. Initially, HepaRG cells were
discarded due to their specific media and supplement requirements.
Unlike HepG2 cells, Hep3B cells do not form single cell colonies, which
is necessary for selecting CRISPR modified cell clones. Thus, we selected
the HepG2 cell line because of the easy handling of the cell culture, the
expression of the PMM2 gene, and the lack of chromosomic alterations
of chromosome 16, where PMM2 is located. Additionally, we emphasize
the potential of these cancer cells to survive PMM2 depletion, a gene that
is essential for life [1,39,61,62], due to its tumoral nature. This char-
acteristic is, however, a “double-edged sword”: it allows us to study how
these cells can survive the absence of PMM2 activity, but it can also
distort the metabolic impairment due to the glycosylation deficiency
[9]. This fact should be carefully considered in order to using our model
to unravel pathophysiological events.

The obtained PMM2 KO HepG2 cells exhibited a complete absence of
PMM2 mRNA and PMM2 protein, reduced residual PMM activity, and
altered glycosylation supported by the inability to fully glycosylate
ICAM-1, LAMP1, and A1AT. PMM2 protein levels, PMM enzymatic ac-
tivity, and the defect on glycosylation are recovered when the KO cells
are transduced with the WT PMM2 cDNA, corroborating the specificity
of the pathological phenotype and indicating the potential use of this
model to rescue the activity and function of PMM2with candidate drugs.

We highlight that, although the HepG2-KO has no PMM2 mRNA nor
PMM2 protein, it retains some residual PMM activity. The ICAM-1,
LAMP1 and A1AT glycosylation patterns are altered, however, the
PNGaseF treatment of HepG2-KO cell extract suggests that the lack of
PMM activity did not completely prevent the addition of glycans to the
asparagine residues of these glycoproteins. We believe that there are
likely other pathways that use the same substrates as PMM2 and could
partially compensate for its absence in this cellular model. Further
research in this area will help to clarify the source of this residual PMM
activity. It is also unexpected that the HepG2-KO cells are able to pro-
liferate normally, since we have reported a proliferation defect in some
PMM2-CDG patient's fibroblasts [63]. In addition, it was recently
described that PMM2 depletion in a breast cancer cell line caused the
inhibition of proliferation by reducing the mRNA and protein levels of
estrogen receptor α [64]. It is a possibility that specific alterations in
different metabolic pathways described in HepG2 cells could enable
their survival and proliferation in the absence of PMM activity [65]. If
so, these alterations could impede the study of some important aspects of
the pathophysiology of PMM2-CDG related with proliferation, sugar
metabolism and bioenergetics [8,9,66], limiting the scope of our HepG2
model.

Despite its constraints, this model offers an opportunity to study
alternative pathways that compensate for PMM2 deficiency through
gene expression analysis [67] and to confirm and validate previous data
obtained from RNA-seq studies with patientś fibroblasts [63]. Addi-
tionally, these cells can be used to identify biomarkers for evaluating the
therapeutic efficacy of new drugs via manifesting the potential recovery
of the pathogenic phenotype. Since PMM2 is involved in the glycosyl-
ation of glycoconjugates, in this project, three glycoproteins (ICAM-1,
LAMP1 and A1AT) were chosen as glycosylation biomarkers for the
evaluation of clinical variants. The glycosylation pattern of these
markers is remarkably altered in the HepG2-KO cells and in the HepG2-
KO cells transduced with the empty GFP vector or with the FLAG LV-
R123*, suggesting that these glycoproteins could be used as an
endpoint to measure glycosylation alteration.

The first step in the variantś assessment was the measurement of the
PMM enzymatic activity in both lentiviral systems. This study allowed us
also to compare both systems. The results obtained in this model

corroborate and supplement the findings previously derived from the
prokaryotic system and the structure-based analysis of pathogenic var-
iants [31,35,37]. All the mutant proteins exhibit reduced activity be-
tween 6.4% and 42.5% for those expressed as GFP fusion proteins, and
8.3% and 21.6% for those carrying the FLAG tag. Generally, the enzy-
matic activity of the GFPmutants was higher than the enzymatic activity
of the corresponding FLAG mutants, pointing out a possible stabilizing
effect of the GFP. The potential stabilization of some mutants fused to
GFP should be carefully considered since there are precedents of this
stabilizing effect on recombinant mutant proteins fused to a glutathione
S-transferase (GST) tag of 26 kDa [34]. The FLAG system provides a
more physiological approach since FLAG is a 1-kDa-peptide, while GFP
has a molecular weight of 27 kDa, the same as the PMM2 monomer [3].
After considering the advantages and limitations of each system, we
have concluded that the best system for further studies aimed at
demonstrating the effect of novel variants is the HepG2 system trans-
duced with LV-FLAG.

Secondly, we evaluated the levels of PMM2, as well as the three
glycoproteins, ICAM1, LAMP-1 and A1AT by western blotting. We
observed that apart from the p.Arg123* mutant, there were no changes
in ICAM1, and only some mutants showed a “smeared” LAMP1 pattern.
The A1AT band pattern in the cell lines with the mutants closely
resembled that of the WT HepG2 cells rather than the pattern observed
in the KO cells or in the LV-WT recovered cells. We were unable to
establish any correlation between the alterations of the three glyco-
proteins and the enzymatic activity levels of the selected clinical
variants.

On the other hand, the HepG2-KO model of the p.Thr18Ser, p.
Asp65Gly, and p.Thr237Lys variants of uncertain significance has
allowed a deeper evaluation of their effect, which was not possible only
with the prokaryotic expression system [31]. The p.Thr18Ser mutant
exhibited protein stability similar to LV-WT and 60% enzymatic activity,
confirming the non-pathogenic character of this variant. The p.
Asp65Gly mutant, detected at lower levels than the LV-WT PMM2 pro-
tein, can be confirmed as a severe pathogenic variant with around 5%
residual activity. The p.Thr237Lys mutant showed undetectable PMM2
protein and PMM enzymatic activity and displayed altered LAMP1
glycosylation, so it should also be considered a severe pathogenic
variant. p.Thr237Lys and p.Asp65Gly pathogenic variants have been
found in patients in combination with the severe p.Pro113Leu and p.
Phe157Ser variants, respectively, suggesting a very severe phenotype.

Taken together, our results suggest that a slight increase in the PMM
enzymatic activity has an essential impact on glycosylation, given that
the glycosylation of the selected glycoproteins is rescued when the KO
cells are transduced with some of the mutants included in this study,
except for p.Pro113Leu, p.Arg162Trp and p.Thr237Met, and p.
Thr237Lys. Retaining some residual enzymatic activity is enough to
rescue the glycosylation process, at least in vitro. In line with this last
statement, a recent study in PMM2-CDG patientś fibroblasts also showed
that the increase of PMM2 protein levels via AAV9-based PMM2 gene
replacement improves ICAM-1 and LAMP1 glycosylation [60]. Indeed,
the possibility of rescuing PMM2-CDG phenotype through the increase
of PMM2 concentration and/or activity has already been explored with
therapeutic purposes [24,25,68–70]. However, it is still necessary to
find more robust biomarkers to have a reliable readout when studying a
new therapeutic strategy. ICAM1, LAMP-1 and A1AT act as good
glycosylation markers when the glycosylation pathway is completely
blocked, but are less reliable when the blockade is partial. Instead, we
could evaluate the Halo3N reporter developed by Joseph N. Contessa's
lab [71] as an alternative to assess the effect on N-glycosylation of the
PMM2 studied variants, as well as the potential recovery after treatment.
Additionally, glycoproteomics analysis could also be performed to
reveal global changes in glycopeptides [72,73].

The results presented in this work indicate that the HepG2 model is
an easy and quick high-throughput system to evaluate the pathogenic
effect of clinical variants identified in PMM2-CDG cases and preventive
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medicine by neonatal or carrier screening [28,29]. Moreover, this sys-
tem could also be used to study other affected pathways identified in
patientś fibroblasts, such us the unfolded protein response due to
endoplasmic reticulum stress [9], cell adhesion, and composition and
organization of the extracellular matrix [63]. Its application could be
extended to other CDGs with hepatic affectation. In fact, HepG2 cells
have recently been used to demonstrate the importance of lipophagy in
two novel CDGs associated with fatty liver disease, TMEM199-CDG and
CCDC115-CDG [74]. In addition, it could be the initial step to evaluate
the effectiveness of specific advanced therapies.

In summary, we have developed a high-performance diagnostic
system for assessing the impact of variants on PMM activity and PMM2
stability. This platform for variant characterization could also be applied
in biomarker identification and drug evaluation for PMM2-CDG or for
other CDGs with liver involvement.
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