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Abstract

The multiligand receptors megalin (Lrp2) and cubilin (Cubn) and their endocytic adaptor protein Dab2 (Dab2) play essential
roles in maintaining the integrity of the apical endocytic pathway of proximal tubule (PT) cells and have complex and poorly
understood roles in the development of chronic kidney disease. Here, we used RNA-sequencing and CRISPR/Cas9 knock-
out (KO) technology in a well-differentiated cell culture model to identify PT-specific transcriptional changes that are directly
consequent to the loss of megalin, cubilin, or Dab2 expression. KO of Lrp2 had the greatest transcriptional effect, and
nearly all genes whose expression was affected in Cubn KO and Dab2 KO cells were also changed in Lrp2 KO cells.
Pathway analysis and more granular inspection of the altered gene profiles suggested changes in pathways with immuno-
modulatory functions that might trigger the pathological changes observed in KO mice and patients with Donnai-Barrow
syndrome. In addition, differences in transcription patterns between Lrp2 and Dab2 KO cells suggested the possibility that
altered spatial signaling by aberrantly localized receptors contributes to transcriptional changes upon the disruption of PT
endocytic function. A reduction in transcripts encoding sodium-glucose cotransporter isoform 2 was confirmed in Lrp2 KO
mouse kidney lysates by quantitative PCR analysis. Our results highlight the role of megalin as a master regulator and coor-
dinator of ion transport, metabolism, and endocytosis in the PT. Compared with the studies in animal models, this approach
provides a means to identify PT-specific transcriptional changes that are directly consequent to the loss of these target
genes.

NEW & NOTEWORTHY Megalin and cubilin receptors together with their adaptor protein Dab2 represent major components of
the endocytic machinery responsible for efficient uptake of filtered proteins by the proximal tubule (PT). Dab2 and megalin
expression have been implicated as both positive and negative modulators of kidney disease. We used RNA sequencing to
knock out CRISPR/Cas9 cubilin, megalin, and Dab2 in highly differentiated PT cells to identify PT-specific changes that are
directly consequent to knockout of each component.

Donnai-Barrow syndrome; endocytosis; renal proximal tubule cell; sodium-glucose cotransporter isoform 2; transcriptional profiling

INTRODUCTION

The multiligand receptor megalin is a member of the low-
density lipoprotein receptor family that plays an essential
and complex role in kidney function. In the proximal tubule
(PT), megalin and the cubilin/amnionless (AMN) receptor
mediate the uptake of filtered proteins that escape the glo-
merular filtration barrier. Binding of the clathrin adaptor
protein Dab2 to peptide motifs within the cytoplasmic tails
of megalin and amnionless is essential for their endocytic
uptake in clathrin-coated vesicles that form at the base of
microvilli and the delivery of internalized ligands to lyso-
somes (1, 2). Knockout (KO) of the genes that encodemegalin
(Lrp2), cubilin (Cubn), or Dab2 (Dab2) results in tubular

proteinuria caused by impaired recovery of filtered ligands
by the PT and their consequent excretion in the urine (3).

Mutations in the LRP2 gene, which encodes megalin,
result in autosomal recessive Donnai-Barrow/facio-oculo-
acoustico-renal (DB/FOAR) syndrome (4). In addition to tu-
bular proteinuria, this syndrome is characterized by facial
abnormalities, hearing loss, and developmental delays.
Strikingly, in contrast to normal PT cells, the subapical
region of PT cells in these patients is largely devoid of the
densely packed array of apical endocytic compartments
needed to maintain the efficient recovery of filtered proteins
(5). Similarly, KO of megalin in mice and zebrafish also
impairs the formation of the apical endocytic pathway (6, 7).
How megalin expression controls the elaboration of the
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apical endocytic pathway is unknown. The cytoplasmic tail
of megalin has been demonstrated to undergo regulated
intramembrane proteolysis and to regulate Lrp2 gene
expression in PT cells (8, 9). However, expression of the solu-
ble intracellular domain in place of one endogenous copy of
full-lengthmegalin had no discernable effect on the PT func-
tion or the renal transcriptome (10).

In addition to the PT, megalin is also expressed in podo-
cytes. Megalin function in these cells may contribute to the
progressive chronic kidney disease, recently documented in
Lrp2 KO mice and patients with DB/FOAR (11). Although
megalin KO during embryogenesis did not apparently affect
nephrogenesis, KO mice rapidly began losing glomeruli,
with a 19% reduction relative to control quantified as early as
8–10 wk of age (11). In addition, both human patients and
Lrp2 KO mice had increased urinary excretion of kidney
injury molecule-1, consistent with tubular injury and inflam-
mation (11). Significant variability in kidney pathology and
immune infiltration of Lrp2 KO mice has been noted, how-
ever, making it challenging to correlate loss of megalin
expression with downstream sequelae (12).

In contrast to LRP2, mutations in CUBN or amnionless
(AMN) genes (collectively resulting in Imerslund-Gr€asbeck
syndrome) have only modest consequences on the human
health (13). In addition to its first-described function in
mediating the uptake of intrinsic factor vitamin B12, cubilin
also binds to several other carrier proteins, including vita-
min D-binding protein, albumin, myoglobin, and transfer-
rin. More recently, polymorphisms in the CUBN gene were
found to correlate with chronic proteinuria, but these do not
grossly impair renal function (14). Moreover, absence of
functional cubilin expression does not apparently perturb
PT apical endocytic pathway integrity (15, 16).

Although global KO of Dab2 in mice is embryonically le-
thal, conditional KO in kidney causes a striking reduction in
PT apical endocytic compartments, similar to that observed
uponmegalin KO and a concomitant redistribution of mega-
lin to the plasma membrane (17). Although Dab2 binds to
NPXY and NPXF endocytic motifs within the cytoplasmic
tails ofmegalin and amnionless, respectively, loss ofmegalin
expression alone is sufficient to displace Dab2 from the api-
cal surface (17). Whether the effects ofDab2KO on the PT ap-
ical endocytic pathway are mediated through megalin is not
known.

In addition to its role in endocytic uptake of megalin and
cubilin/amnionless, Dab2 has been demonstrated to modu-
late numerous cellular signaling cascades, including the
transforming growth factor-b and Wnt pathways (18–21).
Strikingly, Dab2 has been implicated in both the develop-
ment of chronic kidney disease as well as in successful recov-
ery. In one study, increased expression of Dab2 was
identified as a causal factor of chronic kidney disease, and
reduction of Dab2 expression protected mice from chronic
kidney disease (22). On the other hand, expression of Dab2
was specifically identified in a subset of cells associated with
successful repair after kidney injury (23).

The rapid development of pathology in Lrp2 KO mice,
which likely involves glomerular, immunological, and tubular
changes, makes it challenging to identify the transcriptional
changes that contribute directly to megalin-dependent func-
tions in the PT. Consistent with this, a previous microarray

study comparing mRNA expression in Lrp2 KO versus wild-
type (WT) mice identified differential expression of only 19
genes, several of which are known transforming growth fac-
tor-b1 target genes (24).

Here, we used an RNA-sequencing (RNA-Seq) approach in
a highly differentiated PT cell culture model to examine
shared and independent changes in gene expression result-
ing from CRISPR/Cas9 KO of Cubn, Lrp2, or Dab2. We previ-
ously demonstrated that culture of opossum kidney (OK) cells
under continuous orbital shear stress results in expansion
of the apical endocytic pathway, increased ion transporter
expression, and a shift to oxidative metabolism (25–27).
Moreover, quantitation of mRNA abundance using droplet
digital PCR revealed comparable levels of Lrp2 and Cubn
transcripts in these cells compared with the mouse kidney
cortex (28). As predicted, CRISPR/Cas9 KO of each of these
components dramatically reduced the endocytic uptake of
albumin by these cells. Moreover, KO of Lrp2 or Dab2 also
resulted in nearly complete loss of apical endocytic compart-
ments, whereas a smaller reduction in endocytic compart-
ment abundance was observed in Cubn KO cells. Compared
with the studies in animal models, this approach provides a
means to identify PT transcriptional changes that result
directly fromKO of the target gene.

MATERIALS AND METHODS

Generation and Characterization of CRISPR/Cas9 KO
Clones

All guide and PCR sequences used in this study are pro-
vided in Supplemental Table S1 (all Supplemental material is
available at https://doi.org/10.6084/m9.figshare.14933340.
v1). CRISPR/Cas9 KO clones in OK cells were generated using
the protocol in Invitrogen’s “TrueGuide Synthetic Guide
RNA User Guide” (Pub. No. MAN0017058) with minor modi-
fications. Guide sequences were designed using our previ-
ously obtained OK cell transcriptomic data (where possible)
or the Monodelphis domestica genomic database and were
subcloned into the pHRS surrogate reporter vector as previ-
ously described to enable subsequent selection of gene-
edited clones (29, 30). CRISPR RNA (CrRNA):transactivating
crRNA (tracrRNA) duplexes were generated by annealing 2
nmol of target-specific CRISPR RNA (crRNA; TrueGuide,
Thermo Fisher Scientific) and 5 nmol transactivating crRNA
(TracrRNA; TrueGuide, Thermo Fisher Scientific) and then
mixed in a 1:2 molar ratio with recombinant Cas9 (TrueCut
Cas9 Protein v2, A36499, Thermo Fisher Scientific) to make
the ribonucleoprotein (RNP) complex (75 pmol Cas9:150
pmol sgRNA). OK cells (1 � 106 cells per electroporation,
RRID:CVCL_0472, OK-P subclone originally obtained from
Moshe Levi, Georgetown University) in 100 mL of electropo-
ration solution (MIR 50112, Ingenio Mirus) were combined
with the RNP complex and 2.5 mg of pHRS and electropo-
rated in an Amaxa electroporator (Lonza Nucleofector II)
using program T-020. Control clones were generated from
OK cells electroporated with recombinant Cas9 and empty
pHRS vector. Cells were treated for 48 h with hygromycin B
starting 36–48 h postelectroporation, and clones were iso-
lated by single-cell dilution. DNA was isolated from individ-
ual CRISPR clones using QuickExtract DNA extraction
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solution (Lucigen.com) following the manufacturer’s protocol
and amplified using gene-specific primers. PCR products
were purified using the Wizard SV gel and PCR clean-up sys-
tem (A9281, Promega), ligated into the pGEM-T Easy Vector
System (A1360, Promega), and then transformed. DNA was
isolated from single colonies and submitted to the University
of Pittsburgh Genomics Research Core for Sanger sequencing.
The sequences were analyzed in CLC Genomics Workbench.
The sequences from at least eight bacterial colonies were used
to confirm allele sequences.

For experiments, 4 � 105 cells were seeded onto 12-mm
Transwell permeable supports (No. 3401, Costar) in 12-well
dishes. After overnight incubation, the filters were trans-
ferred to an orbital platform shaker in the incubator and
rotated at 146 rpm for 72 h with daily medium changes.
Albumin uptake and Western blot analysis were performed
as previously described using anti-megalin antibody gener-
ously provided by Dr. Daniel Biemesderfer and Dr. Peter
Aronson (Yale University, MC-220, 1:20,000; 9), polyclonal
anti-cubilin antibody (No. 27445, validated in Ref. 28,
1:5,000), and anti-Dab-2 antibody (No. 12906, Cell Signaling,
1:2,000).

RNA Sequencing

RNA-Seq was performed essentially as previously described
by Ren et al. (27). Briefly, 4 � 105 control, Cubn KO, Lrp2 KO,
and Dab2 KO cells were plated at superconfluence on 12-mm
permeable supports in 0.5-mL apical and 1.5-mL basolateral
DMEM-F12 medium (D6421, Sigma) with 10% FBS (Atlanta
Biologicals) and 5 mM GlutaMAX (Gibco). After 18 h (time =
0 h), the filters were transferred to an orbital platform
shaker rotating at 146 rpm, and the incubation continued
for 72 h with daily medium changes. Cells were collected
using Accutase (BD Biosciences), and RNA was extracted
using the Ambion PureLink RNA mini kit (Thermo Fisher
Scientific). RNA from three independent experiments was
sequenced for each clone. Library preparation and RNA-
Seq were performed by the Health Sciences Sequencing
Core at UPMC Children’s Hospital of Pittsburgh. Sequencing
was carried out on a NextSeq 500 (Illumina) to generate
75-bp paired-end reads. An average of 40 million reads
was analyzed per sample. Raw sequence reads were
trimmed of adapter sequences using Cutadapt (31) and
mapped to the Monodelphis domestica reference genome
(MonDom5) using TopHat2 (32), allowing for a base-pair
mismatch value of six to enable cross-species alignment.
Reads aligned to mitochondrial genes and rRNA were
removed before raw count values were calculated with the
Subread package feature Counts (33). Libraries were nor-
malized using the total of transcript-aligned sequence
reads. Sequencing files were deposited in the Gene
Expression Omnibus (GSE176090). An interactive spreadsheet
enabling a comparison of normalized gene quantification for
all samples is provided in Supplemental Table S2.

Identification of Differentially Expressed Genes and
Pathway Analysis

The data provided in Supplemental Table S2 were filtered
to identify differentially expressed genes as described in each
table. The low-expression filter was set at 350 to exclude genes

expressed at 0.1% of average maximal levels for all analyses.
The resulting gene lists were analyzed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and the Gene
Ontology cellular component (CC) functional annotation tools
available on the Database for Annotation, Visualization and
Integrated Discovery (DAVID) version 6.8 Bioinformatics
Resource Tool (david.ncifcrf.gov).

Generation of Stably Transfected Cell Lines

Parental and Lrp2 KO OK cells were transfected with
expression plasmids encoding bovine RAB guanine nucleo-
tide exchange factor 1-green fluorescent protein (Rabgef1-
GFP, also known as Rabex5-GFP; provided by Juan
Bonifacino, National Institutes of Health) and hemaggluti-
nin (HA)-tagged murine stromal membrane-associated pro-
tein 1 (Smap1; provided by Shunsuke Kon, Tokyo University
of Science). After selection in 400 mg/mL geneticin, individ-
ual colonies were isolated using cloning cylinders and veri-
fied using immunofluorescence. Cells were incubated with
40 mg/mL Alexa Fluor-647 albumin for 15 min, and cell-asso-
ciated albumin was assessed by spectrofluorimetry or fixed
and processed for confocal imaging to detect albumin uptake
and the stably expressed protein.

Lrp2 EMX-Cre Mice

All animal protocols conform to the National Institutes
of Health “Guide for the Care and Use of Laboratory
Animals” and were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee.
Lrp2 lox/lox mice (34; originally provided by Thomas
Willnow, Max Delbr€uck Center for Molecular Medicine)
crossed with EMX-Cre mice were provided by Cecilia Lo
(University of Pittsburgh). Mice with Lrp2 conditional kid-
ney deletion were generated as follows: mice with loxP
recombination sites introduced into the megalin gene
locus were bred with mice expressing Cre recombinase
under control of the EMX promoter. Experimental mice
and littermates were generated in a C57Bl/6 background.
Kidneys from 16-wk-old female mice were formalin-fixed
for microscopy. Sections were cut by the Pitt Biospecimen
Core at the University of Pittsburgh and stained with he-
matoxylin and eosin and Masson’s trichrome.

Quantitative PCR of Lrp2 EMX-Cre Mice

Kidneys were harvested from six control and six Lrp KO
cohorts of male mice between 12 and 37 wk of age and flash
frozen. RNA was isolated with TRIzol reagent (Ambion), and
cDNA was generated with the RevertAid reverse transcrip-
tase kit (Thermo Fisher Scientific). Dye-based quantitative
PCR was performed with iTAQ Universal SYBR Green
Supermix (Bio-Rad Laboratories), and the primer sets are
provided in Supplemental Table S1 (35, 36). Results were nor-
malized to b-actin (Actb) and expression was determined
with the comparative 2�DDCt method (where Ct is threshold
cycle; 37). Similar data were obtained using Gapdh as a
housekeeping gene.

Immunofluorescence of Mouse Kidney Cortex Sections

Mouse kidneys (Lrp2WT/WT; EMX-CreWT/WT and Lrp2flox/flox;
EMX-Cremut/WT) were fixed in 4% paraformaldehyde
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overnight at 4�C. The tissue was quenched (0.2 M ammonium
chloride), dehydrated in 30% sucrose, and embedded in resin
at�20�C. Cryostat sections (8 mm)were placed on slides, rehy-
drated in PBS for 30 min, permeabilized with 0.1% Triton X-
100 for 10 min, and blocked with 1% BSA for 1 h at ambient
temperature (room temperature). Sections were incubated
overnight at 4�C with rabbit anti-megalin antibody (1:1,000,
MC-220), washed three times for 5 min each in wash buffer
(1� PBS and 0.5% BSA), and incubated for 1 h at room temper-
ature with Alexa Fluor 488 goat anti-rabbit IgG (1:500, A11034,
Invitrogen) and Acti-Stain 555 phalloidin (1:140, PHDH1,
Cytoskeleton). Sections were rinsed in wash buffer as before
and incubated for 10 min with TO-PRO-3 Iodide (642/661,
T3605, Invitrogen). After being washed three times in wash
buffer and once in PBS, sections were mounted using Prolong
Gold antifade (P10144, Invitrogen). Digital images were
acquired using a Leica TCA SP5 confocal microscope with a
�63 oil immersion objective.

RESULTS AND DISCUSSION

We used CRISPR/Cas9 technology to generate KO clones of
Cubn, Lrp2, andDab2 in OK cells. A control clone was isolated
from cells transfected without guide sequences. Western blot
analysis confirmed that each KO clone lacked detectable
expression of the targeted protein (Fig. 1A). Similar to our pre-
vious observations using siRNA knockdown (28), albumin

uptake in all clones was significantly reduced compared with
control (Fig. 1B).

Differential Gene Expression in CRISPR/Cas9 KO Clones

We performed RNA-Seq analysis on control and KO cell
clones to identify selective and coordinate changes in gene
expression. An interactive spreadsheet containing the normal-
ized gene expression, as well as ratiometric changes relative to
the control clone, is provided in Supplemental Table S2. Lrp2
was the most abundantly represented gene in the control
clone, whereas Cubn transcripts ranked 12th. Dab2 transcripts
were also highly expressed, ranking 209th in control cells
(Supplemental Table S2). Knockout of Cubn, Lrp2, or Dab2
resulted in a significant and selective reduction in transcripts
for the targeted gene with no concomitant change in the
expression of the other twomRNAs (Supplemental Table S2).

Using a relatively stringent cutoff (±70% of control val-
ues), we then identified genes whose expression was differ-
entially upregulated or downregulated in each clone. As
shown in Fig. 1C, Lrp2 KO cells had the greatest number of
differentially expressed genes, with 230 upregulated genes
and 213 downregulated genes compared with control. In
contrast, Cubn KO and Dab2 KO cells had only 101 and 110
upregulated genes and 18 and 67 downregulated genes,
respectively, compared with control cells.

Next, we performed pairwise comparisons to identify
genes, whose expression was selectively upregulated or
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Figure 1.Western blot analysis and albumin
uptake in CRISPR/Cas9 knockout (KO)
clones. A: equal amounts of control, cubilin
(Cubn) KO, megalin (Lrp2) KO, and Dab2
(Dab2) KO lysates were blotted for the indi-
cated proteins. The migration of molecular
mass standards (in kDa) is shown on the left
of the blots. B: parental opposum kidney
cells, CRISPR/Cas9 control, and KO clones
were incubated with 40 mg/mL Alexa Fluor-
647 albumin for 30 min, washed, and then
solubilized. Cell-associated albumin was
quantified by spectrofluorimetry. Means ±
SD of triplicate samples are plotted. C:
Venn diagram showing the overlap of dif-
ferentially upregulated (:) and downregu-
lated (;) genes in Cubn KO, Lrp2 KO, and
Dab2 KO cells. AU, arbitrary units.
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downregulated relative to the other KO clones. To this end,
we first selected those genes in the “comparison” KO clone,
whose expression was unchanged (±10%) relative to control
cells and then queried this list to identify upregulated and
downregulated genes (±70%) in the other KO cell lines (Table
1). This analysis revealed that most of the genes, whose
expression was differentially regulated by Cubn KO or Dab2
KO, were also represented within the Lrp2 KO data set. There
were only four upregulated genes and two downregulated
genes (not including the gene targeted by CRISPR/Cas9) in
Cubn KO and Dab2 KO cells that were expressed at control
levels in Lrp2 KO cells. Similarly, there were no downregu-
lated genes in Cubn KO cells relative to Dab2 KO other than
Cubn itself. Thus, KO of Lrp2 has a considerably greater effect
on gene expression compared with Cubn orDab2 KO.

Identification of Coordinately Regulated Genes and
Pathways in Lrp2 KO and Dab2 KO Clones

KO of either Lrp2 or Dab2 results in dramatic reductions in
the density of subapical compartments. We reasoned that
transcripts that were coordinately upregulated or downregu-
lated in Lrp2 KO and Dab2 KO cells would include genes that
regulate apical endocytic pathway integrity as well as genes
involved in cellular responses to the impairment in endocyto-
sis. The effect of progressively increasing the cutoff value from
±30% to ±70% of control on the number of upregulated and
downregulated transcripts is provided in Supplemental Fig. S1.
In all cases, there weremore transcripts that were coordinately
upregulated in the two KO clones than downregulated. Setting
the cutoff to ±30% of control yielded the 174 downregulated
genes and 298 upregulated genes provided in Supplemental
Tables S3 and S4. KEGG pathway analysis of the combined list
of upregulated and downregulated proteins highlighted path-
ways consistent with the known functions of megalin in
PT cell endocytosis, signaling, andmetabolism, including lyso-
somal, phosphatidylinositol 3-kinase (PI3K)-Akt, metabolic,
and estrogen signaling pathways (Table 2; 38–40).

Several of the KEGG pathways identified using the merged
list of transcripts were also represented in separate KEGG

analyses of the upregulated and downregulated gene cohorts
(Supplemental Tables S5 and S6). Comparing the genes that
were upregulated versus downregulated in these pathways
provided additional insights into the consequences of Dab2
or Lrp2 KO. For example, all of the genes represented in the
PI3K-Akt pathway were upregulated except those encoding
integrin [integrin-b1 (Itgb1) and integrin-b4 (Itgb4)] and lami-
nin (Lama3) subunits and insulin-like growth factor-1 (Igf1).
IGF-1 binding to integrins, including the Itgb4 product, is
essential for IGF-1-mediated signaling (41). Thus, this mod-
ule for PI3K-Akt signaling appears to be coordinately damp-
ened in Lrp2 KO andDab2 KO cells.

Within the lysosome pathway, expression of genes that
encode enzymes involved in carbohydrate and lipid hydroly-
sis was uniformly downregulated [Arylsulfatase A (Arsa),
acid sphingomyelinase (Smpd1), a-D-galactosidase A (Gla),
and a-N-acetylgalactosaminidase (Naga)], along with pro-
teins required for lysosomal acidification (Atp6ap1, which
encodes an accessory subunit of the proton-transporting
vacuolar-ATPase protein pump), cholesterol efflux [intracel-
lular cholesterol transporter 1 (Npc1)], and transport of other
molecules (Mfsd8, which encodes the solute transporter
CLN7). In contrast, sortilin (Sort1) and AP-4 complex subu-
nit-b1 (Ap4b1), which encode components of the machinery
that deliver cargo to lysosomes, were upregulated.

When we compared differentially expressed genes in meta-
bolic pathways, we noted increased expression of several pro-
teins required for the transport of cholesterol and bile salts
[ATP-binding cassette subfamily B member 11 (Abcb11), fatty
acid-binding protein 1 (Fabp1), apolipoprotein A-I (Apoa1), apo-
lipoprotein A-II (Apoa2), and apolipoprotein M (Apom)] as well
as genes required for cholesterol and steroid biosynthesis
[transmembrane 7 superfamily member 2 (Tm7sf2), 3-hydroxy-
3-methylglutaryl-CoA synthase 1 (Hmgcs1), 3-hydroxy-3-meth-
ylglutaryl CoA synthase 2 (Hmgcs2), farnesyl diphosphate syn-
thase (Fdps), hydroxy-D-5-steroid dehydrogenase, 3b- and
steroid D-isomerase (Hsd3b2), and squalene epoxidase (Sqle)] in
Lrp2 KO and Dab2 KO cells. Together with the reduction in
transcripts for lysosomal and other lipid hydrolases [lipoprotein
lipase (Lpl), aldehyde dehydrogenase 3 family member A2
(Aldh3a2), and sphingosine-1-phosphate phosphatase 1 (Sgpp1)],
the data suggest that compared with control or Cubn KO cells,
Lrp2 KO and Dab2 KO cells may rely more on endogenous syn-
thesis to maintain lipid and cholesterol pools rather than recov-
ery of these nutrients from the medium. A caveat to this
conclusion is that OK cells cultured in serum may have access
to megalin-binding ligands not normally present at appreciable
levels in the ultrafiltrate. In this regard, some aspects of themet-
abolic or signaling transcriptional profile of control OK cells
might be more “abnormal” than those of our CRISPR/Cas9 KO
clones.

Inflammatory Response Gene Expression in Lrp2 and
Dab2 KO Cells

In aggregate, the genes affected by KO of Lrp2 and/or
Dab2 are consistent with changes in NF-κB, peroxisome pro-
liferator-activated receptor-ɣ, and other signaling pathways
that exert both pro- and anti-inflammatory responses in
cells. Among the most highly upregulated genes in Lrp2 KO
cells that were also (slightly) upregulated in Dab2 KO cells

Table 1. Pairwise comparison of upregulated and down-
regulated transcripts in CRISPR/Cas9 KO clones

Comparison Set

Up/Downregulated Transcripts Relative

to the Comparison Set

Cubn KO Lrp2 KO Dab2 KO

Control (1.0) 101/18 230/212 110/66
Cubn KO (0.9–1.1) 38/80 3/16
Lrp2 KO (0.9–1.1) 4/2 4/2
Dab2 KO (0.9–1.1) 19/0 44/63

Transcripts with an average count of <350 (�0.1% of the highest
expressed gene) were excluded from the analysis. To compare knock-
out (KO) clones against one another, we first generated comparison
sets by collecting “unaffected” transcripts that were expressed at 0.9-
to 1.1-fold of control values in each KO clone. Next, we identified
transcripts in KO clones that were expressed at �1.7-fold greater/less
than these values. The number of upregulated/downregulated tran-
scripts is shown for each pairwise comparison. The gene that was
knocked out in each CRISPR/Cas9 clone was not included in the
counts of downregulated transcripts [e.g., the only transcript downre-
gulated in cubilin (Cubn) KO cells relative to Dab2 (Dab2) KO cells
was cubilin itself]. Lrp2, megalin.
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were those encoding prostaglandin D2 synthase (Ptgds; up-
regulated 27.64- and 2.37-fold in Lrp2 and Dab2 KO cells,
respectively) and lactoferrin (Ltf; upregulated 21.98- and
1.37-fold in Lrp2 and Dab2 KO cells, respectively). 15-Deoxy-
D12,14-prostaglandin J (PGJ2) is a nonenzymatically generated
metabolite of PGD2 that activates peroxisome proliferator-
activated receptor-ɣ and independently blocks NF-κB activa-
tion (42, 43). Similarly, lactoferrin expression in the kidney
may play a role in immune defense, and lactoferrin-medi-
ated inhibition of the Akt pathway has been shown to play
a renoprotective role in acute kidney injury (44, 45).
Transcripts encoding serum glucocorticoid kinase 1 (Sgk1),
which also regulates MAPK and NF-κB signaling, were also
upregulated (1.33- and 1.36-fold in Lrp2 and Dab2 KO cells,
respectively; 46). We also observed a significant reduction in
transcripts encoding dual-specificity phosphatase 5 (Dusp5;
0.65- and 0.58-fold of control in Lrp2 and Dab2 KO cells,
respectively), a phosphatase that targets ERK and NF-κB sig-
naling pathways to mediate anti-inflammatory responses
(47). In addition, among the most downregulated genes was
TNF-a-induced protein 3 (Tnfaip3, also known as A20; 0.20-
and 0.24-fold of control in Lrp2 and Dab2 KO cells, respec-
tively), which encodes a zinc finger protein and ubiquitin-
editing enzyme that inhibits NF-κB activation and dampens
inflammatory responses in injured kidneys and PT cells (48–
50). On the other hand, we also observed a reduction in tran-
scripts for a proinflammatory chemokine, chemokine (C-C
motif) ligand 20 (Ccl20; 0.25- and 0.28-fold of control in Lrp2
and Dab2 KO cells, respectively). Many of these transcripts
were also coordinately altered in Cubn KO cells, where there
is a partial blockade of endocytic pathway integrity. We

speculate that changes in these signaling pathways may
contribute to the progressive chronic kidney disease
observed in patients with Donnai-Barrow syndrome and
Lrp2 KOmice (11).

Identification of Megalin-Dependent Genes Not
Affected by Dab2 KO

We used a similar approach as that described earlier to
identify genes whose expression was selectively altered in
Lrp2 KO cells (±50%) but not in Dab2 KO (±25%) or Cubn KO
(±10%) cells. This analysis yielded the annotated list of 65 up-
regulated genes and 116 downregulated genes provided in
Supplemental Table S7. KEGG pathway analysis of this list
highlighted PI3K-Akt signaling, endocytosis, and insulin and
Rap1 signaling pathways (Supplemental Table S8). Cellular
component terms retrieved by Gene Ontology analysis
were primarily related to endocytic traffic and transcrip-
tion (Supplemental Table S9).

Interestingly, the most highly downregulated gene that was
selectively affected in Lrp2 KO cells was Slc5a2, which enco-
des Naþ -glucose cotransporter isoform 2 (Sglt2). Slc5a2 tran-
scripts were expressed at only 15% of control levels in Lrp2 KO
cells but were present at 97% and 83% of control levels in
Cubn KO and Dab2 KO cells, respectively (Supplemental
Table S2). Inhibition of SGLT2 improves blood glucose levels
in patients with diabetes and is also increasingly recognized
as an effective treatment to reduce the risk and severity of
acute kidney injury via independent mechanisms (51). We
also observed a reduction in MLX interacting protein-like
transcript (Mlxipl; 58% of control), which encodes the glu-
cose-sensing transcription factor carbohydrate response

Table 2. KEGG analysis of coordinately expressed transcripts in Lrp2 knockout and Dab2 knockout cells

Term Count P Value Genes

Sphingolipid signaling pathway 11 0.00087 PPP2CA, NRAS, CERS6, SPTLC2, PPP2R3C, SMPD1,
GNAI3, AKT1, PPP2R5C, S1PR2, SGPP1

Sphingolipid metabolism 7 0.00102 ARSA, CERS6, SPTLC2, SMPD1, B4GALT6, GLA, SGPP1
Lysosome 10 0.00291 MFSD8, ARSA, NPC1, ATP6AP1, SORT1, SMPD1, NAGA,

ACP5, AP4B1, GLA
Estrogen signaling pathway 8 0.00993 NRAS, HSP90AA1, CREB3L3, MMP2, GNAI3, AKT1,

SOS2, HBEGF
Axon guidance 9 0.01354 EFNA1, SEMA5A, ITGB1, NRP1, NRAS, EPHA6, SEMA3C,

CFL2, GNAI3
Mineral absorption 5 0.01459 SLC6A19, HMOX1, MT2, ATP1A1, SLC5A1
TNF signaling pathway 8 0.01712 NFKBIA, CXCL10, EDN1, CASP8, CREB3L3, CCL20, AKT1,

TNFAIP3
Prostate cancer 7 0.02040 NFKBIA, NRAS, HSP90AA1, CREB3L3, AKT1, IGF1, SOS2
Ascorbate and aldarate metabolism 4 0.02732 ALDH3A2, MIOX, UGDH, RGN
Arginine and proline metabolism 5 0.03116 ALDH3A2, GAMT, ARG2, P4HA2, L3HYPDH
Metabolic pathways 42 0.03291 CDA, DDC, HAAO, MSMO1, PYGL, PIGV, TM7SF2,

EXTL2, MTHFD1L, SPTLC2, MAN1A2, SMPD1, DSE,
PHGDH, HMGCS2, CEPT1, MGAT2, PTGDS, NDUFV1,
GAMT, GALNT7, FDPS, ARG2, PLA2G12B, CERS6,
HSD3B2, HMGCS1, ATP6AP1, AGXT2, URAD, ACSL5,
AMPD2, COQ6, ALDH3A2, UGDH, SQLE, UCK2,
P4HA2, DPYD, RGN, B4GALT6, HPD

Biosynthesis of antibiotics 11 0.03678 ALDH3A2, FDPS, SQLE, ARG2, HMGCS1, RGN, PHGDH,
AMPD2, MSMO1, HMGCS2, TM7SF2

Phosphatidylinositol 3-kinase-Akt
signaling pathway

15 0.04826 ITGB1, HSP90AA1, COL27A1, ITGB4, LAMA3, IGF1,
PPP2R5C, EFNA1, PPP2CA, NRAS, CREB3L3,
PPP2R3C, AKT1, SGK1, SOS2

Transcripts that were coordinately upregulated or downregulated by 30% (0.75–1.3 times control) were collected from Supplemental
Table S2, and the merged list was subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Pathways with a P
value of <0.05 are shown along with the number and names of the genes represented. Dab2, Dab2; Lrp2, megalin.

RNA-Seq IN CUBN, LRP2, AND DAB2 KNOCKOUT CELL LINES

AJP-Renal Physiol � doi:10.1152/ajprenal.00259.2021 � www.ajprenal.org F19

http://www.ajprenal.org


element-binding protein (ChREBP). ChREBP is modulated by
O-GlcNAcylation, which, in turn, is responsive to cellular glu-
cose levels (52, 53). Levi and colleagues have shown that Sglt2
inhibitors mitigate renal lipid accumulation in a diabetic
mouse model and that this is mediated in part via ChREBP
(55, 56). Although data are conflicting, some reports have sug-
gested that KO of Lrp2 may be protective against kidney
injury (39, 57, 58). Quantitative PCR confirmed a reduction in
Slc5a2 and Mlxipl transcript levels in our Lrp2 KO cells and
an additional Lrp2 KO clone with distinct allelic mutations
(Fig. 2). Our data suggest the possibility that a reduction in
Sglt2 and/or ChREBP could contribute to these effects in Lrp2
KOmodels.

Selective Changes in Membrane Trafficking Genes in
Lrp2 KO Cells

In contrast to transcripts that were coordinately altered
in Dab2 KO and Lrp2 KO cells, the list of genes that were
selectively affected by Lrp2 KO also included many that
encode regulatory components important for membrane
traffic (Table 3). The majority of these transcripts were
downregulated in Lrp2 KO cells and encoded proteins
involved in clathrin-dependent endocytosis [e.g., synap-
tosome associated protein 91 (Snap91; which encodes the
clathrin adapter AP180/CALM), Huntingtin interacting
protein 1 (Hip1), stonin-2 (Ston2), and small Arfgap1
(Smap1; an Arf6 GTPase activating protein)], early endo-
some function [e.g., Rabgef1 (the GTP exchange factor for
Rab5, also known as Rabex5), syntaxin 7 (Stx7), and the
rab effector microtubule-associated monooxygenase, cal-
ponin and LIM domain containing 1 (Mical1)], endosomal
sorting [e.g., sortin nexin 3 (Snx3), sortin nexin 14
(Snx14), sortin nexin 10 (Snx10), vesicle trafficking 1
(Vta1), Rab23, and Rab32], and lysosomal delivery and
autophagosome formation [e.g., vesicle-associated mem-
brane protein 8 (Vamp8) and autophagy-related 5 (Atg5)].
We also observed reductions in the expression of cargo
receptors that function in trans-Golgi network to endo-
some sorting, including insulin-like growth factor-2

receptor (Igf2r, which encodes the cation-independent man-
nose 6-phosphate receptor) and sortilin-related receptor
(Sorl1). These constituents may represent essential compo-
nents of the PT apical endocytic pathway required to effi-
ciently recover filtered proteins.

The absence of changes in Rab proteins with known roles
in apical endocytic traffic is consistent with our recent obser-
vations that protein levels of Rab11a do not correlate with
endocytic capacity (26). We reasoned that small changes in
the expression of regulatory proteins that we identified, such
as guanine nucleotide exchange factors and GTPase-activat-
ing proteins, which regulate the activity of Rabs and other
GTPases, may have a greater effect on endocytic traffic than
changes in Rab proteins themselves. To this end, we selected
two candidates of interest and examined whether heterol-
ogous expression of these could restore endocytic traffic in
Lrp2 KO cells. Rabgef1 (aka Rabex-5) activates Rab5 as well
as other Rab proteins (59–61) and has also been suggested to
function as a negative regulator of Ras activation (62). In
complex with rabaptin, Rabgef1 promotes maturation of
early endosomes and inhibits the generation of Rab4-posi-
tive recycling vesicles (63). We generated stable transfec-
tants of parental and Lrp2 KO cells stably expressing
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Figure 2.Quantitative PCR confirmation of reduced Slc5a2 and MLX inter-
acting protein-like (Mlxipl) transcripts in megalin (Lrp2) knockout (KO) cells.
Slc5a2 and Mlxipl transcripts were quantified by quantitative PCR in con-
trol, cubilin (Cubn) KO, Lrp2 KO, and Dab2 (Dab2) KO cells. A second Lrp2
KO clone (Lrp2 KO cl3) with distinct allelic mutations was included to
ensure that changes were not clone specific. Data were normalized to
control cell values.

Table 3. Membrane trafficking genes whose expression
is altered in Lrp2 KO cells

Lrp2 KO/Control Gene Protein

0.27 CLIP2 CAP-Gly domain containing linker protein 2
0.49 HIP1 Huntingtin interacting protein 1
0.50 COPS9 COP9 signalosome subunit 9
0.54 SNAP91 Clathrin coat-associated protein AP180
0.55 STXBP5 Syntaxin-binding protein 5
0.57 RAB32 RAB32, member of the RAS oncogene

family
0.57 RABGEF1 RAB guanine nucleotide exchange factor 1
0.58 SORL1 Sortilin-related receptor 1
0.59 STX7 Syntaxin 7
0.59 IGF2R Insulin-like growth factor 2 receptor
0.60 IPCEF1 Interaction protein for cytohesin exchange

factors 1
0.62 VTA1 Vesicle trafficking 1
0.62 SMAP1 Small ArfGAP 1
0.62 HACE1 HECT domain and ankyrin repeat contain-

ing E3 ubiquitin protein ligase 1
0.62 RAB23 RAB23, member of the RAS oncogene

family
0.64 MYO7A Myosin VIIA
0.65 SNX3 Sorting nexin 3
0.66 MICAL1 Microtubule-associated monooxygenase,

calponin and LIM
0.66 ATG5 Autophagy related 5
0.67 SNX14 Sorting nexin 14
1.52 SNX10 Sorting nexin 10
1.60 CLINT1 Clathrin interactor 1
1.62 ARAP3 ArfGAP with RhoGAP domain, ankyrin

repeat and PH domain 3
1.63 SH3KBP1 SH3 domain containing kinase binding pro-

tein 1
1.97 PIK3R1 Phosphoinositide 3-kinase regulatory subu-

nit 1
2.30 VAMP8 Vesicle-associated membrane protein 8
5.63 SYNPR Synaptopodin 2

Genes that encode proteins with known functions in membrane
traffic identified in the list of transcripts that are selectively down-
regulated or upregulated in megalin (Lrp2) knockout (KO) cells are
listed, along with the ratio of expression relative to control cells.
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Figure 3. Heterologous expression of RAB guanine nucleotide exchange factor 1 (Rabgef1) or stromal membrane-associated protein 1 (Smap1) does not
restore endocytic traffic in megalin (Lrp2) knockout (KO) cells. Control and Lrp2 KO cells were stably transfected with constructs encoding green fluores-
cent protein (GFP)-Rabgef1 (A) and hemagglutinin (HA)-Smap1 (B). Cells were incubated with Alexa Fluor-647 albumin for 15 min, washed, and then fixed.
Cells in B were labeled using anti-HA antibody. Images were captured by confocal microscopy and maximum projections of representative fields are
shown. Scale bars = 10 mm. Albumin uptake was assessed by spectrofluorimetry in control and Lrp2 KO cells transfected with GFP-Rabgef-1 (C) or HA-
Smap1 (D). The individual points plotted for transfected Lrp2 KO cells represent uptake in four independent clones for Rabgef1 and three independent
clones for Smap1. Similar results were obtained in two experiments. AU, arbitrary units.
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bovine Rabgef1-GFP and evaluated the effect on albumin
endocytosis by immunofluorescence and spectrofluorime-
try. As shown in Fig. 3, A and C, heterologous expression
of Rabgef1 did not appreciably affect uptake in either cell
line.

We also examined the effect of expressing Smap1 on endo-
cytic uptake in Lrp2 KO and control cells. Smap1 is thought
to have a selective role in Arf6 activation at the plasmamem-
brane, whereas other Arf GTPase-activating proteins func-
tion at distinct intracellular sites (64). Arf6 is expressed at
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the apical membrane of PT cells and is known to regulate ap-
ical endocytosis in these cells (65, 66). Smap1 binds to cla-
thrin heavy chain (67) and activates phosphatidylinositol
5-kinase to enable adaptor protein complex-2 (AP-2) recruit-
ment. Both overexpression and knockdown of SMAP1 pro-
foundly inhibited endocytosis of transferrin receptor in
HeLa cells (67). Albumin uptake in control cells stably
expressing HA-tagged Smap1 appeared slightly higher than
in untransfected cells, but uptake in Lrp2 KO cells was unaf-
fected in multiple clones (Fig. 3, B and D). These data con-
firm a role for Arf6 in apical endocytic uptake in PT cells and
also suggest that reduced expression of Smap1 in Lrp2 cells
is unlikely to be the critical factor in the loss of endocytic
pathway integrity. Given the complexity in generating and
maintaining the membrane flux necessary to maintain high
capacity and efficient endocytosis in PT cells, it is perhaps
not surprising that heterologous expression of individual
proteins in Lrp2KO cells did not restore endocytic function.

Gene Expression in Lrp2 KOMice

We used quantitative PCR to quantify transcript changes
in control and Lrp2 EMX-Cre mice. Immunofluorescence
staining of kidney sections confirmed high-efficiency
(>95%) KO of Lrp2 in PTs (Fig. 4A). Hematoxylin and eosin
staining revealed intraluminal casts, and Masson’s tri-
chrome stain confirmed the presence of immune infiltra-
tion and renal fibrosis only in KO mice (Fig. 4B). By
quantitative PCR, we reproducibly observed decreased
Lrp2 (Fig. 4C) and Slc5a2 (P = 0.0158; Fig. 4D) transcripts
in Lrp2 KO mice, consistent with Lrp2 KO OK cells.
However, we did not detect significant differences in
Rabgef1 (Fig. 4E), Smap1 (Fig. 4F), Mlxipl (Fig. 4G), Ptgds
(Fig. 4H), or Ltf (Fig. 4I) transcripts in Lrp2 KO compared
with control mouse kidney cortexes. The incomplete KO of
megalin in mice compared with our CRISPR/Cas9 KO
clones may contribute to the differences we observed.
Moreover, expression of these proteins in other cell types
in the kidney cortex or their selective expression in sub-
segments of the PT could obscure detection of physiologi-
cally relevant changes. For example, deep sequencing of
microdissected mouse nephron segments found that
Rabgef1 transcripts are expressed at much higher levels in
the distal tubule than the PT (68). In addition, variability
in expression across the PT may obscure physiologically
relevant changes in PT subsegments. In this regard, it may
be relevant that only 8% of mouse PT Mlxipl transcripts
are expressed in the S1 segment (68). Together, these data
highlight the complexity of RNA-Seq analysis to identify
cell-specific alterations in kidney function and also con-
firm the disease pathology previously described in Lrp2
KOmice (11, 12).

Why Does KO of Megalin Have a Greater Transcriptional
Effect than Dab2 KO?

Compared with loss of Dab2 or Cubn expression, KO of
Lrp2 had a much more pronounced transcriptional footprint,
resulting in significant changes in mRNAs encoding tran-
scription factors, ion transporters, and proteins that regulate
membrane trafficking. Given the essential need for megalin
and Dab2 expression in maintaining the apical endocytic
pathway, it is perhaps surprising that we identified very few
transcripts encoding membrane trafficking proteins, whose
expression was altered in both Lrp2 KO and Dab2 KO cell
lines. One possibility to explain this difference is that KO of
megalin versus Dab2 may have discoordinate effects on the
distribution of receptors and other cellular components to dif-
ferentially affect spatial signaling. Compared with control or
Cubn KO cells, we observed a dramatic accumulation of cla-
thrin (and the loss of Dab2 staining) at the apical surface of
Lrp2 KO cells. In contrast, no clathrin could be detected at the
apical surface of Dab2 KO cells (Y. Rbaibi, K. R. Long et al.,
unpublished observations). We hypothesize that clustering of
receptor tyrosine kinases, G protein-coupled receptors, or
other signaling molecules in clathrin-coated pits may lead to
aberrant signaling in Lrp2KO cells (69).

Perspectives and Significance

The use of CRISPR/Cas9 technology in a well-differenti-
ated cell culture model makes it easier to identify PT-specific
responses to Lrp2 KO. Our data demonstrate that loss of
megalin (as well as Dab2) expression alters transcription in
PT cells. Transcriptional changes initiated within the PT
may contribute to the renal inflammation observed in
patients with Donnai-Barrow syndrome and Lrp2 KO mice
(11). In addition, our study revealed unexpected and selective
changes in Slc5a2 and Mlxipl transcripts in Lrp2 KO cells
that might contribute to the protective effect of megalin KO
observed in some kidney injury models. Finally, differential
changes in gene expression in Dab2 KO versus Lrp2 KO cells
may reflect differences in the distributions of signaling pro-
teins trapped at the apical plasma membrane and suggest
the possibility that differential targeting of these proteins
could be leveraged for a therapeutic advantage.

SUPPLEMENTAL DATA

Supplemental Tables S1–S9 and Supplemental Fig. S1: https://
doi.org/10.6084/m9.figshare.14933340.v1.
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