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Loss-of-Function Homozygous Variant
in LPL Causes Type | Hyperlipoproteinemia
and Renal Lipidosis
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Introduction: Lipoprotein lipase (LPL) is an important enzyme in lipid metabolism, individuals with LPL
gene variants could present type | hyperlipoproteinemia, lipemia retinalis, hepatosplenomegaly, and
pancreatitis. To date, there are no reports of renal lipidosis induced by type | hyperlipoproteinemia due to
LPL mutation.

Methods: Renal biopsy was conducted to confirm the etiological factor of nephrotic syndrome in a
44-year-old Chinese man. Lipoprotein electrophoresis, apoE genotype detection, and whole-exome
sequencing were performed to confirm the dyslipidemia type and genetic factor. Analysis of the 3-
dimensional protein structure and in vitro functional study were conducted to verify variant pathogenicity.

Results: Renal biopsy revealed numerous CD68 positive foam cells infiltrated in the glomeruli; immuno-
globulin and complement staining were negative; and electron microscopy revealed numerous lipid
droplets and cholesterol clefts in the cytoplasm of foam cells. Lipoprotein electrophoresis revealed that the
patient fulfilled the diagnostic criteria of type | hyperlipoproteinemia. The apoE genotype of the patient
was the £3/e3 genotype. Whole-exome sequencing revealed an LPL (c.292G > A, p.A98T) homozygous
variant with a-helix instability and reduced post-heparin LPL activity but normal lipid uptake capability
compared to the wild-type variant.

Conclusion: LPL (c.292G > A, p.A98T) is a pathogenic variant that causes renal lipidosis associated with
type | hyperlipoproteinemia. This study provides adequate evidence of the causal relationship between
dyslipidemia and renal lesions. However, further research is needed to better understand the pathogenetic
mechanism of LPL variant-related renal lesions.
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ipoprotein lipase is a secretory protein that hy-

drolyzes triglycerides (TGs) in TG-rich chylomi-
crons and very-low-density lipoproteins. Various
studies indicate that impaired LPL activity due to an
LPL gene variant results in massive accumulation of
chylomicrons and fasting hypertriglyceridemia.1’3 To
date, more than 220 LPL variants related to hypertri-
glyceridemia have been identified, and most of these
variants are distributed in exons 4, 5, and 6.”” It is
indicated that 60% of LPL deficiency-causing
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mutations are missense mutations; however, nonsense,
deletion, insertion, splicing, and other types of muta-
tions have also been reported.”**"’

Homozygous deficiency of LPL is rare, with a fre-
quency of 1 per million in general populations. Homo-
zygous and compound heterozygous mutations in the
LPL gene may cause severe hypertriglyceridemia due to
complete or partial loss of LPL activity.'”'*'” APOC2,
APOA5, LMFI, GPIHBP1, ANGPTL3, and ANGPTL4
are also involved in the regulation of LPL activity, except
for LPL gene mutation."*”'"* Individuals with LPL
activity deficiency typically present with type I hyper-
lipoproteinemia, recurrent abdominal pain, eruptive
xanthomas, lipemia retinalis, hepatosplenomegaly, and
pancreatitis.”'''> However, there has been no report of
renal lesion induced by the LPL homozygous variant. In
this study, we report an LPL (c.292G > A, p.A98T)
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homozygous variant with obvious renal lipidosis. To
further investigate the pathogenesis of the renal lesion,
we conducted an in vitro functional study.

METHODS

Lipoprotein Electrophoresis

Plasma lipoproteins were separated using a commercial
SPIFE lipoprotein kit (cat.3341, Helena Laboratories,
Beaumont, TX), which is different in formulation from
the traditional lipoprotein kit. On the SPIFE lipoprotein
gel, chylomicrons stay at the loading point, but beta-
lipoproteins migrate slightly cathodal to the loading
point.”' The Quick Scan 2000 software (cat.1660, Hel-
ena Laboratories) was used for lipoprotein electropho-
resis band analysis.

Whole-Exome Sequencing

The genomic DNA of the patient was extracted and
fragmented by nebulization, and the fragmented DNA
was end-repaired and A-tailed using standard protocols.
Ilumina adapters were ligated to the A-tailed fragments,
and the products were size-selected for a 350-base to 400-
base pair product. Whole-exome enrichment was per-
formed using the GenCap custom enrichment kit
(MyGenostics Inc, Beijing, China) according to the
manufacturer’s protocol. The biotinylated capture
probes (80—120 mer) were designed to tile all the exons
with nonrepeated regions and sequenced on an Illumina
NextSeq 500 sequencer (Illumina, San Diego, CA) for
paired-end reads of 150 bp.

Pathogenicity and Protein Structure Analysis of
Mutant LPL

Sequence alignment of the human LPL protein
(NP_000228.1) was performed using DNAStar-MegAlign
software (http://www.dnastar.com/t-megalign.aspx).
Pathogenicity was assessed using Polyphen-2 software
(http://genetics.bwh.harvard.edu/pph2/) and PROVEAN
(http://provean.jcvi.org /index.php). Protein structures
were generated using Swiss-PdbViewer 4.0 software
(http://www.expasy.org/spdbv/) by the method of ho-
mology modeling.

Plasmids Construction and Transfection

Human wild type LPL cDNA (NM_000237) and c.292G>
A LPL cDNA were synthesized and cloned into the pEZ-
M45 vector with a HA tag at the C-terminus by Gene-
Copoeia (Rockville, MD).The 293T cells and RAW264.7
macrophages were kindly provided by Stem Cell Bank,
Chinese Academy of Sciences and cultured in DMEM
high-glucose medium supplemented with 10% fetal
bovine serum, penicillin (100 U/ml), and streptomycin
(100 pg/ml) at 37 °C in 5% CO,. Expression plasmids
containing the human wild type LPL and mutant LPL
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were transfected into the RAW264.7 and 293T cells by
jetOPTIMUS DNA transfection reagent (117-07, Poly-
plus Transfection, Illkirch, France), pEZ-M45 was used
as a negative control plasmid.

Measurement of LPL Activity and Mass

To analyze the activity and mass of LPL, heparin was
added to trigger the release of cell surface-bound LPL
into the cell medium. After 36 hours of transfection,
the cell medium of 293T cells was changed to a
heparin-optiMEM mixture (for a final heparin con-
centration of 20 units/ml per well) and incubated for
30 minutes. The post-heparin cell culture medium and
cell lysate were then harvested. LPL mass and activity
were determined using human LPL ELISA kit (MM-
0468H1, MEIMIAN, China) and LPL activity assay
kit (BC2445, Solarbio, China), respectively.

Lipid Uptake and Oil Red O Staining of
RAW264.7 Cells

After 24 hours of transfection, 30 llg/ml dil-oxLDL (YB-
0010, Yiyuan Biotech, China) was added to the serum-
free medium and incubated for 5 hours to evaluate the
lipid uptake capability of various transfected
RAW264.7 cells by fluorescence microscope. The fluo-
rescence intensity of dil-oxLDL-positive cells was
calculated using the Image J software (National Insti-
tute of Health, Bethesda, MD).

In addition, after 24 hours of transfection, the
RAW264.7 cells were incubated with 25 [lg/mL ox-LDL
(YB-002, Yiyuan Biotech, China) in a serum-free me-
dium for an additional 12 hours. Thereafter, the cells
were stained with the Oil red O reagent (G1262,
Solarbio, China) to identify foam cell formation.

Western Blotting Analysis

Western blotting analyses were performed as previously
described using 20 [ig lysates from RAW264.7 and 293T
cells.” Antibody used for western blotting include
mouse anti-HA (A5969, Bimake, China), rabbit anti-
GAPDH (380626, Zen Bio,China), antimouse HRP sec-
ondary (#7076, Cell Signaling Technology, Danvers,
MA), antirabbit HRP secondary (#7074, Cell Signaling
Technology, Danvers, MA); all antibodies were diluted
in 5% bovine serum albumin or 5% nonfat milk in TBST.
Target protein bands were captured using a chem-
iluminescence imager (iBright CL1000; Thermo Fisher
Scientific, Waltham, MA).

Reverse Transcription-Quantitative Polymerase
Chain Reaction (PCR)

Real-time PCR was performed as previously described.*
HiScript II Q RT SuperMix (R223-01, Vazyme, China)
and TB Green Premix Ex Taq I kit (RR820A, TaKaRa Bio,
China) were used to perform the quantitative PCR. The
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Table 1. Primer sequences for gPCR

Gene Sense (5’ —3') Anti-sense (5’ — 3')
LPL (human) TCATTCCCGGAGTAGCAGAGT GGCCACAAGTTTTGGCACC
GAPDH (mouse) TGTTTCCTCGTCCCGTAGA ATCTCCACTTTGCCACTGC
GAPDH (human) GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LPL, lipoprotein lipase.

results were obtained using a CFX96 Real-Time PCR
detection system (Bio-Rad, Hercules, CA) with the
following program design: a denaturation step at 95 °C
for 30 seconds, followed by 40 cycles of denaturation at
95 °C for 5 seconds, annealing at 57 °C for 30 seconds, and
extension at 72 °C for 30 seconds. The sequences of
primer pairs are shown in Table 1.

Statistical Analysis

Statistical analysis was performed using the GraphPad
Prism 7 software (GraphPad Software Inc., San Diego,
CA). Data are presented as mean & SD, and l-way
analysis of variance was used to compare mean values
between 3 groups. No significance (NS) indicates P >
0.05; *P < 0.05; *¥*P < 0.01; ***P < 0.001; and
#®EEEP < 0.0001.

RESULTS

Case Presentation

A 44-year-old Chinese man was admitted to our hospital
in November 2014 for facial and lower extremity edema;
recurrent episodes of pancreatitis and peritonitis were
present in past medical history, and family history of
hyperlipemia was denied. On admission, physical ex-
amination of the patient revealed that his blood pressure
was 152/100 mmHg. His height was 165 cm, weight was
73 kg (body mass index = 26.8 kg/m?). Laboratory
analysis revealed hemoglobin level of 10.4 g/dl, serum
creatinine level of 1.38 mg/dl, urea nitrogen level of 25.4
mg/dl, serum albumin level of 1.54 g/dl, TG level of
1056.7 mg/dl, serum cholesterol level of 231 mg/dl, low-
density lipoprotein cholesterol level of 38.3 mg/dl, high-
density lipoprotein cholesterol level of 27.09 mg/dl,
apoAl level of 1.21 g/l, apoB100 level of 0.86 g/1, apoE
level of 13.5 mg/dl, blood glucose level of 4.78mmol/l,
and HbAlc was 4.5%. The fasting plasma of the patient
had a markedly creamy layer; lipoprotein electropho-
resis revealed the characteristic of type I hyper-
lipoproteinemia with obvious chylomicron band in
loading point (Figure 1). Urinary protein level was 4.08
g/24h, urinary sediment level was 49 red blood cells per
high-power field. Serum rheumatoid factor level was
43.2 IU/ml; however, serum antinuclear antibody test,
antidouble-stranded DNA test, antineutrophil cyto-
plasmic antibody test, and antiglomerular basement
membrane test were all negative. Serum C3 level was
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81.8 mg/dl, and serum C4 level was 66.6 mg/dl. Serum
immunofixation electrophoresis did not reveal mono-
clonal immunoglobulin. Serum cryoglobulin test was
negative. Ultrasonic testing revealed that splenomegaly
and both kidneys were enlarged.

Renal biopsy was performed. Of the 21 glomeruli
sampled for light microscopy, none were globally
sclerotic or segmentally sclerotic. No crescents were
found. Extensive CD68+ foam cells infiltration with
moderate-to-severe increase in mesangial cell number
and matrix (with segmental mesangial interposition and
duplication of glomerular basement membranes) in
glomeruli was observed. Sudan III and Oil red O
staining were positive. Tubular atrophy and interstitial
fibrosis were observed in about 5% of the sampled
cortices. There were no obvious vascular lesions.
Immunoglobulin and complement stains were negative.
Electron microscopy revealed numerous lipid droplets
and cholesterol clefts in the cytoplasm of foam cells
(Figure 2).

Whole-Exome Sequencing and Protein
Structure Prediction

The apoE genotype of the patient was £3/e3 genotype.
Whole-exome sequencing revealed a rare homozygous
mutation of the LPL gene (c.292G > A, p.A98T) in the
patient, and this homozygous variant was rarely found
in the Exome Variant Server, 1000 Genomes Project,
and Exome Aggregation Consortium databases
(Figure 3). In addition to LPL, APOC2, APOA5, LMFI,
and GPIHBPI did not have pathogenic mutations.
Amino acid sequence alignment of LPL in a variety of
species showed that the amino acid residue Ala98 is
highly conserved in LPL orthologs.

Analysis using PROVEAN and Polyphen-2 revealed
that this may be damaging
(score: —3.325 and score: 1.00, respectively). The 3-
dimensional structure showed that the amino acid
residue 98 was located in a region annotated in UniProt
to form an O-helix and close to the first loop (residue
91-95) of LPL. As shown in Figure 4, substitution of
threonine for alanine at this site could increase the
number of H-bonds between LYS94 and THR98 or
between LEU95 and THR98, thereby affecting the
stability of the O-helix (residue 91-102), which is
important for the lipase activity of the LPL protein.

missense variant

Functional Analysis of Mutant LPL in 293T Cells
Western blot analysis revealed that the relative
expression of mutant LPL was similar to that of wild-
type LPL in 293T transfected cells, with no significant
difference (Figure 5a). The quantitative PCR results
indicated that the relative expression of mutant LPL
(€.292G > A, p.A98T) is 1.58 times higher than that of

Kidney International Reports (2023) 8, 2428-2438
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Figure 1. Serum lipoprotein profile difference between healthy control and patient with homozygous LPL (c.292G > A, p.A98T) variant. The
lipoprotein electrophoresis results of the healthy control are shown in Figure 1a and Figure 1c. From top to bottom, the 3 bands of B-lipoprotein,
pre-B-lipoprotein, and o-lipoprotein have the percentages 46.7%, 24.9%, and 28.4%, respectively. The lipoprotein electrophoresis result of the
patient with homozygous LPL (c.292G > A, p.A98T) variant is shown in Figure 1b and Figure 1d. The chylomicron band is shown at the origin and
is labeled with *. From top to bottom, the 4 bands of B-lipoprotein, chylomicron, pre-B-lipoprotein, and a-lipoprotein have the percentages

19.9%, 22.8%, 13.3%, and 44%, respectively.

wild-type LPL in mRNA level (Figure 5b). The LPL
activity and mass of the cell medium decreased by
39.7% and 51.2%, respectively in the LPL (c.292G >
A, p.A98T) when compared to the wild-type LPL
group. These findings indicate that the medium ac-
tivity and mass of mutant LPL (c.292G > A, p.A98T)
were low or undetectable after excluding the back-
ground effect of negative control group (Figure 5c—d).
There were no significant differences in cell lysates
activity between the wild-type LPL and mutant LPL
groups (Figure 5e).

Relative Expression, Lipid Uptake, and Oil Red O
Staining in Transfected RAW264.7 Cells

Western blot analysis revealed that the relative
expression of mutant LPL was comparable to that of
wild-type LPL in RAW264.7 transfected cells, with no
significant difference (Figure 6-Ia). The quantitative
PCR results indicated that the relative expression of
mutant LPL (c.292G > A, p.A98T) is 1.64 times higher

Kidney International Reports (2023) 8, 2428-2438

than that of wild-type LPL in mRNA level (Figure 6-Ib).
Compared to the negative control group, the lipid up-
take rates of the mutant LPL (c.292G > A, p.A98T)
group and wild-type LPL group increased 1.39 times
and 1.43 times, respectively (Figure 6-IIa, IIb, and IIc).
However, no significant differences in lipid uptake rate
were observed between the mutant LPL and wild-type
LPL groups (Figure 6-Ic). The Oil red O staining find-
ings were consistent with the above-stated results
(Figure 6-IId, 6-IIe, and 6-IIf).

Pathogenicity Classification of the Variant

According to the ACMG guidelines, LPL (c.292G > A,
p-A98T) variant could be classified as a likely patho-
genic variant for the following evidence: (i) PS3 evi-
dence: low lipoprotein lipase activity was observed in
this mutant LPL group by in vitro functional study; (ii)
PM2 evidence: homozygous LPL (c.292G > A, p.A98T)
variant was rarely found in the Exome Variant Server,
1000 Genomes Project, and Exome Aggregation
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Figure 2. Pathological findings of renal biopsy specimen from patient with type | hyperlipoproteinemia. A moderate-to-severe increase in
mesangial cell number and matrix, and marked foam cell infiltration in a glomerulus stained with periodic acid—Schiff stain and periodic acid-
sliver methenamine stain (x200) are shown in Figure 2a and Figure 2b. A partial region of glomerulus positive for Qil red O staining (x200) is
shown in Figure 2c. A CD68-positive foam cell in a glomerulus is shown in Figure 2d. Numerous lipid droplets and cholesterol clefts in the
cytoplasm of foam cells (marked by white arrow) are shown in Figure 2e and Figure 2f.

Consortium databases; and (iii) PP3 evidence: 3-
dimensional structure and multiple bioinformatics
indicated @-helix instability and deleterious effect of
mutant protein.

Clinical Course

Based on the above findings, the patient was diagnosed
with LPL homozygote-related renal lipidosis. Over the
course of 1 year, his renal function and urinary protein
deteriorated further, and he had recurrent pancreatitis
and peritonitis. Hemodialysis was eventually initiated.

DISCUSSION

In this study, we reported a case of nephrotic syn-
drome with type I hyperlipoproteinemia; renal biopsy
revealed severe renal lipidosis; and whole-exome
sequencing identified a rare homozygous LPL
(c.292G>A,p.A98T) mutation, which was classified as a
pathogenic variant due to low secretory capacity and
lipase activity. It is indicated that this homozygous
LPL mutation was associated with the renal lesion of
the patient. This is the first report of renal pathological
manifestation related to homozygous LPL mutation.

It is known that most LPL variants could induce
lipoprotein lipase function deficiency through
decreasing its synthesis, secretory mass, and activity.
The p.Ala98Thr variant is located in exon 3 and had
been reported in previous studies as a simple or
compound heterozygous mutation associated with
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hypertriglyceridemia.”'**’ Chan et al.'® indicated

that p.Ala98Thr variant mainly affects lipoprotein
lipase secretory mass and activity, which was also
identified in our in vitro study. Our research addi-
tionally showed that the substitution of threonine for
alanine may increase the H-bond conformation be-
tween LYS94 and THR98 or between LEU95 and
THR98. It is reported that amino acid residue 98 is
close to the first loop (residues 91-95) of LPL, which
forms a hydrophobic groove around the active
site.”””?” Therefore, the additional H-bond formation
could disturb the first loop stability and further
reduce lipase hydrolysis function, resulting in type I
hyperlipoproteinemia.

To date, renal lesions induced by homozygous LPL
variants have not been reported and its influence factor
was unknown. It is reported that both the mutation
burden and variants type could affect the phenotype of
hypertriglyceridemia, and the persistent hyper-
triglyceridemia could aggravate organ lesion.”” " As
shown in Supplementary Table SI, acute pancreatitis
due to hypertriglyceridemia was the main clinical
manifestation of the patients with the heterozygous
LPL (c.292G > A, p.A98T) variant; individuals with
the compound heterozygous variant presented higher
TG levels than simple heterozygotes, and some simple
heterozygote showed normal serum TG level. In our
study, the patient who carried homozygous LPL
(c.292G > A, p.A98T) variant showed severe type I

Kidney International Reports (2023) 8, 2428-2438
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Figure 3. Homozygous LPL missense mutation identification, mutation site evolutionary conservation analysis, and pedigree analysis of
the patient with type | hyperlipoproteinemia. Partial sequences of LPL exon 3 from the patient and a healthy control, respectively are
shown in Figure 3A and Figure 3B. The mutation site is marked by the arrow and presented as LPL (c.292G > A, p.A98T). The wild-type LPL
amino acid sequence fragments of various species are shown in Figure 3c. The white-colored box shows that the amino acid p.Ala98 is
evolutionarily highly conserved. The family pedigree of the patient with type | hyperlipoproteinemia is shown in Figure 3D. An arrow
represents the proband (lI-1), a square represents a male individual, a circle represents a female individual, blank symbols represent
unaffected family members, and black symbols represent patients homozygous for LPL (c. 292G > A, p.A98T). The blood samples of I-1, I-2,

and 1l-2 are not available.

hyperlipoproteinemia, recurrent pancreatitis and peri-
tonitis, splenomegaly and renal lesion, and the organ
lesions were more severe than in simple and compound
heterozygote carriers.

Moreover, diet, lifestyle and comorbidity may
facilitate the development of hyperlipidemia associated
renal lesion.””*® The renal histopathology of patients
with diabetic nephropathy who have hyperlipidemia
revealed massive foam cell infiltration in addition to the
typical manifestation of homogeneous and diffuse
glomerular basement membrane thickening. It is indi-
cated that diabetes mellitus may facilitate the progres-
sion of hyperlipidemia associated renal lesion. In this
study, both the diabetes mellitus history and typical
glomerular basement membrane thickening patholog-
ical manifestation were absent in this patient; therefore,

Kidney International Reports (2023) 8, 2428-2438

we deduce that the renal lipidosis lesion may mainly
associated with the homozygous LPL variant. In addi-
tion, the patient was without family history of
hyperlipidemia and presented renal lesion at middle
age; it is likely that the environmental factors also play
a critical role in the development of hyperlipidemia
associated renal lesion.

In the general population, the proportion of apoE2
homozygote carriers is 0.5% to 1%, and <10% of these
carriers have type III hyperlipoproteinemia, which is
characterized by xanthomas, and elevated plasma
cholesterol and TG level.”””" It is known that apoE
variants play critical roles in abnormal lipid metabolism
and macrophage lipid uptake, and this condition is
sometimes discussed in diabetic nephropathy and
apoE2 homozygote glomerulopathy that is induced by
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LPL(c.292G>A,p.A98T)

LPL(c.292G>A,p.A98T)

Figure 4. Protein structures of LPL (c.292G > A, p.A98T) and wild-type LPL. The 3-dimensional structure modeling of the mutant human LPL
protein was built based on the template of the wild-type human LPL in complex with GPIHBP1 (Protein Data Bank entry 6E7K).The whole LPL
protein (PDB ID: 6E7K) and the predicted LPL (c.292G > A, p.A98T) protein structures are shown in panels a, b, and c. Panels d, e, and f show
the amplification regions of panels a, b, and c, respectively. The substitution of the amino acid Thr for Ala at site 98 may increase the side
chain and H-bond number between LYS94 and THR98 or between LEU95 and THR98, causing a clash (shown by the arrow) and a

conformational change.
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type III hyperlipoproteinemia. It is worth apoE2 homozygous variants. Further, it was reported
pointing out that homozygous LPL variant in the cur- that patients with type III hyperlipoproteinemia and
rent case also manifests renal lipidosis similar to those of an apoE2 homozygote background always have
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Figure 6. Analyses of LPL expression and lipid uptake capability o
analysis of the HA-tagged human LPL protein relative expression in

f LPL (c.292G > A, p.A98T)-transfected RAW264.7 cells. (la) Western blot
various transfected RAW264.7 cells, GAPDH is used as the loading control.

(Ib) gPCR analysis of human LPL relative expression in various transfected RAW264.7 cells. (Ic) Dil-labeled mean fluorescence intensity in 3

groups. (lla, Ilb, and llc) the Dil-labeled oxLDL uptake capability of
transfected RAW264.7 cells. The experiments are performed with 3

3 transfected RAW264.7 cells. (lld, lle, and lIf) the QOil-red O staining of 3
replicates, data are shown as mean + SD, and significance tested with 1-

way ANOVA for all data and indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 to the wild-type LPL group.

reduced LPL activity.’"” In addition, LPL gene

variants were identified among type II diabetes mel-
litus patients with renal lesion and hyperlipidemia’’;
therefore, it is likely that macrophage infiltration in
diabetic glomerulosclerosis is influenced by dyslipi-
demia via LPL and APOE2.

In conclusion, we presented a pathogenic LPL
(c.292G > A, p.A98T) homozygote variant with severe
renal lipidosis. This study may provide critical evidence
for future research on dyslipidemia-related renal lesions.
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