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Abstract

KIF13B, a kinesin-3 family motor, was originally identified as GAKIN due to its biochemical 

interaction with human homolog of Drosophila discs-large tumor suppressor (hDLG1). Unlike its 

homolog KIF13A, KIF13B contains a carboxyl-terminal CAP-Gly domain. To investigate the 

function of the CAP-Gly domain, we developed a mouse model that expresses a truncated form of 

KIF13B protein lacking its CAP-Gly domain (KIF13BΔCG), whereas a second mouse model 

lacks the full-length KIF13A. Here we show that the KIF13BΔCG mice exhibit relatively higher 

serum cholesterol consistent with the reduced uptake of [3H]CO-LDL in KIF13BΔCG mouse 

embryo fibroblasts. The plasma level of factor VIII was not significantly elevated in the 

KIF13BΔCG mice, suggesting that the CAP-Gly domain region of KIF13B selectively regulates 

LRP1-mediated lipoprotein endocytosis. No elevation of either serum cholesterol or plasma factor 

VIII was observed in the full length KIF13A null mouse model. The deletion of the CAP-Gly 

domain region caused subcellular mislocalization of truncated KIF13B concomitant with the 

mislocalization of LRP1. Mechanistically, the cytoplasmic domain of LRP1 interacts specifically 

with the alternatively spliced I3 domain of DLG1, which complexes with KIF13B via their GUK-

MBS domains, respectively. Importantly, double mutant mice generated by crossing KIF13A null 

and KIF13BΔCG mice suffer from perinatal lethality showing potential craniofacial defects. 

Together, this study provides first evidence that the carboxyl-terminal region of KIF13B 

Corresponding author: A. Chishti, Department of Developmental, Molecular & Chemical Biology, Tufts University School of 
Medicine, 150 Harrison Avenue, Room 714, Boston, MA. 02111, Tel: (617) 636-3457; Fax: (617) 636-3568; athar.chishti@tufts.edu.
1Both authors (JM and TH) contributed equally to this work and should be considered joint first author
Author contributions
J.M. and T.H. designed and performed most of the experiments; Y.H. performed initial characterization of KIF13B mutant mice; J.M. 
and L.L. designed lipid-based studies; A.C., J.M., and T.H. designed protein binding studies; A.C., J.M., T.H., L.L. contributed in the 
writing of the manuscript. A.C. is the principal investigator of this study.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict-of-interest disclosure
The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2020 December 
01.

Published in final edited form as:
Biochim Biophys Acta Mol Cell Res. 2019 December ; 1866(12): 118552. doi:10.1016/j.bbamcr.
2019.118552.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



containing the CAP-Gly domain is important for the LRP1-DLG1-KIF13B complex formation 

with implications in the regulation of metabolism, cell polarity, and development.
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1. Introduction

The kinesin superfamily of proteins, termed KIFs, are motor proteins that generally transport 

various cargos towards the plus end of microtubules via anterograde transport. We first 

identified full length GAKIN (Guanylate Kinase Associated Kinesin) due to its direct 

binding to the guanylate kinase-like (GUK) domain of human homolog of Drosophila discs-

large tumor suppressor (hDLG1) [1]. Subsequent bioinformatics analysis identified a 

homolog of KIF13B that was designated as KIF13A, and this finding led to the re-

assignment of GAKIN as KIF13B to be consistent with the kinesin family nomenclature [2]. 

The KIF13B protein consists of multiple domains including the N-terminal motor domain, 

followed by the forkhead-associated (FHA) domain, and the MAGUK (membrane-

associated GUK) Binding Stalk (MBS) domain. The motor activity of KIF13B is required 

for the transport of PIP3-containing vesicles to regulate neuronal cell polarity [3]. The FHA 

domain of KIF13B directly interacts with centaurin-α1 (also called PIP3BP), which in turn 

activates ADP-ribosylation factor (ARF6) by suppressing the GAP activity of centaurin-α1 

[4]. The MBS domain of KIF13B directly binds to the GUK domain of MAGUKs, such as 

hDLG1, and permits KIF13B mediated transport of MAGUK-containing vesicles on 

microtubules [5]. The structure of the GUK domain of DLGTs homolog, DLG4 (also known 

as PSD-95 or SAP-90), in complex with the MBS domain of KIF13B revealed that their 

binding mechanism is phosphorylation-independent, and that one key residue, R786, in the 

MBS domain of KIF13B is crucial for the binding of DLG4 specifically to KIF13B instead 

of the highly homologous KIF13A [6]. Direct binding of hDLG1 to the MBS domain of 

KIF13B activates the microtubule-stimulated ATPase activity of KIF13B, suggesting a 

regulatory role of this domain [7]. Mammalian KIF13B shows homology to the Drosophila 
kinesin-73 motor protein (Khc-73), which recognizes the GUK domain of fly DLG1 for its 

biochemical and functional interactions [8, 9]. Similarly, KLP4, a motor protein found in C. 
elegans, shows sequence homology to both KIF13B and KIF13A and plays a functional role 

in glutamate receptor trafficking [10]. Many cellular processes, including the trafficking of 

VEGFR2 to the plasma membrane to regulate angiogenesis [11], binding to Disheveled to 

synergistically induce planar cell polarity [12], sorting and trafficking of retrograde BMP 

signaling in motor neurons [13], regulating PNS and CNS myelination [14], and cilia-

dependent Sonic hedgehog signaling [15] have been shown to be dependent on functional 

KIF13B.

The domain that distinguishes KIF13B from its homolog KIF13A is the Cytoskeleton-

Associated Protein Glycine-rich (CAP-Gly) domain located at the C-terminus of KIF13B. 

Compared to other domains, relatively little is known about the function of the CAP-Gly 
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domain in KIF13B. In other proteins, such as CLIP170 and Dynactin, the CAP-Gly domain 

plays a microtubular-based function due to its direct binding to microtubules [16]. 

Previously, we have shown the microtubule-binding activity of CAP-Gly domain of KIF13B 

and utilized recombinant CAP-Gly domain of KIF13B to immobilize the microtubules for 

vesicle motility studies [3]. Another study reported that the CAP-Gly domain of Drosophila 
Khc-73 plays a functional role in microtubule-induced cortical polarity of neuroblasts [8]. 

Together, the evidence suggests that the CAP-Gly domain of KIF13B stabilizes the motor 

protein by binding to a parallel microtubule or guiding its cargo to a specific destination in 

the cell.

A subsequent study has shown that KIF13B plays a functional role in the uptake of 

lipoproteins through an LDL receptor related protein 1 (LRP1)-dependent mechanism via 

the FHA-MBS-Coiled coil domains of KIF13B [17]. Using a full length KIF13B knock out 

mouse model (KIF13B FLKO), it was shown that KIF13B can recruit LRP1 to caveolae by 

engaging hDLG1 as an adaptor. The functionality of the KIF13B-hDLG1-LRP1 complex 

was further reinforced by the recruitment of utrophin and centaurin-α1 via the CC and FHA 

domains, respectively, to induce LRP1 endocytosis. Guided by our previous findings 

demonstrating direct binding of the FHA domain of KIF13B to the GAP domain of 

centaurin-α1 [4], Hirokawa and colleagues proposed a model rationalizing the enhancement 

of LRP1 endocytosis and its ligands. The KIF13B FLKO mouse model showed a modest 

increase of serum cholesterol and factor VIII, likely due to the reduced uptake of LRP1-

bound ligands [17]. However, the reported model did not explain how the LRP1 binds to 

hDLG1, and if the CAP-Gly domain of KIF13B plays any functional role in the endocytosis 

of LRP1 specific ligands.

Here we report the development of two mouse models: a mouse model expressing a 

truncated form of KIF13B lacking its C-terminus, which includes the CAP-Gly domain 

(KIF13BΔCG), and a full-length KIF13A null (KIF13A FLKO) mouse model (Fig. 1). 

These mouse models allowed us to interrogate the role of the CAP-Gly domain region of 

KIF13B and assess any compensatory role of KIF13A. We also investigated the biochemical 

basis of the LRP1-hDLG1 interaction due to its importance in the regulation of LRP1-

mediated endocytosis [17]. The hDLG1 protein belongs to a subfamily of MAGUKs that 

contain multiple PDZ domains, an SH3 domain, and a GUK domain [18]. Moreover, hDLG1 

contains an N-terminal L27 domain and several alternatively spliced variants such as insert 2 

(I2) or insert 3 (I3) located between its SH3 and GUK domains [19]. The I3 insert, comprised 

of 34 amino acids, retains the sole binding site for the FERM domain containing protein 4.1 

[20], and is required for the membrane targeting of hDLG1 [20]. Importantly, a region 

termed the HOOK domain located between the SH3 and GUK domains of Drosophila DLG, 

which is similar to the I3 sequence in hDLG1, is essential for the membrane localization as 

well as polarity and overgrowth regulation in Drosophila DLG [21].

LRP1, a member of the LDL receptor (LDLr) family, is composed of 2 subunits; the large 

extracellular α subunit and the smaller transmembrane β subunit [22]. LRP1 is more 

complex as compared to LDLr; its multiple ligand binding repeats located within the a 

subunit enable it to recognize nearly 40 different ligands. In addition, LRP1 regulates 

multiple signaling pathways in part due to the cytoplasmic tail (CT) of its β subunit 
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interacting with several adaptor proteins [23], including endocytosis and PDGF signaling 

pathways [24, 25]. The cytoplasmic tail of LRP1 can also bind indirectly to β-amyloid 

precursor protein (APP) via the FE65 adaptor [26]. Finally, post-translational modifications 

within the cytoplasmic tail of LRP1 have been shown to regulate multiple interactions with 

adaptor proteins, particularly via phosphorylation of the tyrosine residues embedded within 

the two NPxY motifs of LRP1-CT [27–29].

In this study, we show that the KIF13BΔCG mouse model manifests a modest elevation of 

serum cholesterol phenotype similar to the KIF13B FLKO mouse [17]. In contrast, the 

KIF13A FLKO mice did not show any discernible defect in the endocytosis of LRP1 and 

serum cholesterol. This finding suggests that the CAP-Gly domain region of KIF13B is 

involved in the uptake of lipoproteins, possibly through an LRP1-mediated mechanism. 

Furthermore, we show that the cytoplasmic tail of LRP1 interacts specifically with the 

alternatively spliced I3 sequence of hDLG1, and this interaction is not regulated by 

phosphorylation of LRP1 at tyrosine residue 4507. These results suggest a specific function 

of the CAP-Gly domain region of KIF13B in receptor-mediated endocytosis as well as 

reveal an unexpected synergistic role with KIF13A in mammalian development.

2. Materials and methods

2.1. Materials

DMEM (11995-065) and FBS (10437-028) were purchased from Gibco (Thermo Fisher 

Scientific). FuGENE 6 for transfections was from Promega (E2693). LRP1-Herz was 

obtained from the laboratory of Dr. Joachim Herz [30], [3H] Cholesteryl oleate (NET746) 

was a gift from Perkin-Elmer. Mouse IgG was from Santa Cruz (sc-2025). Hoechst from 

Calbiochem (382061). Antibodies: LRP1 mAb (Abcam ab92544), β-Actin mAb (Sigma 

A5316), PDI mAb (Cell Signaling 3501), LAMP1 pAb (Abcam ab24170), TGN38 with 

Alexa Fluor 488 conjugate pAb (Novus Bio), TRX mAb (GenScript), GFP, FLAG (Sigma). 

Anti-hDLG1 mAb 2D11 [31] and anti-KIF13B mAb 4A05 [3]were developed in our 

laboratory. The rabbit KIF13B N-terminus affinity purified pAb1246 and KIF13B C-

terminus rabbit polyclonal antibody were previously described [1, 3]. Secondary antibodies: 

Goat Anti-Rabbit HRP conjugate (170-5046) and Goat Anti-Mouse IgG HRP conjugate 

(170-6516) from Bio-Rad, Alexa Goat Anti-Rabbit 568 from Invitrogen (948491), and 

Biotin-SP AffiniPure Donkey Anti-Rabbit IgG (711-065-152) and Cy3 Streptavidin 

(016-160-084) from Jackson ImmunoResearch Labs. Normal donkey block (NDB: 10% 

Normal Donkey Serum, 5% Non-Fat Dry Milk, 4% BSA, 0.1% TritonX-100 in PBS) was a 

gift from the Schwob lab at Tufts University School of Medicine. ECL Prime Western 

Blotting Detection Reagent was from GE Healthcare (RPN2232). Chromogenix Coatest SP4 

Factor VIII assay was from Diapharma (82409463). Phusion PCR kit was from NEB 

(M0530S). Glutathione Sepharose beads were from GE Healthcare (17-0756-01). Primers 

were designed in house and ordered through Tufts University Core Facility. MEFs were 

isolated from mice as described below. HEK293T and HepG2 cells were obtained from 

ATCC. HUVEC line was kindly shared by the Jaffe lab at Tufts University School of 

Medicine. Restriction enzymes and buffers were from NEB. EconoTaq used for genotyping 

was purchased from Lucigen (F93366).
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2.2. Generation of mouse models

ES cell clones with targeted alleles for KIF13A (AF0553) and KIF13B (AF0005) were 

obtained from the Knockout Mouse Project (KOMP) Repository at the University of 

California, Davis. Mouse lines were created in Tufts University Transgenic Animal Core 

Facility. We are grateful to Dr. Janis Lem, Director of the Transgenic Core Facility, for 

generously providing technical advice and training during the embryonic stem cell culture, 

electroporation, and colony selection protocols. The protocol and procedures employed were 

ethically reviewed and approved by Tufts University IACUC/DLAM, and the authors are in 

compliance with the US National Research Council’s Guide for the Care and Use of 

Laboratory Animals, the US Public Health Service’s Policy on Humane Care and Use of 

Laboratory Animals, and Guide for the Care and Use of Laboratory Animals.

Primers used for genotyping are:

13aF1 (5’-CATGTGGCCCTTGAACTTGCAAAG-3’),

13aR1 (5’-CTTTAGCTCGGGGGCCTTCATGGC-3’),

13aF2 (5’-AGGGAGCAGCTCTCGCAGGCTGAG-3’),

13aGeoR (5’-CCCTGGATATGGCAGTCTCTAC-3’),

13bF1 (5’-AAAGCCTAATGCAAGGCTGGGAG-3’),

13bR1 (5’-AGAGTGAAGGCAGACTAAAGATGG-3’),

13bGeoR (5’-ATGAGGGAGCAGGGCTCG-3’).

2.3. Mouse embryo fibroblasts

Mouse embryo fibroblasts (MEFs) were prepared from day 13.5 embryos and maintained in 

DMEM with 10% FBS. KIF13B and KIF13A mutant mice were backcrossed to almost pure 

C57BL/6J background. MEFs from KIF13A and KIF13B double knockout (DKO) were 

prepared from mixed C57BL/6 x 129 genetic background mice.

2.4. Pull-down assays

The GST-tagged hDLG1 constructs [1, 5, 7] were used for pull-down assays. The GST-

fusion proteins were expressed in E. coli BL21(DE3) and purified using Glutathione-

Sepharose (BD). The hDLG1 fusion proteins were immobilized on Glutathione-Sepharose 

beads as bait and incubated with lysates from HEK293T cells transfected with either LRP1-

Herz or LRP1-Y4507F proteins as prey. The LRP1-Herz or LRP1-Y4507F constructs were 

transfected in HEK293T cells for 24 hours with Promega FuGENE 6 transfection reagent. 

Lysates were harvested with NP40-containing lysis buffer with multiple phosphatase and 

protease inhibitors, and sonicated. The BCA method was to determine total protein 

concentration.
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2.5. Epitope mapping of 4A5 monoclonal antibody

Recombinant expression constructs of KIF13B/GAKIN carboxyl terminus (CT) segments 

were generated by PCR cloning using standard protocols. Primers containing BamHI and 

EcoRI adapters were used to amplify corresponding regions of human KIF13B/GAKIN. 

PCR products were cloned into pET32a plasmid vector and recombinant proteins were 

expressed in BL21 (DE3) strain of E. coli. Bacterial cell extracts expressing recombinant 

proteins were resolved by 12% SDS-PAGE and analyzed by CBB staining and Western 

blotting using 4A5 monoclonal antibody.

2.6. Co-Immunoprecipitation

For the KIF13B and KIF13A co-IP experiment, FLAG-KIF13B and GFP-KIF13A were 

transfected in HEK293 cells. FLAG-KIF13B was immunoprecipitated with FLAG mAb 

conjugated agarose beads (SIGMA) and GFP-KIF13A was detected by anti-GFP Ab. 

Alternatively, HepG2 cells, an immortalized cell line from human liver carcinoma, were 

homogenized in the subcellular fractionation buffer (20 mM Tris-HCl, pH 7.4, 10 mM KCl, 

2.0 mM MgCl2, 1.0 mM EDTA and protease inhibitors), and nuclei pellet was removed by 

centrifugation at 720 x g for five minutes. The membrane fraction was collected by further 

centrifugation at 100,000 x g for one hour and dissolved in the lysis buffer (20 mM Tris-

HCl, pH 7.4, 150 mM NaCl, 0.2% Triton X-100, protease inhibitors). Antibodies used for 

immunoprecipitation (IP) were anti-hDLG1 mAb 2D11 [31], anti-KIF13B mAb 4A5 [3], 

and normal mouse IgG (Santa Cruz) for LRP1 Co-IP, and anti-LRP1 rabbit pAb, anti-

KIF13B rabbit polyclonal antiserum, and the corresponding pre-immune serum for hDLG 

Co-IP. Protein A/G PLUS-Agarose (Santa Cruz) beads were used to recover the immune-

complex, analyzed by SDS-PAGE and Western blotting with an anti-LRP1 rabbit mAb.

2.7. MT binding activity

Human KIF13B CT (AA1626-1826) and human KIF13A CT (AA1558-1762) in pET32a 

plasmid were used to express TRX- and His-tagged fusion proteins in E. coli BL21 (DE3). 

Porcine brain tubulin was purchased from Cytoskeleton Inc. Microtubules were assembled 

in the PME buffer (0.1 M PIPES–NaOH, pH 6.8, 1.0 mM MgCl2, 1.0 mM EGTA, 0.1 mM 

DTT, 1.0 mM GTP) in the presence of 25 μM Taxol at 35 °C. TRX fusion proteins were 

mixed with polymerized microtubules in PME buffer with 15 μM Taxol at 35°C for two 

hours. Microtubules were collected by centrifugation using 42.2 Tl rotor, 30,000 x g for 20 

min at 20°C. Equal amounts of the supernatant and pellet fractions were analyzed by SDS-

PAGE and CBB staining.

2.8. LRP1 Immunofluorescence

MEFs were seeded on coverslips in DMEM containing 10% FBS for 3 days and fixed with 

3% PFA/PBS. Cells were permeabilized with 0.3% Triton X-100 and blocked with Normal 

Donkey Block (NDB) for one hour. Cells were incubated overnight at 4°C in rabbit anti-

LRP1 mAb from Abcam diluted 1:5000 in NDB. Cells were then incubated for one hour 

each in biotinylated donkey anti-rabbit secondary antibody and then Streptavidin anti-

donkey Cy3 tertiary antibody. Cells were washed thoroughly with PBS after each 

incubation, and nuclei were counterstained with Hoechst and mounted with 90% glycerol in 
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PBS. Cells were visualized at 400X using Zeiss Axio Scope. Control cells with only 

secondary and tertiary antibodies were used to assess the background staining.

2.9. Tissue histology and immunohistochemistry

Brain and liver tissue from 6-month old WT and KIF13BΔCG mice were harvested and 

fixed in 10% formalin for three days. Paraffin embedding, and sectioning were performed at 

the Tufts Medical Center Pathology Core Facility. Paraffin-embedded brain and liver 

sections were deparaffinized and rehydrated, and antigen retrieval was accomplished using 

sodium citrate. Autofluorescence was quenched using quenching solution (2.5 mg/ml 

ammonium chloride in TBS). Tissues were blocked with normal donkey serum block (NDB) 

and incubated with a rabbit polyclonal antibody against the N-terminus of KIF13B at a 

dilution of 1:200 [3] overnight at 4°C. Tissues were then incubated for one hour each in 

biotinylated donkey anti-rabbit secondary antibody and then Streptavidin anti-donkey Cy3 

tertiary antibody. For tissues that were double stained with organelle markers TGN38, PDI, 

or LAMP1, the process was repeated after a second incubation with the biotinylated donkey 

anti-rabbit secondary antibody, and an hour incubation with the goat anti-rabbit Alexa 488. 

Tissues were washed thoroughly with PBS after each incubation, and nuclei were 

counterstained with Floechst and mounted with 90% glycerol in PBS. Slides were imaged at 

400X using Zeiss Axio lmager.M2 microscope and AxioCam MRm and MRc using 

AxioVision version 4.8 software or at 600X using Olympus FV3000 Confocal microscope 

with the integrated software. The exposure time and sharpness were kept consistent across 

all images, as well as any size adjustments and contrast and brightness modifications. 

Control slides with the secondary and tertiary antibodies only were used to assess the 

background staining. For LacZ activity staining of mouse embryo and MEFs, the embryo or 

MEFs were fixed in 0.2% glutaraldehyde in the fixation buffer (0.1 M phosphate buffer, pH 

7.3, 5 mM EGTA, 2 mM MgCl2), followed by rinsing with detergent solution (0.1 M 

phosphate buffer, pH 7.3, 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40). LacZ 

activity was visualized by X-gal staining by incubating samples in the staining buffer (0.1M 

phosphate buffer, pH, 7.3, 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40, 5 mM 

potassium ferricyanide, 5 mM potassium ferrocyanide, 1.0 mg/ml X-gal). For the counter 

staining of the MEFs, following LacZ activity staining, the MEFs were further fixed in 4% 

paraformaldehyde. Microtubules were stained with anti-β-Tubulin monoclonal Ab (TUB2.1, 

Sigma) and signal was detected by HRP conjugated secondary Ab using diaminobenzidine 

substrate. Nuclei were stained with the Nuclear Fast Red.

2.10. Measurement of serum lipids and plasma Factor VIII

Serum harvested from WT (n=10), KIF13BΔCG (n=11) and KIF13A −/− (n=8) male mice 

of average age 4 months was analyzed for total cholesterol, HDL, and directly measured 

LDL by the Jean Mayer USDA Fluman Nutrition Research Center on Aging (HNCRCA) 

core facility at Tufts University. Serum triglycerides and vLDL were determined in WT 

(n=5) and KIF13B C-G (n=6) male mice that were fasted for eight hours before terminal 

bleed to collect serum. To measure factor VIII in plasma, blood was harvested from 6-month 

old WT (n=5) and KIF13BΔCG (n=6) male mice via terminal bleed from the vena cava in 

the presence of acid citrate dextrose (1:10 dilution) as an anticoagulant. Plasma was 

collected within 30 minutes of harvest by centrifugation and used in the factor VIII assays. 
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For timed clot formation assay, plasma was mixed with clot activating components and a 

FibroMeter was used to measure the time until a clot was formed as previously described 

[32, 33]. For the chromogenic assay, the Chromogenix Coatest SP4 Factor VIII kit 

(Diapharma) was used per manufacturers’ instructions.

2.11. LPDS, LDL, and [3H] LDL production

Lipoprotein-deficient serum was prepared by ultracentrifugation of FBS to remove LDL by 

omitting the thrombin incubation [34]. LDL was isolated from human blood by 

ultracentrifugation as previously described [34], [3H]CO-LDL was prepared by combining 

[3H] cholesteryl oleate and human LDL as previously described [35], resulting in a specific 

activity of 30 dpm/pmol.

2.12. [3H]CO-LDL uptake and hydrolysis

MEFs were seeded in DMEM containing 10% LPDS and cultured for 3 days. Cells were 

then incubated with 50 μg/ml [3H]CO-LDL for 3, 4.5, 6, and 7.5 hours. Lipids were 

extracted with hexane:isopropanol (3:2) solvent and dried under air. Each sample was 

resuspended in chloroform:methanol (2:1) and thin layer chromatography was performed on 

silica plates in toluene:ethyl acetate (2:1). [3H]-labeled cholesterol and cholesteryl esters 

were quantified and normalized relative to the amount of protein per well. The uptake was 

determined as the sum of labeled cholesterol and cholesteryl esters, and the hydrolysis of 

LDL was determined as the fraction of labeled cholesterol over total labeled uptake. Each 

experiment was run in triplicates.

2.13. Cloning and site directed mutagenesis

Primers for LRP1-CT containing BamHI or EcoRI restriction sites were used in Phusion 

High Fidelity PCR to generate the LRP1-beta construct with LPR1-Herz plasmid as the 

template. The pET32a plasmid was digested with the same enzymes and ligation products 

were used to transform DH5α bacterial cells. PCR with the pET32a forward and LRP1 

reverse primers was used to confirm the correct inclusion in the pET32a backbone. All 

plasmids were sequenced. Mutagenesis to convert tyrosine-4507 in the CT tail of LRP1 to 

phenylalanine (phospho-dead mutation) was performed using Phusion High Fidelity PCR 

with primers containing the targeted mutation. The LPR1-Herz plasmid was used as the 

template for PCR.

2.14. Statistical analysis

Data are presented as the mean ± standard error of the mean (SEM). Statistical comparisons 

were made using analysis of variance (ANOVA) and two-tailed unpaired t-tests. A P value < 

0.05 was considered statistically significant.

3. Results

3.1. Generation of KIF13A and KIF13B mutant mouse models

KIF13A FLKO and KIF13BΔCG mice were generated by inserting a β-Geo cassette within 

each of the respective genes. The genotype and protein expression were verified through 
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PCR and Western blotting (Fig. 1A & 1B). The insertion of the β-Geo cassette in the 

KIF13A gene leads to complete knockout of the gene (Fig. 1A, top right), leading to no 

protein expression (Fig. 1A, bottom right). The insertion of the β-Geo cassette in the 

KIF13B genomic locus leads to a truncation of the gene, and expression of the truncated 

protein missing the C-terminal amino acids 1521-1843. The C-terminal segment was 

replaced with the β-Geo cassette. The missing C-terminus includes a proline-rich domain 

[11] and a CAP-Gly domain that distinguishes KIF13B from KIF13A (Fig. 1B). The 

expression of truncated KIF13B protein containing the β-Geo cassette was not identifiable 

by Western blotting but was verified by the LacZ staining of embryos and mouse embryonic 

fibroblasts (MEFs) (Fig. 1C and Fig. 3C). Both KIF13A FLKO and KIF13BΔCG mice were 

viable, born at normal Mendelian ratios, and developed to adulthood. To assess the 

compensatory role of KIF13B and KIF13A, we attempted to generate a double mutant 

mouse model in C57BL/6J background by crossing KIF13A FLKO and KIF13BΔCG mice. 

The double mutant mouse model was designated as DKO. Morphological analysis of the 

embryos at E14.5-E15.5 did not reveal dying/dead embryos. However, we observed high 

mortality after birth in the DKO mice. Most of the newborn pups were either dead or 

cannibalized, and therefore no viable pups could be recovered after day one. Occasionally, 

we found newborn pups dead at day one (Fig. 1D). These pups seem to have their stomachs 

filled with air without any milk (Fig. 1D white arrow), suggesting that they are unable to 

suckle milk properly. Interestingly, morphological evaluation of dead pups revealed 

relatively short nose appearance and potential craniofacial developmental anomalies that 

could be the underlying cause of their inability to properly suckle (Fig. 1D arrowheads). 

This unexpected developmental phenotype appears to be similar to the craniofacial 

anomalies and cleft palate phenotypes that have been observed in the mouse DLG1 mutant 

mice [36]. However, our initial analysis of two dead pups recovered at day one did not show 

any discernible evidence of cleft palate. A detailed characterization of the dead newborn 

DKO pups was not pursued at this stage since the colony of DKO mice was not sustainable.

As independent mutations, both KIF13A FLKO and KIF13BΔCG mice did not show any 

obvious craniofacial defects, suggesting the existence of a potential compensatory 

mechanism between the KIF13 family members. We co-transfected epitope-tagged full 

length KIF13A (GFP) and KIF13B (FLAG) in mammalian cells and demonstrated their co-

precipitation in vitro (Fig. 1E). This biochemical interaction suggests that either the two 

kinesin homologs form a heterodimer or interact via their shared cargo and adaptors for full 

functionality. Furthermore, unlike KIF13B, which has a well conserved CAP-Gly 

microtubule binding domain in its C-terminus, KIF13A does not contain an obvious CAP-

Gly-like motif in the C-terminus. We tested whether the C-terminal region of KIF13A shows 

any microtubule-binding activity as compared to the C-terminus of KIF13B. The 

microtubule-pelleting measurements demonstrated that KIF13B C-terminus precipitated 

with microtubules, whereas KIF13A C-terminus did not (Fig. 1F). Therefore, the 

microtubule binding activity of the C-terminal region is a unique feature of KIF13B that is 

not conserved in KIF13A.
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3.2. Effect of deletion of CAP-Gly domain region on cholesterol and factor VIII phenotype

A previous study has shown that KIF13B FLKO mice exhibit increased levels of serum 

cholesterol and factor VIII, which are known ligands of LRP1 [17]. We measured the levels 

of serum lipids and plasma factor VIII in our KIF13BΔCG mouse model to determine if the 

CAP-Gly domain region was required for maintaining the homeostasis of LRP1 ligands. 

Total serum cholesterol, LDL, HDL, vLDL, (Fig. 2A), and triglycerides (not shown) were 

analyzed from WT, KIF13BΔCG, and KIF13A FLKO mice. The KIF13BΔCG mice showed 

significantly elevated levels of total cholesterol (p = 0.033) and LDL (p = 0.0051), and 

relatively increased HDL (p = 0.067) as compared to WT mice. These data were analyzed 

using the two-tailed unpaired t test (WT versus each mutant individually). The F test to 

compare variances was not significant for total cholesterol and HDL measurements. 

However, the F test was significant for the LDL measurements; therefore, the Welch’s 

correction was administered in the two-tailed unpaired t test. In contrast, the KIF13A FLKO 

mice did not show any measurable difference in the level of these lipids as compared to WT 

mice.

To further investigate the biochemical basis of the observed cholesterol phenotype, we 

measured the uptake of [3H]CO-LDL in MEFs derived from WT and KIF13BΔCG embryos. 

The uptake and hydrolysis of [3H]CO-LDL over time in MEFs indicate that KIF13BΔCG 

MEFs exhibit significantly reduced uptake of [3H]CO-LDL at the later time points (Fig. 2C). 

This reduction occurred without any measurable disruption of hydrolysis in the late 

endosome/lysosome compartment or cholesterol esterification machinery (data not shown). 

In addition, we measured the plasma factor VIII levels in WT and KIF13BΔCG mice either 

by the timed clot assay (Fig. 2B) or Chromogenix colorimetric assay (WT average 

98.8±27.1 units/ml, 22.4% activity, SD ±6.2, KIF13BΔCG average 103.6±72 units/ml, 

23.5% activity, SD ±16.4). We did not find any significant difference in the factor VIII levels 

between WT and KIF13BΔCG mice using these assays. It is noteworthy that although the 

difference was not statistically significant, nearly half of the KIF13BΔCG mice showed 

elevated levels of plasma factor VIII activity. Therefore, we cannot rule out the possibility 

that the CAP-Gly domain region of KIF13B plays a functional role in the uptake of factor 

VIII when a larger cohort of age and sex matched KIF13BΔCG mice are analyzed by more 

sensitive assays in future studies.

3.3. Effect of deletion of CAP-Gly domain region on KIF13B protein localization

The subcellular localization of the KIF13B protein in WT and KIF13BΔCG mice was 

analyzed in the brain tissue sections by immunofluorescence microscopy (IF) using a 

polyclonal antibody that recognizes the N-terminus of KIF13B protein, which is preserved 

in the KIF13BΔCG mice (Fig. 1B). Of note, specificity of the pAb was confirmed by the co-

staining experiments (Supplemental Figure S1). The signals from mAb and pAb were 

identical in WT mouse brain tissue. As shown in Fig. 3A, the punctate staining pattern of the 

truncated KIF13B lacking the CAP-Gly domain region is strikingly different from the WT 

protein. In addition, the expression of truncated KIF13B protein appears to be reduced in the 

KIF13BΔCG mice; there are more puncta in the WT as compared to KIF13BΔCG cells (Fig. 

3A, insets). This finding suggests that the deletion of the CAP-Gly domain region causes 

KIF13B protein to lose functionality likely due to its mislocalization within the cell. The 
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mislocalization hypothesis is consistent with the similar expression of WT and mutant 

KIF13B transcripts in the brain tissue as well as MEFs (Supplemental Figure S2). Since 

KIF13B is also expressed in the liver, we analyzed liver tissue from WT and KIF13BΔCG 

mice for similar protein localization studies. However, non-specific staining presumably 

originating from the excessive auto-fluorescence of liver tissue prevented us from 

visualizing normal and truncated KIF13B under these conditions.

To further investigate the subcellular localization of the WT and truncated KIF13B proteins, 

the tissue samples were double stained with LAMP1 (lysosomal marker), PDI (endoplasmic 

reticulum marker), and TGN38 (trans-Golgi network marker). As shown in Fig. 3B and 

insets, WT KIF13B exhibits colocalization signal with TGN38 as compared to the other 

markers, whereas relatively reduced colocalization of truncated KIF13B was observed in the 

KIF13BΔCG, likely due to the mislocalization of the mutant protein. Comparatively, the 

KIF13BΔCG protein shows colocalization with LAMP1, suggesting the targeting of mutant 

protein to the lysosomes. Since the panel of organelle markers used in our study is not 

exhaustive, further studies are required to precisely determine the subcellular localization of 

KIF13B and KIF13BΔCG proteins preferably in combination with immunogold electron 

microscopy.

Since the KIF13BΔCG protein appears to lose its functionality due to its mislocalization, we 

examined whether the mutant protein retains any of the functions of full length KIF13B. The 

KIF13BΔCG protein showed dynamic localization upon cell migration in the fibroblasts 

(Fig. 3C), suggesting its functionality as a motor protein. In confluent culture of fibroblasts 

isolated from mutant KIF13BΔCG day 13.5 embryos, the KIF13B-LacZ fusion protein was 

observed as intracellular dots (Fig. 3C, top left and bottom left panels). Counterstaining with 

Nuclear Fast Red was performed to visualize the position of nuclei in the confluent MEFs 

(Fig. 3C, bottom left panel). This image shows blue signals of LacZ enzyme activity staining 

as perinuclear dots in the confluent MEFs resembling the microtubule-organizing center 

(MTOC) (Figure 3C, lower left panel). Interestingly, in the scratch-induced migrating 

fibroblasts, the blue dots accumulating at the MTOC disappear (Fig. 3C, top and bottom 

right panels). Counterstaining with anti-β-Tubulin antibody and Nuclear Fast Red showed 

that the mutant KIF13B signal was detected as blue dots (red arrows) as well as dispersed 

blue color (yellow arrow) at the leading edge of migrating cells (Fig. 3C, top and bottom 

right panels). The dynamic movement of the mutant KIF13B protein in migrating fibroblasts 

is consistent with its function as a plus end-directed microtubule motor. This observation is 

not surprising since the mutant KIF13B contains N-terminal motor domain as well as 

protein-protein interaction domains, including FHA and MBS domains, as potential sites for 

cargo molecules. The deletion of the C-terminus causes destabilization of the KIF13BΔCG 

protein complex at the membrane-microtubule interface, which is an essential requirement 

consistent with the published models of KIF13B function in the Drosophila and lymphocyte 

models [8, 37].

3.4. LRP1 status in fibroblasts lacking the CAP-Gly domain region of KIF13B

MEFs from WT, KIF13A FLKO, and KIF13BΔCG mice were examined to visualize LRP1 

localization by immunofluorescence microscopy. The LRP1 staining appeared to be diffuse 
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in the KIF13BΔCG MEFs as compared to WT MEFs where the LRP1 staining is punctate 

and relatively more intense (Fig. 3D). In contrast, LRP1 staining in the KIF13A FLKO 

MEFs was similar to the WT MEFs (data not shown). The diffuse staining of LRP1 observed 

in the KIF13BΔCG MEFs is likely due to either the reduced amount of LRP1 protein present 

in these cells or less LRP1 contained within the endosomal vesicles thus resulting in higher 

receptor density on the cell surface. By Western blotting, the steady state protein expression 

of LRP1 was not altered in MEFs of different genotypes (Fig. 3E). Human umbilical vein 

endothelial cells (HUVEC), which do not express LRP1, were used as negative control (Fig. 

3E). Our attempts to biotinylate surface proteins to compare the surface density of LRP1 in 

MEFs were not successful presumably due to the large extracellular α subunit of LRP1 

masking the extracellular domain of the β subunit. Similarly, we could not perform double 

staining of LRP1 and KIF13B in the fibroblasts due to the low abundance of endogenous 

KIF13B in MEFs.

3.5. Localization of 4A5 monoclonal antibody epitope within the C-terminus of human 
KIF13B/GAKIN

To determine whether our 4A5 monoclonal antibody can recognize the C-terminal mutant of 

KIF13B, we performed detailed epitope mapping of KIF13B to determine the precise 

location of 4A5 epitope (Fig. 4). The 4A5 mAb is of IgG1 subclass (kappa) and shows 

potent and specific reactivity against human, mouse, rat, and donkey KIF13B polypeptides 

by Western, immunoprecipitation and immunofluorescence applications. The 4A5 mAb was 

originally made against the CT11 (1414-1826 AA) fusion protein of human KIF13B (Fig. 

4A) [3]. Since the mouse mutant KIF13B has truncation at the C-terminus starting from the 

1520 AA position corresponding to human KIF13B sequence (Fig. 4A), it is important to 

know the precise location of 4A5 mAb epitope to determine whether this antibody can be 

used to detect the truncated form of the mouse KIF13B mutant. The TRX-CT11 fusion 

protein runs as a 75 kDa band in SDS-PAGE with some degradation products visible by 

Coomassie Brilliant Blue (CBB) staining (Fig. 4B, lane 1). Western blotting with an anti-

TRX mAb detected a series of degradation products ranging from 75 kDa to 25 kDa (Fig. 

4B, lane 2). In parallel, Western blotting with 4A5 mAb detected degradation products 

ranging from 75 kDa to 40 kDa (Fig. 4B, lane 3). Based on the assumption that degradation 

takes place from the C-terminus of KIF13B, we speculated that the putative epitope of the 

4A5 mAb is not located within the ~35 kDa segment from the C-terminus of KIF13B. This 

speculation placed the 4A5 mAb epitope near the truncation point of the mouse mutant 

KIF13B at position 1520 AA. A series of recombinant proteins were generated to further 

map the 4A5 mAb epitope. Human CT11-1 (1414-1520 AA) construct was designed to 

include the region just outside the deletion site in the mouse mutant KIF13B. Three 

additional constructs (CT11-2, CT11-3, CT11-4) contained extended C-termini of human 

KIF13B (Fig. 4C). Western blotting showed that 4A5 mAb did not detect CT11-1 and 

CT11-2 but detected the CT11-3 and CT11-4 fusion proteins (Fig. 4D). The CT11 construct 

served as a positive control. These results demonstrate that 4A5 mAb epitope is located 

within the 1574-1600 AA segment of human KIF13B (Fig. 4E). Therefore, the 4A5 mAb 

epitope is not included in the mouse mutant KIF13B protein. It is to be noted that Western 

blotting of native KIF13B is often technically challenging due to its large size (1843 AA, 

~250 kDa) (Fig. 1B) and low transfer efficiency to nitrocellulose. Therefore, the TRX-
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CT11-4 fusion protein (Fig. 4C) provides an ideal positive control for 4A5 mAb in future 

studies investigating the function of KIF13B/GAKIN.

3.6. LRP1 interacts with the I3 domain of hDLG1

Using tagged protein constructs and immunofluorescence microscopy, a recent study has 

shown that hDLG1 serves as an adaptor between LRP1 and KIF13B at the membrane [17]. 

However, further biochemical characterization of the ternary complex between LRP1-

hDLG1-KIF13B is required since many transmembrane proteins are known to recognize 

hDLG1 via its PDZ domains [38]. In fact, the previous study implied that this possibility 

may indeed be the case for LRP1 recognition of hDLG1 based on their co-localization 

studies using a dominant negative construct of hDLG1 [17]. To investigate the biochemical 

basis of LRP1-hDLG1 interaction, we employed a series of defined fusion proteins of 

hDLG1 and pull-down assays (Fig. 5). Since LRP1 is a Type I transmembrane protein with a 

100-amino acid cytoplasmic domain, we generated a TRX-tagged LRP1-cytoplasmic 

domain construct termed TRX-CT. Several hDLG1 constructs, expressed as GST fusion 

proteins (Fig. 5A), were used to pull-down the recombinant LRP1-CT expressed in bacteria. 

None of the hDLG1 constructs interacted with recombinant LRP1-CT protein (data not 

shown). This observation suggested that the lack of direct interaction between hDLG1 

constructs and LRP1-CT could be either due to the post-translational modification(s) lacking 

in the bacterially expressed LRP1-CT protein or the presence of extracellular segment in 

LRP1-Herz that may stabilize the conformation of its cytoplasmic domain [27].

As an alternative strategy to detect the biochemical interaction between LRP1 and hDLG1, 

we used a construct that expresses a longer segment of LRP1 in a mammalian expression 

system. This construct, designated as LRP1-Herz, includes the cytoplasmic tail of LRP1 as 

well as the transmembrane domain and part of the extracellular domain including the 6 

extracellular EGF-like domains of LRP1. The LRP1-Herz construct produced a protein 

smaller than the full β subunit by ~30 kDa (229 extracellular amino acids in LRP1-Herz 

versus 457 extracellular amino acids in LRP1β) (Fig. 5B) [30], thus distinguishing this form 

from endogenous LRP1 by Western blotting. The LRP1-Herz construct was transfected into 

HEK293T cells and cell lysates prepared after 24-hour post transfection were used as prey. 

The GST-hDLG1 fusion proteins expressed in bacteria were used as bait in the pull-down 

assays (Fig. 5 A & C). The hDLG1 constructs containing the alternatively spliced I3 

insertion, but not the I2 insertion, successfully pulled down the LPR1-Herz protein (Fig. 5C). 

Further binding studies indicated that an important requirement for the I3 interaction was the 

presence of the GUK domain in the hDLG1 constructs to allow biochemical interaction with 

the LPR1-Herz protein. The GUK domain alone did not bind to LPR1-Herz protein (Fig. 

5C). These findings suggest that the GUK domain of hDLG1 confers stability to the 

relatively smaller 34 amino acid I3 sequence that would otherwise be exposed and 

unstructured, and therefore prone to degradation. Consistent with this model, the GST-I3 

construct without the GUK domain did not bind to LRP1-Herz protein under the same 

conditions (Fig. 5C). Finally, a comparison of the SH3-I2-GUK and SH3-I3-GUK constructs 

of hDLG1 confirmed that the I3 sequence is essential for binding to the cytoplasmic tail of 

LRP1.
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3.7. Effect of tyrosine phosphorylation of LRP1 on hDLG1 interaction

Phosphorylation of tyrosine residues at Y4507 and Y4473, located within two NPxY motifs 

of LRP1-CT, has been shown to regulate various interactions of LRP1 with adaptor proteins 

[27–29]. The phosphorylation of Y4507 precedes and exposes Y4473 for subsequent 

phosphorylation reactions [27]. To investigate if the hDLG1 interaction with LRP1 is 

regulated by phosphorylation of Y4507, we replaced the Y4507 in the LRP1-Herz construct 

with phenylalanine. This construct termed LRP1-Y4507F, which acts as a phospho-dead 

mutation, retains the aromatic ring with no impact on protein expression. The SH3-I3-GUK 

construct of hDLG1 successfully pulled down both LRP1-Herz and LRP1-Y4507F proteins 

(Fig. 5D) indicating that the lack of tyrosine phosphorylation of LRP1-CT does not affect its 

interaction with hDLG1 in vitro. In fact, upon equal protein loading optimized by Ponceau 

staining as shown in Fig. 5D, a semi-quantitative assessment of the LRP1-hDLG1 

interaction indicates that the Y4507F mutation in LRP1-CT potentiates LRP1-hDLG1 

interaction under these conditions. A complementary in vivo analysis of LRP1-hDLG1 

interaction will be required to assess the biological significance of this observation.

3.8. Existence of endogenous LRP1 and DLG1 complex

To further investigate the physiological relevance of LRP1-DLG1-KIF13B complex, we 

performed co-immunoprecipitation experiments from HepG2 human liver cell line that 

expresses LRP1, DLG1, and KIF13B. Endogenous LRP1 was co-precipitated with DLG1 

(Fig. 5E, top), and endogenous DLG1 was co-precipitated with KIF13B (Fig. 5E, bottom) 

from the detergent solubilized membrane fraction using monoclonal antibodies against either 

DLG1 or KIF13B, respectively. The 2D11 monoclonal antibody, originally developed in our 

laboratory, recognizes an epitope located within the N-terminus of hDLG1 [31]. However, 

we did not detect LRP1 in the immunoprecipitates of anti-KIF13B using a monoclonal 

antibody against KIF13B. The 4A5 monoclonal antibody, developed in our laboratory, 

recognizes an epitope located within the C-terminus of human KIF13B (Fig. 4E) [3]. This 

observation likely reflects the transient nature of KIF13B interaction with LRP1-DLG1 

complex in liver cells. Since the biochemical interaction between DLG1 and KIF13B is well 

established [1], it is plausible that LRP1, DLG1, and KIF13B may form a more stable 

ternary complex only in polarized hepatocytes harvested as primary cells from the liver (Fig. 

5E, bottom). Our attempts to detect DLG1 in the immunoprecipitates of LRP1 were not 

successful, and likely not feasible because the binding of the LRP1 monoclonal antibody 

may occlude the DLG1 interaction within the short stretch of the LRP1 cytoplasmic tail. In 

summary, the presence of LRP1 in the immunoprecipitates of DLG1 demonstrates the 

existence of an endogenous complex between LRP1 and DLG1 in liver cells.

4. Discussion

The CAP-Gly domain is a highly conserved ~80 amino acid motif generally found in 

proteins targeted to the plus ends of microtubules [16]. The CAP-Gly domains are known to 

regulate a variety of intracellular processes, including the dynamics of plus-end tracking 

proteins at the growing end of microtubules, anterograde transport of organelles/vesicles, α-

tubulin detyrosination-tyrosination cycle, assembly of intra-protein switches, and tethering 

of microtubules to the membrane and cytoskeletal compartments [8, 16, 39, 40]. These 
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diverse biochemical properties of CAP-Gly domains are consistent with their functional role 

in cell signaling, migration, polarity, chromosome segregation, and tumorigenesis. Similarly, 

a critical role of CAP-Gly domains in human diseases has been demonstrated by the 

identification of mutations in p150Glued, a subunit of dynactin, resulting in Perry syndrome 

and distal hereditary motor neuropathy 7B (FIMN7B) [41–43]. Two independent mutations 

within the N-terminal CAP-Gly domain of p150Glued lead to two distinct pathologies 

presumably originating from the loss of dynactin binding to microtubules and CLIP-170 

[44]. A deletion in the CAP-Gly domain of tubulin-folding cofactor B (TBCE) causes a fatal 

disorder manifested by hypoparathyroidism, mental retardation, and facial dysmorphism 

(HRD) [16]. Additional evidence comes from the functional inactivation of CYLD tumor 

suppressor that leads to benign skin and hair follicle tumors. These mutations affect the C-

terminus of CYLD protein containing three CAP-Gly domains. It is believed that the 

disruption of the third CAP-Gly of CYLD likely plays a crucial role in disease pathology 

[45]. Despite considerable evidence for their clinical significance, the precise biological 

function of CAP-Gly domains remains poorly understood. One potential limitation is the 

absence of mammalian models specifically lacking the CAP-Gly domains.

Mammalian kinesins are grouped into 15 families encompassing 45 motor proteins [46]. The 

kinesin-3 family includes 8 members including two homologs termed KIF13A and KIF13B. 

Among the 45 known kinesins, the KIF13B is the only motor that contains a CAP-Gly 

domain at its C-terminus. This study reports the first characterization of a mouse model 

expressing a truncated form of KIF13B lacking its CAP-Gly domain region. In addition, we 

generated a completely null mouse model of KIF13A and demonstrate an unexpected 

compensatory role of two kinesins in mammalian development. While the characterization 

of KIF13A and KIF13B mutant mouse models was underway in our laboratory, Kanai and 

colleagues reported that KIF13B plays a functional role in the endocytosis of LRP1 [17]. 

Using a full-length KIF13B null mouse model (KIF13B FLKO), they demonstrated ~25% 

elevation of serum cholesterol and plasma factor VIII, which are known ligands of LRP1 

[23]. The observed increase in the plasma factor VIII in KIF13B FLKO mice was 

heterogenous showing a large variation in 10 animals analyzed in their study [17].

Unlike KIF13B FLKO model, our mouse model only lacks the C-terminus region that 

includes the CAP-Gly domain. Our findings also show an increase in the serum lipoprotein 

levels in KIF13BΔCG mice (Fig. 2), a phenotype similar to KIF13B FLKO mice [17]. 

However, measurements of plasma factor VIII by two independent assays did not show any 

statistically significant elevation in the KIF13BΔCG mice (Fig. 2B). This finding suggests 

that either the CAP-Gly domain region of KIF13B differentially regulates the endocytosis of 

LRP1 ligands or the observed variation in factor VIII levels requires further validation by 

utilizing a large number of age and sex matched animals. Generally, an LDLr null 

background is required for identifying the relative contribution of LRP1 in cholesterol 

homeostasis. Future experiments assessing the LDL uptake in KIF13BΔCG mice and MEFs, 

without either LDLr or LRP1, may clarify the precise role of the CAP-Gly domain region of 

KIF13B in the regulation of LRP1 endocytosis.

To further investigate the biochemical basis of lipid homeostasis in mutant mice, we found 

that the uptake of [3H]CO-LDL is reduced in fibroblasts generated from the KIF13BΔCG as 
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compared to WT mice (Fig. 2C). This finding suggests a functional role of the CAP-Gly 

domain region of KIF13B in LRP1-mediated endocytosis of lipoproteins. We also examined 

the status of KIF13BΔCG protein in brain sections and found that the truncated protein 

exhibited altered subcellular localization and reduced expression as compared to the WT 

protein (Fig. 3A). Using double staining with a selected panel of organelle markers, the 

subcellular localization studies suggest that relatively higher concentration of WT KIF13B is 

detected within the trans-Golgi network as compared to lysosomes (LAMP1) and the ER 

(PDI) (Fig. 3B). Reduced colocalization signal of KIF13BΔCG in the brain may be either 

due to the lower expression of the mutant protein or its aberrant localization. Of note, in 

contrast to the wild type KIF13B protein, the mutant KIF13BΔCG protein colocalized with 

LAMP1 indicating that the mutant protein is targeted to lysosomes for degradation 

presumably due to its recognition as an aberrant protein. Finally, the LacZ staining of 

KIF13BΔCG MEFs showed that the mutant protein is localized to the microtubule 

organizing center (MTOC) in confluent cells (Fig. 3C, left). The observed KIF13B 

localization in Fig. 3C implies the involvement of KIF13B in targeting hDLG1 to the 

leading edge of migrating cells where a functional role of hDLG1 is well established. 

However, a precise role of KIF13B-hDLG1 complex in regulating cell migration as well as 

its regulatory mechanism of activation remain to be investigated. High resolution live 

imaging and immunogold electron microscopy would be required to determine the precise 

subcellular compartments of truncated KIF13B protein expressed in the KIF13BΔCG mice. 

These findings suggest that the CAP-Gly domain region plays a role in the stabilization and 

appropriate localization of KIF13B. Future studies are required to sort out the possible 

effects of the β-geo insert in the KIF13B protein on its folding and localization properties.

We found altered subcellular immuno-localization of LRP1 in KIF13BΔCG MEFs as 

compared to WT mice (Fig. 3D). Since Western blotting did not show any change in the 

steady state levels of LRP1 in both genotypes (Fig. 3E), altered LRP1 expression is 

presumably due to the mislocalization of the receptor. The lack of efficient endocytosis of 

LRP1 ligands could be attributed to the accumulation of surface LRP1 by the deletion of 

CAP-Gly domain region of KIF13B. The punctate pattern of LRP1 refers to endosomes 

whereas the diffuse pattern indicates its expression on the cell surface. High-resolution 

imaging, sub-cellular fractionation, or surface protein biotinylation approaches would be 

required to determine the precise localization of LRP1 in KIF13BΔCG MEFs harvested 

from the mutant mice reported in this study.

Since LRP1 does not directly bind to KIF13B, Kanai and colleagues proposed that hDLG1 

may function as an adaptor that links LRP1 with KIF13B [17]. In their study, disruption of 

LRP1 localization in fibroblasts using a dominant negative mutant of hDLG1 implied that 

LRP1 may bind to the amino terminal half of hDLG1. This model appears to be consistent 

with the premise that the C-termini of multiple transmembrane proteins recognize the PDZ 

domains of adaptor proteins [47]. Using pull-down assays, we tested the LRP1-hDLG1 

interaction and concluded that the LRP1 cytoplasmic tail does not bind to the three PDZ 

domains present within the N-terminal half of hDLG1. Further scanning of other hDLG1 

domains revealed that LRP1 cytoplasmic tail specifically recognizes the I3 domain of 

hDLG1 (Fig. 5C). Our previous studies have shown that the alternatively spliced I3 motif, 

flanked by the SH3 and GUK domains in hDLG1, binds to the FERM domain of protein 4.1 
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family of cytoskeletal proteins [20]. In addition, we have shown that the SFI3-I3-GUK, but 

not SH3-I2-GUK, module of hDLG1 activates the microtubule-stimulated ATPase activity of 

KIF13B by 10-fold [7]. Genetic studies of Drosophila discs large tumor suppressor protein 

(Dlg) have shown that the HOOK domain, which corresponds to the I3 motif in hDLG1, is 

essential for maintaining the epithelial structure and growth regulation [21]. This 

observation is consistent with our previous findings that the I3 motif plays a critical role in 

recruiting hDLG1 to the plasma membrane of epithelial cells [20]. To test if the interaction 

of LRP1 with hDLG1 is regulated by phosphorylation, we mutated tyrosine-4507 to 

phenylalanine in LRP1-Herz to mimic a phospho-dead mutation. Our findings show that the 

LRP1-hDLG1 interaction does not require the phosphorylation at Y4507 on LRP1-Herz. 

These observations raise the possibility that LRP1 interaction with the I3 domain of hDLG1 

may constitute a novel switch that regulates the cytoskeletal reorganization affecting 

clustering and localization of receptors by KIF13B. Guided by these findings, we propose a 

model (Fig. 6) whereby a specific domain of hDLG1 serves as an adaptor by linking LRP1 

with KIF13B. The LRP1-CT binds to the I3 domain of hDLG1, which in turn utilizes its 

GUK domain to bind to the MBS domain of KIF13B. The truncated KIF13B expressed in 

KIF13BΔCG mice (Fig. 6B) is mislocalized within the cell, or destabilized at the membrane, 

thus preventing its interaction with hDLG1 and suppressing LRP1 endocytosis.

We generated KIF13A null mice to assess the compensatory role of a closely related kinesin 

homolog in LRP1 endocytosis. Unlike KIF13B, KIF13A lacks a CAP-Gly domain and does 

not bind to either microtubules (Fig. 1F) or hDLG1. The KIF13A null mice did not show 

any effect on serum cholesterol level (Fig. 2A). A previous study has shown that KIF13A 

interacts with the clathrin adaptor AP-1 and transports endosomes fused with melanosomes, 

as well as regulates the formation of endosomal tubules [48, 49]. KIF13A is also known to 

transport Mannnose-6-Phosphate receptor, and Serotonin Type 1A receptor modulating 

anxiety [50, 51]. We bred our KIF13A null mice to nearly homogeneous C57BL/6J genetic 

background but did not observe any coat color defect, which contrasts with the predicted 

functional role of KIF13A in melanosomes [48, 49]. In the future, our KIF13A null and 

KIF13BΔCG mutant mice could serve as useful models for testing the role of these kinesins 

in behavior and anxiety phenotypes.

Our repeated attempts to generate a viable double mutant mouse model of KIF13A and 

KIF13BΔCG were not successful. Although both KIF13A null and KIF13BΔCG mutant 

mice are viable and breed normally, the double mutation leads to early perinatal lethality. 

Occasionally, dead pups recovered from the double mutation breeding show developmental 

anomalies reminiscent of the developmental defects seen in the mouse models lacking 

mouse DLG1 and CASK [36, 52, 53]. The cleft palate phenotype previously reported in a 

DLG1 mutant mouse [36] and a CASK (another MAGUK) mutant mouse [53] led to the 

death of newborn pups within 24 hours due to defective suckling. Since DLG1 and CASK 

form a functional complex in epithelia [54], a possibility exists that the perturbation of 

DLG1-regulated functions manifest in defective craniofacial development. The fact that 

KIF13B and KIF13A double mutant mouse model showed craniofacial abnormality, similar 

to DLG1 mutant mouse model, suggests that a functional crosstalk between KIF13A and 

KIF13B may exist in regulating the DLG1-CASK pathway. It is noteworthy that fully 

developed dead pups from the double mutant breeding were observed only when the genetic 
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background of individual KIF13A null and KIF13BΔCG mutant mice was estimated to be 

~98% C57BL/6J and ~2% 129/SvJ. Based on these observations, we surmise that the double 

mutation lacking both full length KIF13A and KIF13B would be lethal in mice with pure 

C57BL/6J genetic background.

The unexpected mortality observed in the double mutant mice of KIF13A and KIF13BΔCG 

mice suggests that the two kinesin homologs may function together in vivo. This model is 

consistent with the co-precipitation of two kinesins upon co-transfection of epitope-tagged 

full length KIF13A and KIF13B in mammalian cells (Fig. 1E). The biochemical interaction 

between KIF13B and KIF13A suggests that either the two kinesins form a heterodimer or 

interact via their shared cargo and adaptors for full functionality. Our findings showing a 

functional inter-dependence of two motors in vivo would predict more robust phenotypes in 

the double mutant cellular models as compared to single knockouts. Another useful feature 

of our mouse models is the presence of the LacZ protein, which enables direct visualization 

of KIF13 fusion proteins by X-gal staining. Indeed, the KIF13B-LacZ expression was 

observed throughout the body with particularly intense expression of KIF13BΔCG along the 

spinal cord in day 12.5 whole embryos as well as the leading edge of migrating MEFs (Fig. 

1C and Fig. 3C). This pattern of KIF13B-LacZ staining is consistent with the endogenous 

localization of hDLG1 at the leading edge of migrating cells [55, 56]. Our mouse models 

would be useful for future studies of KIF13A and KIF13B expression and localization of 

their cargo in a variety of experimental settings.

In summary, our results demonstrate that mutant KIF13B lacking its CAP-Gly domain 

region retains its motor activity and can translocate to the membrane in transfected 

mammalian cells, although it may not have a full capacity to transport its cargo. This 

impairment leads to an overall mislocalization or destabilization of truncated KIF13B, thus 

preventing the mutant KIF13B from regulating LRP1 endocytosis in vivo. Future 

characterization of these mouse models will enhance the mechanistic understanding of LRP1 

endocytosis with implications in hypercholesterolemia and developmental defects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

CAP-Gly Cytoskeleton-Associated Protein Glycine-rich

CG CAP-Gly

CC coiled coil

CT cytoplasmic tail

FHA forkhead associated

GUK guanylate kinase-like

GAKIN guanylate kinase associated kinesin

hDLG1 human discs large tumor suppressor 1

LRP1 LDL-receptor Related Protein 1

LDL low density lipoprotein

LDLr low density lipoprotein receptor

LPDS lipoprotein-deficient serum

MEFs mouse embryonic fibroblasts

MAGUK membrane-associate guanylate kinase

MD motor domain

MTOC microtubule-organizing center

NC neck coiled coil
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Highlights

1. The CAP-Gly domain-containing segment of kinesin motor KIF13B affects 

LRP1 functionality.

2. KIF13B forms a complex with LRP1 through the I3 domain of hDLG1.

3. Deletion of mouse CAP-Gly domain region results in mislocalization of 

KIF13B and LRP1 resulting in serum cholesterol elevation.

4. Double mutations of KIF13A and KIF13B leads to perinatal lethality with 

developmental anomalies.
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Fig. 1. 
Generation of KIF13A knockout and KIF13B mutant mouse models. (A & B) Cartoons of 

KIF13A (A) and KIF13B (B) mouse models generated by β-geo cassette insertion and their 

verification by PCR (top right panel) and Western blotting (bottom right panel). (C) The 

LacZ staining showing expression of truncated KIF13B protein in KIF13BΔCG embryo 

E12.5. (D) A representative image of newborn WT and DKO (KIF13A and KIF13BΔCG) 

pups found dead shortly after birth. Arrowheads indicate face deformity (short snout). Black 

arrow indicates milk in the stomach whereas white arrow shows stomach full of air. (E) Co-
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IP of GFP-KIF13A and FLAG-KIF13B co-transfected into FIEK293T cells. (F) Microtubule 

binding assay using the C-terminus of human KIF13B or human KIF13A tagged with TRX.
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Fig. 2. 
Characterization of lipid and factor VIII levels. (A) Lipid panel including total cholesterol, 

direct measurement of LDL, HDL, and VLDL of WT, KIF13A FLKO, and KIF13BΔCG 

serum from mice after 6 hours of fasting, n = 10 WT, 11 KIF13BΔCG, 6 KIF13A. 

Significant or nearly significant p values between WT and KIF13BΔCG: Total cholesterol, p 

= 0.033; LDL, p = 0.0042, HDL, p = 0.067. (B) Timed clot assay to measure factor VIII 

activity in WT and KIF13BΔCG mouse plasma, n = 5 for each genotype. (C) Time course of 

[3H]CO-LDL uptake by MEFs from WT and KIF13BΔCG mice. MEFs were stimulated 
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with 50 ug/ml of [3H]CO-LDL for 3, 4.5, 6, and 7.5 hours, and the amount of [3H]CO taken 

into the cells was measured. Measurements are from triplicate wells.
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Fig. 3. 
Subcellular localization of KIF13B and LRP1. (A, B, C) Localization of KIF13B in brain 

tissue from WT or KIF13BΔCG mice. (A & B) Paraffin-embedded sections of brain were 

stained with a polyclonal Ab that recognizes the N-terminus of KIF13B (red), which is 

present in both WT and KIF13BΔCG proteins, and nuclear counterstain with Hoechst or 

DAPI (blue) (A) and double stained with organelle specific markers (green) LAMP1 (B, 

top), PDI (B, middle), or TGN38 (B, bottom). Images were taken at 400X (A) or 600X (B), 

and insets are magnifications of up to two cells. Each image is a representativetion of 
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truncated KIF13B in confluent culture of MEFs (left) and after the scratch wound in MEFs 

to initiate cell migration (right). KIF13BΔCG can migrate to the leading edge of the 

fibroblasts (red arrows). Top panels were co-stained with β-tubulin and bottom panels show 

counter staining with Nuclear Fast Red. Of note, we performed γ-tubulin staining in 

fibroblasts to detect the position of MTOC. However, the double staining of γ-tubulin and 

LacZ activity was not feasible because the blue signal from LacZ stain completely masks the 

faint signal from the γ-tubulin (data reviewed but not shown). The blue dots appear to be 

reminiscent of the MTOC. (D) LRP1 subcellular localization in MEFs from WT or 

KIF13BΔCG mice. MEFs were stained with LRP1 (red) and nuclear counterstain with 

Hoechst (blue). Images were taken at 400X and a representative frame from three 

independent observations is shown. (E) LRP1 steady state protein expression in MEFs 

detected by Western blotting. Lysate from HUVECs served as a negative control for the 

LRP1 expression, and β-actin was used as a loading control.
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Fig. 4. 
Localization of 4A5 monoclonal antibody epitope in KIF13B. (A) Schematic representation 

of human KIF13B and mouse mutant KIF13BΔCG. Mouse mutant KIF13B truncates at the 

position corresponding to 1520 AA in the human sequence. (B) Western blot analysis of 

TRX-CT11. Purified recombinant TRX-CT11 protein was detected by Coomassie Brilliant 

Blue (CBB) stain (lane 1), and Western blotting with anti-TRX mAb (lane 2) and anti-

KIF13B mAb 4A5 (lane 3). (C) Recombinant protein constructs of KIF13B used to map the 

epitope of 4A5 mAb by Western blotting. (D) Total cell lysates of bacterially expressed 
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proteins were analyzed by CBB stain (left panel) and Western blotting with 4A5 mAb (right 

panel). (E) Position of the 4A5 mAb epitope relative to the CAP-Gly domain within human 

KIF13B sequence. The 4A5 mAb epitope is deleted in KIF13BΔCG.
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Fig. 5. 
Identification of I3 domain of hDLG1 as the binding site for LRP1. (A) Schematics of 

multiple GST-hDLG1 constructs used in the pull-down assays. Ponceau staining (below) 

shows expression of each GST fusion protein marked by an*. GST= tag only, FLI2= full 

length hDLG1 with insert 2, PDZ = PDZ domains 1,2, and 3, SI3G=SH3-insert 3-GUK 

domains, SI2G=SH3-insert 2-GUK domains, GUK=GUK domain, GUK-FL=GUK domain 

and C-terminus, I3=insert 3 only, I3-pY=I3 insert with pY segment, I3-GUK= Insert 3-GUK 

domains. All constructs contained the N-terminal GST tag. (B) Cartoon of LRP1 focusing 
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on the LRPI-β segment to identify the boundary of LRP1-Herz construct and location of 

NPxY motifs. The LRP1-Y4507 is mutated to LRP1-Y4507F. PM = plasma membrane. (C) 

Immunoblotting of LRP1-Herz in pull down assays from transfected FIEK293T cell lysates. 

LRP1 antibody detected exogenous LRPI-β (65 kDa) in the input lane, and in lanes 

corresponding to the beads that contained the I3 domain of hDLG1. (D) Immunoblotting of 

LRP1-Herz or LRP1-Y4507F in the pull-down assays from transfected HEK293T cell 

lysates. LRP1 mAb detected exogenous LRPI-β (65 kDa) in the input lane, and in lanes 

corresponding to the beads that contained the I3 domain of DLG1. Ponceau staining verified 

even loading and expression of GST constructs marked by an*. (E) Co-IP of LRP1 using an 

anti-hDLG1 mAb, anti-KIF13B mAb, and mouse IgG as negative control in the membrane 

fraction of HepG2 cells (top). Co-IP of DLG1 using an anti-LRP1 mAb, anti-KIF13B mAb, 

and pre-immune rabbit serum as negative control. The input lane is from the same 

membrane, but a shorter exposure is presented.
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Fig. 6. 
A proposed model for the LRP1-DLG1-KIF13B complex formation. (A) DLG1 serves as an 

adaptor by linking LRP1 with KIF13B. The LRP1-CT binds to the I3 domain of DLG1, 

which in turn utilizes its GUK domain to bind to the MBS domain of KIF13B. This model 

predicts that phosphorylation of Y4507 of LRP1-CT may induce a conformational change in 

its cytoplasmic domain that regulates its binding to DLG1. (B) A cartoon of truncated 

KIF13B expressed in KIF13BΔCG mice. The truncated KIF13B is mislocalized or 

destabilized at the plasma membrane preventing its interaction with DLG1 and suppressing 

LRP1 endocytosis.
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