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Abstract

Kidney injury molecule-1 (KIM-1) is a phosphatidylserine receptor that is specifically upregulated
on proximal tubular epithelial cells (PTECs) during acute kidney injury and mitigates tissue
damage by mediating efferocytosis (the phagocytic clearance of apoptotic cells). The signaling
molecules that regulate efferocytosis in TECs are not well understood. Using a yeast two-hybrid
screen, we identified the dynein light chain protein, Tctex-1, as a novel KIM-1-interacting protein.
Immunoprecipitation and confocal imaging studies suggested that Tctex-1 associates with KIM-1
in cells at baseline, but, dissociates from KIM-1 within 90 min of initiation of efferocytosis.
Interfering with actin or microtubule polymerization interestingly prevented the dissociation of
KIM-1 from Tctex-1. Moreover, the subcellular localization of Tctex-1 changed from being
microtubule-associated to mainly cytosolic upon expression of KIM-1. Short hairpin RNA-
mediated silencing of endogenous Tctex-1 in cells significantly inhibited efferocytosis to levels
comparable to that of knock down of KIM-1 in the same cells. Importantly, Tctex-1 was not
involved in the delivery of KIM-1 to the cell-surface. On the other hand, KIM-1 expression
significantly inhibited the phosphorylation of Tctex-1 at threonine 94 (T94), a post-translational
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modification which is known to disrupt the binding of Tctex-1 to dynein on microtubules. In
keeping with this, we found that KIM-1 bound less efficiently to the phosphomimic (T94E) mutant
of Tctex-1 compared to wild type Tctex-1. Surprisingly, expression of Tctex-1 T94E did not
influence KIM-1-mediated efferocytosis. Our studies uncover a previously unknown role for
Tctex-1 in KIM-1-dependent efferocytosis in epithelial cells.
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INTRODUCTION

The process of programmed cell death, or apoptosis, is characterized by distinct
morphological characteristics that serve as a mechanism for removing damaged or unwanted
cells from the organism (Kerr, 2002; Kerr, Wyllie, & Currie, 1972; Wyllie, Kerr, & Currie,
1980). Phagocytosis of apoptotic cells, termed efferocytosis (Vandivier, Henson, & Douglas,
2006), prevents the release of noxious and immunogenic materials from dying cells, which
reduces inflammation or inappropriate autoimmune response (Ren & Savill, 1998).
Efferocytosis is increasingly recognized to be important in tissue repair as well, for instance
after acute organ injury (Juncadella et al., 2013). Efferocytosis is usually carried out by
professional phagocytes (Albert et al., 1998; Duvall, Wyllie, & Morris, 1985), however,
amateur phagocytes, such as fibroblasts, retinal pigment epithelial cells, sertoli cells, and
more recently renal proximal tubular epithelial cells, also play roles in this process
(Finnemann, Bonilha, Marmorstein, & Rodriguez-Boulan, 1997; Ichimura et al., 2008;
Monks, Geske, Lehman, & Fadok, 2002; Patel et al., 2010; Shiratsuchi, Umeda, Ohba, &
Nakanishi, 1997). The direct or indirect recognition of apoptotic cells by phagocytes
involves the recognition of “eat-me” signals that are newly (e.g., exposed or modified lipids
or proteins) exposed on the surface of apoptotic cells. One of the most well characterized of
these signals is phosphatidylserine (PS) (Ravichandran & Lorenz, 2007).

Kidney injury molecule-1 (KIM-1) is a well characterized efferocytosis receptor that is
expressed on injured renal proximal tubular epithelial cells (TECs) (Ichimura et al., 1998,
2008). It recognizes phosphatidylserine on the surface of apoptotic cells (Ichimura et al.,
2008; Kobayashi et al., 2007; Miyanishi et al., 2007). KIM-1 was first identified in a cDNA
screen looking for proteins localized to the apical membrane of TECs following injury to
kidney commonly caused by ischemia or toxic insult (Ichimura et al., 1998). KIM-1 is a type
I transmembrane glycoprotein consisting of an N-terminal immunoglobulin V (IgV) domain,
a mucin domain, a transmembrane domain, and a cytoplasmic tail (Ichimura et al., 1998;
Santiago et al., 2007). The signaling mechanism and downstream mediators of phagocytic
signaling underlying KIM-1-mediated uptake of apoptotic cells are only now beginning to
be identified. Previously, KIM-1 was shown to interact with p85 following apoptotic cell
binding (Yang et al., 2015). This was shown to lead to down-regulation of the NF-xB
pathway and subsequent inhibition of inflammatory signaling during AKI. In addition, we
uncovered that KIM-1 interacts with the a subunit of heterotrimeric G12 protein (Ga.12) and
inhibits its activity to enable efficient efferocytosis (Ismail et al., 2015; Ismail, Zhang,
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Bonventre, & Gunaratnam, 2016). KIM-1-inhibition of Ga12-dependent RhoA activity was
specifically key for enabling KIM-1-mediated efferocytosis as RhoA inhibits this process
(Ismail et al., 2016; Nakaya, Tanaka, Okabe, Hanayama, & Nagata, 2006). Though several
proteins have been identified to interact with KIM-1, the detailed signaling mechanisms by
which KIM-1 regulates the uptake of apoptotic cells has not yet been fully elucidated.

Here we used a yeast two-hybrid system to screen a HeLa cDNA library to identify potential
interactors of the cytoplasmic tail of KIM-1 (aa 311-359). In this screen, Tctex-1 (or t-
Complex testis-expressed-1 or Dynein light chain Tctex-type 1 [DYNLT1 for short, hereon
is referred to as Tctex-1]) (King, Benashski, Lye, Patel-King, & Pfister, 1996; Lader, Ha,
O’Neill, Artzt, & Bennett, 1989) was isolated as a specific interactor of the LexA-
KIM-1311_359 bait. Tctex-1 (Dynein Light Chain Tctex-Type 1 protein coding gene) was
previously identified in a screen looking for candidate genes of the mouse t complex whose
aberrant expression may be functionally related to sterility and transmission ratio distortion
(Lader et al., 1989). It is a key component of the cytoplasmic light chain of the dynein motor
complex (King et al., 1996). Cytoplasmic dynein is a multicomponent, microtubule-based,
ATP-dependent motor unit that has several roles in intracellular retrograde transport, mitotic
spindle localization, and centrosome separation (Barton and Goldstein, 1996; Schroer, 1994;
Steuer, Wordeman, Schroer, & Sheetz, 1990). Tctex-1 plays diverse dynein-dependent and -
independent functions (Hirokawa, 1998; Hirokawa, Noda, & Okada, 1998; Lader et al.,
1989). Through dynein-dependent functions, Tctex-1 is associated with microtubules in
order to mediate a range of intracellular motile events that are important in the intracellular
targeting or sorting of proteins (Mueller, Cao, Welker, & Wimmer, 2002; Sachdev et al.,
2007; Tai, Chuang, Bode, Wolfrum, & Sung, 1999;). For example, Tctex-1 interacts with
rhodopsin, a GPCR, and transports vesicles containing rhodopsin from the Golgi apparatus
to the apical cell surface via tethering of Tctex-1 to the dynein complex on microtubules (Tai
etal., 1999; Tai, Chuang, & Sung, 2001). On the other hand, Tctex-1 has been shown to
function independent of dynein, to regulate actin cytoskeletal dynamics (Chuang et al.,
2005). Phosphorylation of Tctex-1 at Threonine-94 (Thr-94) has been shown to promote its
dissociation from the dynein light chain and may allow it to bind to other non-dynein
proteins to mediate dynein-independent functions (Chuang et al., 2005; Song, Benison,
Nyarko, Hays, & Barbar, 2007). In addition, Tctex-1 expression is restricted to certain
tissues, where immunoprecipitation of kidney, spleen, and testis tissues lysate showed higher
levels of Tctex-1 than brain tissue lysate (King et al., 1996). Despite advances in the
research regarding Tctex-1, most of the research into this protein has focused on the role of
Tctex-1 in neurogenesis, with little information about its role in the kidney (Tai et al., 2001).

In this report, in addition to uncovering the novel interaction between Tctex-1 and KIM-1,
we demonstrate a key role for this protein in efferocytosis for the first time. We showed that
Tctex-1 is phosphorylated upon stimulation of KIM-1-expressing cells with apoptotic cells
in a manner that is KIM-1-dependent. A phosphomimetic mutant of Tctex-1 (dynein-
independent form) interacted less efficiently with KIM-1 compared to wild type Tctex-1 or
phosphorylation-defective mutant of Tctex-1. Finally, we provide evidence to suggest that
Tctex-1 likely modulates KIM-1-dependent efferocytosis independent of the delivery of
KIM-1 to the apical surface of cells (Yeh, Peretti, Chuang, Rodriguez-Boulan, & Sung,
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2006). Altogether, our findings support the idea that Tctex-1 is an important signaling
protein downstream of KIM-1 that is required for efferocytosis.

MATERIALS AND METHODS

Cell culture and materials

Human Embryonic Kidney 293 (HEK-293) cells and human renal adenocarcinoma cell lines
(769-P) were cultured at 37 °C in 5% (vol/vol) CO, incubator and maintained in DMEM or
RPMI media (Invitrogen, Carlsbad, CA) containing 10% FBS (Invitrogen). Chemicals were
purchased from Sigma (Sigma-Aldrich, St. Louis, MO) unless stated. The pH-sensitive dye
pHrodo™ Red succinimidyl ester (pHrodo™ Red, SE), Alexa Fluor® 555 goat anti-mouse,
Alexa Fluor® 488 goat anti-mouse, Alexa Fluor® 488 goat anti-rabbit and DAPI (4’ ,6-
diamidino-2-phenylindole) were purchased from Life Technologies (Molecular probes,
Invitrogen). Cy3 conjugated-anti-tubulin antibody (ab.Tub2.1) was purchased from Abcam
(Cambridge, MA). Flag-tag or (DYKDDDDK Tag) Antibody (#5407) conjugated with
Alexa Fluor® 488 Conjugate was purchased from Cell Signaling Technology (Cell
Signaling Technology, Danvers, MA). Rhodamine phalloidin stain was purchased from
Cytoskeleton Inc., (Denver, CO). DYNLT-1 antibody used for confocal microscopy was
purchased from Proteintech Group Inc., (Chicago, IL) (1:50). Antibodies for Western blot
against Tctex-1 (1:800), actin (1:1000) were all purchased from Sigma-Aldrich. PE-
conjugated anti-human KIM-1 (1:100, clone 1D12) and PE-conjugated rat IgG2b isotype
control (1:100, clone RTK4530) were purchased from Biolegend (San Diego, CA). Anti-
KIM-1 (cytosolic domain) antibody was generated by immunizing rabbits against the
cytosolic domain of KIM-1 (Life Technologies, custom made) as previously described
(Bailly et al., 2002; Tai et al., 1999). KIM-1 antibody binding to the mucin domain of
KIM-1 (AKG7) was kindly provided by Dr. Bonventure (Harvard Medical School, Brigham,
and Women’s Hospital, Boston, MA). The anti-Phosphothreonine antibody (ab9337) was
purchased from Abcam. Complete Mini EDTA-free protease inhibitor cocktail tablets were
purchased from Roche Diagnostic (Basel, Switzerland). Cytochalasin D and Nocodazole
were purchased from EMD Millipore (Billerica, MA). Plasmid constructs for DYNLTI/
Tctex-1 were kindly provided by Dr. Robert Rottapel (University of Toronto, Toronto, ON)
and plasmid constructs for KIM-1 were from Dr. Bonventre (Harvard Medical School,
Brigham, and Women’s Hospital). Lipofectamine® 2000 (Life Technologies, Thermo Fisher
Scientific, Rockford, IL) was used for transfecting plasmid.

Yeast two-hybrid screening of KIM-1 interactors

The following primers were used to PCR a DNA fragment corresponding to the unique
cytoplasmic domain of human KIM-1 (aa 311-359): KIM-1 Fw 5’
ATAGCTGAATTCAAAAAGTATTTCTTCAAAAAGGAGGTTCAACAA-3”, Rw 5’
TAGCTCTCGAGTTAGTCCGTGGCATAAAGACTATT-3". Primers were designed with an
EcoRl site at the 5" end and an Xhol site at the 3" end. PCR products were digested and
cloned in frame into the prey pJG4-5 vector as previously described (Cilenti et al., JBC 279
(2004) 50295-50301). The EGY 48 yeast strain was transfected with pGilda-KIM-1371_359
and the expression and stability of the bait was monitored using Western blot analysis and
LexA antibodies (Ambivero, Cilenti, Main, & Zervos, 2014). A HeLa cDNA library was
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screened and several interactors were isolated. These interactors were characterized by DNA
sequencing and their specificity against the LexA-KIM-1311_359 Was further tested as
described (Ambivero et al., 2014; Zervos, Gyuris, & Brent, 1993).

Immunoprecipitation and Western blot

Cells were lysed with ice-cold lysis buffer containing 50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 2 mM EDTA, 1 mM NaVOQy,, 1 mM NaF, 1% Triton X-100, and complete mini
EDTA-free protease inhibitor cocktail tablets (Roche Diagnostic). For immunoprecipitation,
cell extracts containing 1.0-1.5 mg of the protein/ml were incubated with 10 pg of KIM-1
(cytosolic domain), or rabbit IgG (control) antibody and 20 pl of protein-A/G Sepharose
beads (Santa Cruz Biotechnology, Santa Cruz, CA) at 4 °C overnight. Beads were
centrifuged, washed three times, and suspended in 20 puL of SDS sample buffer and heated at
100 °C for 5 min. Lysates (representing 5% of total lysate) and immunoprecipitation
samples were separated under reducing condition and transferred to polyvinylidene
difluroide (PDVF) membranes (EMD Millipore). PDVF-membranes were probed with
antibodies specific to mucin domain of KIM-1 (AKG7) (1:1 dilution), cytosolic domain of
KIM-1 (1:1,500 dilution), Tctex-1 (1:800 dilution) or actin (1:2,000 dilution). The signal
was visualized using the appropriate horseradish peroxidase-conjugated secondary
antibodies and ECL western blot detection reagent (Luminata forte, EMD Millipore) and by
autoradiography (Biomax; Denville Scientific, South Plainfield, NJ).

GST-Tctex-1 pull down

The GST- Tctex-1 construct was transformed into £. colistrain BL21 and expression of the
fusion protein was induced by addition of 0.3 mM isopropyl-p-D-thiogalactopyranoside
(IPTG) for 3 hr at 37 °C. After lysing the bacterial cells by sonication, GST-fusion proteins
were purified by incubation with 1 ml of glutathione-Sepharose beads (Thermo Fisher
Scientific) overnight at 4 °C. This was followed by three washes with 1x PBS and aligoutes
of GST-Tctex-1 conjugated to glutathione-Sepharose beads were kept at —80 °C for future
use. Cells were lysed with ice-cold lysis buffer(50 mM Tris-HCI, pH 7.5,150 mM NaCl, 2
mM EDTA, 1ImM NaVOy,, 1 mM NaF, 1% Triton X-100) supplemented with complete mini
EDTA-free protease inhibitor cocktail tablets (Roche Diagnostic). 1 mg of protein lysate and
30ul of GST-Tctex-1 coupled glutathione-Sepharose beads were incubated together at 4 °C
for overnight. Beads were washed to remove non-specific binding and eluted using 20 pL of
SDS sample buffer and heated at 100 °C for 5 min. Both lysate and pull-down samples were
analyzed by SDS-PAGE and Western blotting to represent total and pull-down results,
respectively.

Immunofluorescence and confocal microscopy

HEK-293 cells were cultured at subconfluent density on poly-D-lysine hydrobromide
(Sigma-Aldrich) coated glass cover slips, and were transfected with constructs encoding
KIM-1 and flag-tagged Tctex-1. 769-P cells were grown on glass cover slips (without
coating) and fed fluorescently labelled apoptotic cells with pH-sensitive dye pHrodo™ Red
succinimidyl ester (Life Technologies, Molecular probes, Invitrogen) for indicated time
points (15-90 minutes). Cells were washed three times with 1x PBS. Cells were fixed with
4% paraformaldehyde followed by counterstaining of the nucleus with DAPI (0.5 pg/ml).
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Cells were then permeabilized with 0.25% Triton X-100 in 1x PBS for 5 min, and then
blocked for 1 hr at room temperature with 1% Bovine serum albumin (BSA) and 0.05%
Triton X-100 in 1x PBS. Cells were then incubated with Tctex-1(1:50) (Proteintech Group
Inc.) in 0.5% BSA/PBS at 4 °C overnight. Coverslips were washed three times with PBS and
incubated with Alexa Fluor® 488 goat anti-rabbit (1:500) at 37 °C for 1 hr. For flag-tag
staining, cells were incubated with flag-tag antibody conjugated with Alexa Fluor 488
(1:400) overnight. For surface staining of KIM-1, coverslips were washed three times with
PBS and incubated with antibody against mucin domain of KIM-1 (AKG) (1:1) at 4°C
overnight. Bound KIM-1 was labelled with Alexa 555 conjugated antimouse (1:1,000) at
room temperature for 1 hr. The specificity of immunostaining was demonstrated by the
absence of signal in sample processed using non-specific rabbit or mouse I1gG followed by
staining with the proper secondary antibody. For cytoskeleton staining, cells were
permeabilized with 0.25% Triton in 1x PBS for 5 min, and then stained with overnight with
Cy3-conjugated anti-tubulin antibody (Abcam). Coverslips were mounted using Shandon-
Mount® permanent mounting (Thermo Fisher Scientific) and viewed with FLUOVIEW
X83I confocal microscopy (Olympus, Tokyo, Japan). Data were acquired and analyzed
using FLUOVIEW FV10 ASW 4.0 viewer and ImageJ software (National Institutes of
Health, Bethesda, MD) to determine Pearson’s coefficient and Van Steensel score for
colocalization of KIM-1 and Tctex-1. Quantification of number of colocalization score was
assessed in three random fields per sample and was done in three independent experiments.

Phagocytosis assay and FACS analysis

To prepare apoptotic cells for phagocytosis assay, thymocytes were harvested from 3 to 6
weeks old C57BL/6 mice, and apoptosis was induced by UV exposure for 5 min followed by
incubation overnight at 37 °C in 5% CO» incubator in DMEM media supplemented by 10%
FBS and 1% Penicillin-streptomycin solution. Apoptotic thymocytes were stained with pH-
sensitive dye pHrodo™ Red succinimidyl ester (pHrodo™ Red, SE) at final concentration of
150nM for 30 min at room temperature. Labelled apoptotic cells were washed twice with 1x
PBS to remove access dye. The cells were counted and 3 x 106 were added to each well of
six-well plate (15 x 106 for 10 cm plates) and incubated for various time points at 37 °C in
5% CO> incubator. Cells were then placed on ice for 30 min to reduce non-specific binding
of apoptotic cells. The plates were then washed three times with ice-cold 1x PBS, and cells
were collected with 5 mM EDTA-PBS, and resuspended with FACS buffer (1xPhosphate-
buffered saline [PBS], 2% calf serum, and 0.1% sodium azide) for flow analysis. For
KIM-1-surface staining, the cells were blocked in PBS and 10% goat serum for 15 min,
followed by incubation for 30 min at room temperature with PE-conjugated anti-KIM-1
(human) and respective isotype control antibody at concentration of 1:100. All samples were
run on BD LSR Il flow cytometer (BD Biosciences, San Jose, CA). Percentage of
phagocytosis represented the number of cells that have internalized the apoptotic cell(s) as
indicated by higher fluorescence (104-10° on logarithmic scale). The ratio of phagocytosis
was calculated by dividing the percentage of uptake of apoptotic cells in treated cells or
transfected cells by the percentage of uptake of apoptotic cells in vehicle treated cells or
cells transfected with control plasmid. Engulfed cells with low fluorescence were excluded
from analysis.
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ShRNA Tctex-1

QPCR

shRNA Lentiviral Particles containing control ShRNA, Tctex-1 shRNA, and KIM-1 shRNA
were purchased from Santa Cruz Biotechnology. Cells were transfected according to
manufacturer suggestion. Transfected cells were kept underselection using 2 pg/ml
puromycin dihydrochloride (Santa Cruz Biotechnology) for 2 weeks prior to confirm a
successful knockdown using Western blotting and FACS.

KIM-1, Tctex-1, and GAPDH level was measured with quantitative PCR. The RNA was
extracted from cells using TRIzol™ Reagent (Ambion®, Thermo Fisher Scientific,
Waltham, MA) in accordance with the manufacturer’s instructions. The quality of RNA was
verified by measuring the samples absorbencies at 260 and 280 nm. The RNA was reversely
transcribed into cDNA using gScript™ cDNA SuperMix (QuantaBio, Beverly, MA). gPCR
was performed using SYBR selected master mix (Life Technology, Thermo Fisher
Scientific, Waltham, MA) and StepOne System (Applied biosystem, Thermo Fisher
Scientific, Waltham, MA). Melt curve was performed at the end of each reaction to verify
PCR product specificity. The results were normalized to GAPDH expression measured in
each sample. Primers were designed and ordered via IDT-Integrated DNA technologies (IDT
Inc., Coralville, 1A). Primer sequences for Tctex-1: F: 5'-
CTGCGGAGGAGACTGCTTTT-3"; R: 5" AGCAGGAACT TGCTGTGTGT-3". KIM-1: F:
5-CTG CCT ATC ACAACG CAG AA-3"; R:5'-TTCTTC CAG CAC CAC AGA AG-3’".
GAPDH: F: 5'-GGATTTGGTCGTATTGGG-3"; R: 5'-GGAA GATGGTGATGGGATT-3".

Racl and RhoA activation

Racl or RhoA activation was determined using G-LISA Racl or RhoA activity assay
according to the manufacturer’s instructions (Cytoskeleton, Denver, CO). Total RhoA was
determined using Total RhoA ELISA kit (Cytoskeleton). A total of 40 ug of protein was
used for activation assay and 20 pg of protein was used for total RhoA assay. Treatment with
5% serum after serum starvation overnight served as positive control for Racl activation
(Curtiss et al., 2011). Treatment of cells with 10 uM Nocodazole for 15 min served as
positive control for RhoA activation as indicated previously (Yano, Cong, Birge, Goff, &
Chao, 2000).

Quantification and statistics

Western blots were scanned and band intensity quantified using ImageJ software (National
Institutes of Health) after subtracting background and determining linear range. Level of
interaction of two proteins was determined by dividing the intensity value (obtained from
Western blotting) of protein being co-immunoprecipitated (Tctex-1) by the intensity value of
protein being immunoprecipitated (KIM-1). Graphs were obtained by using GraphPad Prism
software (Graph Pad Software, Inc., La Jolla, CA). Statistics were done using IBM SPSS
statistic 22 (IBM, Armonk, NY). Significance was determined by using one-way ANOVA
with Tukey post hoc test or unpaired t test where indicated.
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KIM-1 interacts with Tctex-1 during the early phase of efferocytosis

The cytosolic domain of KIM-1 (amino acids 311-359) has been shown to mediate cell
signaling in a variety of cell types including T cells (Binne, Scott, & Rennert, 2007; Curtiss
et al., 2011) and kidney TECs (Balasubramanian, Kota, Kuchroo, Humphreys, & Strom,
2012; Ismail et al., 2015; Yang et al., 2015). Though we previously uncovered a role for the
heterotrimeric G-protein, Ga12/GNA12 in the negative regulation of efferocytosis (Ismail et
al., 2015), to date the phagocytic signaling pathway(s) that regulate KIM-1-dependent
efferocytosis remains largely unknown. To this end, we performed a yeast-two-hybrid screen
using the cytoplasmic tail of human KIM-1 311_359 as a bait and screened a HeLa cDNA
library to identify potential interacting proteins (Park et al., 2007; Zervos et al., 1993).
Twelve interactors were isolated representing two different cDNAs: (a) Tctex-1/DYNTL1
(Lader et al., 1989); and (2) y-aminobutyric acid type A receptor (Wang, Bedford, Brandon,
Moss, & Olsen, 1999) (GABARAP) . Analysis of the interaction between Tctex-1 and
KIM-1 311_359 is shown in Supplementary Figure S1. Because of the important role that
Tctex-1 plays in modulating actin cytoskeletal dynamics (Chuang et al., 2005; Meiri et al.,
2012), and the requirement of the cytoskeleton for the formation of phagocytic arms during
phagocytosis (Chimini & Chavrier, 2000), we selected the Tctex-1 for further study. To
validate the results from the yeast two-hybrid screen, we performed co-immunoprecipitation
(co-1P) experiments using HEK-293 cells that were transfected with both human GFP-
tagged KIM-1 and human flag-tagged Tctex-1 (Figure 1a, Supplementary Figure S2). We
further confirmed this interaction by detecting the colocalization of both proteins when
overexpressed by HEK-293 cells via immunofluorescent labelling and confocal microscopy
(Figure 1b).

Given the important role of KIM-1 (a phosphatidyserine receptor) in efferocytosis in the
kidney (Ichimura et al., 2008; Kobayashi et al., 2007; Miyanishi et al., 2007), we sought to
determine whether the interaction between KIM-1 and Tctex-1 remains intact during the
course of phagocytosis. Using co-IP experiments, we found a significant decrease in the
interaction between KIM-1 and Tctex-1 between 60 and 90 min (later stages of
phagocytosis) after stimulation with apoptotic cells (Figure 1c). Though the exogenous
expression of both proteins in HEK-293 cells provided evidence of the interaction, it did not
necessarily reflect normal cellular physiology. To address this, we utilized the human renal
adenocarcinoma cell line, 769-P, which endogenously expresses both human KIM-1 (Bailly
etal., 2002) and Tctex-1 (Gunaratnam, unpublished data). Co-IP results obtained from 769-
P cells confirmed the previously observed loss of interaction between KIM-1 and Tctex-1
during the later stages of phagocytosis (Figures 1d and 1e).

To further corroborate these data, GST pull-down assays were performed. A fusion protein
consisting of GST fused to full-length Tctex-1 (GST- Tctex-1) was used to test GST- Tctex-1
interaction with KIM-1 during the course of phagocytosis (Gauthier-Fisher et al., 2009). As
observed before, a significant reduction in the interaction between KIM-1 and GST- Tctex-1
was observed during the later stages of uptake of apoptotic cells (90 min) (Figures 1f and
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1g). Taken together, these data confirmed that the interaction between KIM-1 and Tctex-1 is
dynamic and appears to decline during the course of KIM-1-dependent phagocytosis.

Intracellular colocalization of Tctex-1 and KIM-1 occurs during the early stages of

phagocytosis
We performed confocal immunofluorescence analysis to determine the degree of
colocalization between KIM-1 and Tctex-1 during the course of apoptotic cell engulfment.
Using an antibody directed against the extracellular domain of KIM-1 to stain for
endogenous KIM-1 expression in 769-P cells, we found KIM-1 to be distributed on the cell-
surface and within the intracellular compartments reminiscent of the golgi apparatus as
previously reported (Machacek et al., 2009). On the other hand, immunostaining for
endogenous Tctex-1 revealed diffuse cytoplasmic staining with some staining concentrated
in the perinuclear region as previously reported (Campbell, Cooper, Dessing, Yates, &
Buder, 1998). Double staining showed that both Tctex-1 and KIM-1 colocalized to the
cytoplasmic compartment of the cells at baseline (prior to addition apoptotic cells) (Figure
2a). However, the colocalization of KIM-1 and Tctex-1 became decreased between 15 and
90 min of addition of apoptotic cells (Figure 2a). In order to quantify the colocalization
images of KIM-1 and Tctex-1, we analyzed the results using JACoP software (as indicated
in the experimental procedures section) to determine the Pearson’s coefficient. We
concluded that the level of colocalization decreased significantly during the later stages of
phagocytosis (Figure 2b), consistent with the immunoprecipitation data presented above.
Given the fact that some consider evaluating colocalization using Pearson’s coefficient to be
ambiguous as it incorporates noise and fluorescence intensity variation in analysis (Li et al.,
2011), we also analyzed the data according to Van Steensel’s approach (Wong, Pertz, Hahn,
& Bourne, 2006). Similar to Pearson’s coefficient, we found that the colocalization
decreased significantly during later stages of apoptotic cells uptake (Figure 2c). These
results suggest that during the process of KIM-1-mediated phagocytosis, there is a temporal
decrease in the colocalization between KIM-1 and Tctex-1.

Interfering with actin or microtubule polymerization restores the interaction of KIM-1 with
Tctex-1 during the later stages of phagocytosis

Previous results showed that the interaction between KIM-1 and Tctex-1 was influenced by
events occurring during the late stages of phagocytosis. Local remodeling of the underlying
actin cytoskeleton and microtubule network is crucial for corpse uptake during the later
stages of efferocytosis (Freeman & Grinstein, 2014; Harrison & Grinstein, 2002; Toda,
Hanayama, & Nagata, 2012). To determine the importance of actin and microtubule stability
during KIM-1-mediated phagocytosis, we pretreated 769-P cells with cytochalasin D and
nocodazole, inhibitors of actin filament polymerization and microtubule formation,
respectively. The 769-P cells were subsequently fed fluorescently-labelled apoptotic cells
and the level of uptake was determined by flow cytometry. As expected (Elliott et al., 2010;
Hartwig, Davies, & Stossel, 1977), there was a significant reduction in the level of the
uptake of apoptotic cells compared to the control-treated cells (Figure 3a). We then
determine whether actin and microtubule changes that normally take place during
phagocytosis contributed to the loss of KIM-1-Tctex-1 interaction. We performed co-IP
following pretreatment with either vehicle, nocodazole or cytochalasin D, and stimulating
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with apoptotic cells for 90 min. We observed a restoration of the interaction between KIM-1
and Tctex-1 following cytochalasin D and nocodazole treatment, to a level similar to
unstimulated cells (Figures 3b and 3c). Altogether, these results suggest that disrupting the
actin network or microtubule cytoskeleton strengthens the interaction between KIM-1 and
Tctex-1. It is not clear if disruption of the KIM-1 and Tctex1 interaction is required for
efferocytosis to proceed.

Tctex-1 mediates phagocytosis by KIM-1

The above data characterized the interaction between KIM-1 and Tctex-1 during
phagocytosis, but did not identify whether Tctex-1 was required for phagocytosis of
apoptotic cells. To test this, we transfected 769-P cells with lentiviral particles with either
control sShRNA (shControl), KIM-1 shRNA (shKIM-1), or Tctex-1 shRNA (shTctex-1) per
manufacturer recommendation. We selected a heterogeneous population of the cells using
puromycin dihydrochloride. The cells were lysed and protein level was determined using
Western blotting (Figure 4a). The fold change in expression of KIM-1 and Tctex-1 in these
cells was also determined using gPCR assay (Figure 4b). In order to test the sensitivity of
Tctex-1 antibodies to its knockdown, the level of Tctex-1 expression in the cells was
visualized using confocal microscopy (Figure 4c). These data confirmed that both Tctex-1 or
KIM-1 were effectively knocked down in 769-P shTctex-1 or 769-P shKIM-1 cells,
respectively. Next, these cells were fed fluorescently labelled apoptotic cells for 90 min and
level of uptake was measured by flow cytometry. When we compared the phagocytic
capacity between 769-P cells and 769-P cells with control shRNA to the Tctex-1 shRNA
treated cells, Tctex-I-silenced cells exhibited a significant decrease in the level of uptake of
apoptotic cells (Figure 4d). The degree to which efferocytosis was inhibited by sShRNA
against Tctex-1 was similar to that observed in 769-P with KIM-1 shRNA. As Tctex-1 had
been shown to play a role in cellular cargo trafficking through its dynein-dependent function
(Mueller et al., 2002; Palmer, MacCarthy-Morrogh, Smyllie, & Stephens, 2011; Tai et al.,
1999), we determined whether silencing Tctex-1 inhibited phagocytosis because of
decreased trafficking of KIM-1 to the cell-surface. To this end, we measured KIM-1 surface
expression in 769-P cells with Tctex-1 shRNA and compared it to cells transfected with
control ShRNA or no shRNA (Figure 5a). We utilized 769-P with KIM-1 knockdown as a
negative control in surface staining. We did not observe any significant difference in KIM-1
surface expression between 769-P, 769-P with control ShRNA and 769-P cells with Tctex-1
shRNA (Figure 5b). Furthermore, we examined whether silencing Tctex-1 would affect cell
viability by staining these different ShRNA cells with PI (necrotic) or Annexin V (apoptotic)
dye (Figure 5c). We failed to observe any significant difference between 769-P, 769-P
shControl, 769-P shKIM-1, and 769-P shTctex-1 cells. The above data suggested that
Tctex-1 plays an important positive role in KIM-1-mediated phagocytosis independent of
affecting surface expression of KIM-1.

Threonine phosphorylation of endogenous Tctex-1 is enhanced following KIM-1 silencing

As Tctex-1 has been previously shown to associate with microtubules to mediate a range of
intracellular motility events, such as retrograde trafficking in neurons and receptor
trafficking (Sachdev et al., 2007; Tai, Chuang, & Sung, 1998), we assessed whether
silencing KIM-1 expression would have an effect on Tctex-1 association with microtubules.
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We, therefore, stained the KIM-1 knockdown and Tctex-1 knockdown cells with Cy3-
conjugated beta-tubulin antibody and anti-Tctex-1 antibody to study the localization of
Tctex-1 in the presence and absence of KIM-1 (Figure 6). Most of the KIM-1 silenced cells
exhibited a highly organized tubulin-structure with Tctex-1 staining pattern that seemed to
overlap with microtubule structures when compared to control shRNA cells. As the
phosphorylation of Tctex-1 at Threonine-94 (Thr-94) has been shown to be a crucial step in
the dissociation of Tctex-1 from the dynein light chain and consequently microtubule
filaments (Chuang et al., 2005; Song et al., 2007), we tested whether Tctex-1 is
phosphorylated in 769-P untransfected, or 769-P shControl and 769-P shKIM-1 cells. We
performed immunoprecipitation of Tctex-1 followed by immunoblotting for Tctex-1 and
phosphorylated threonine (pThr) in immunoprecipitated amount (Figure 7). We observed
that Tctex-1 is not phosphorylated at baseline (and there is no difference) in shControl and
shKIM-1 cells. However, when cells were stimulated with apoptotic cells, the level of
Tctex-1 we observed increased phosphorylation of Tctex-1 in both shControl and shKIM-1
cells (Figure 7). Interestingly, the threonine phosphorylation was higher in shKIM-1 cells
compared to the control cells when stimulated with apoptotic cells (Figure 7b). The above
data suggest that KIM-1 suppresses the (Thr-94) phosphorylation of Tctex-1 that occurs
following apoptotic cell-uptake.

Phosphomimetic mutant of Tctex-1 fails to interact with KIM-1, but does not affect KIM-1-
mediated phagocytosis

Next, we sought to determine here whether the phosphorylation of Tctex-1 (and its ability to
bind dynein) would influence its interaction with KIM-1. HEK-293 cells were transfected
with KIM-1 and various Tctex-1 constructs. One of these plasmids expresses the
phosphomimetic mutant of Tctex-1 (T94E), which fails to be incorporated into the dynein
complex, resulting in a dynein-free form of Tctex-1 (Chuang et al., 2005). As a control, a
construct encoding an unphosphorylated mimic of Tctex-1 mutant (T94A) was also used, As
it has been shown to have a similar action to wild type Tctex-1 in its ability to bind to dynein
complex (opposite effect of T94E). We also compared the effects of these mutants to wild
type Tctex-1. We then performed co-1P experiments to detect the binding of KIM-1 to the
different forms of Tctex-1 either before or after stimulation with apoptotic cells for 90 min.
The phosphomimetic mutant of Tctex-1 (T94E) showed a significant decrease in the
interaction with KIM-1 regardless of whether the cells were stimulated with apoptotic cells
or not (Figures 8a and 8b). On the other hand, both wild type and unphosphorylated mimic
mutant (T94A) forms of Tctex-1 bound to KIM-1 and showed no significant difference in
their ability to interact with KIM-1. Next, we tested whether the phosphorylation status of
Tctex-1 would have an effect on KIM-1-mediated efferocytosis. Following transfection of
HEK-293 cells with KIM-1 and each individual Tctex-1 construct, cells were fed
fluorescently-labelled apoptotic cells for 90 min and phagocytic ability was measured by
flow cytometry (Figure 8c). Remarkably, no significant differences in phagocytic ability
were seen between KIM-1-expressing HEK-293 cells that were transfected with either wild
type, unphosphorylated mimic of Tctex-1 mutant (T94A), or the phosphomimetic mutant of
Tctex-1 (T94E) (Figure 8d). In order to further confirm that there is no effect of
phosphomimetic mutant of Tctex-1 on KIM-1-dependent phagocytosis, we performed an
experiment where we rescued Tctex-1 expression in 769-P stably expressing shTctex-1 with
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a different Tctex-1 construct (WT, T94A, T94E) for 48 hr and measured their protein
expression using Western blotting (Figure 9a). As expected, the transfection rescued
expression of Tctex-1 in these cells and did not affect KIM-1-expression. Next, we
stimulated these cells with fluorescently-labelled apoptotic cells for 90 min and found that
there was a significant decrease in KIM-1-medicated efferocytosis when compared to cells
stably transfected with control shRNA (Figures 9b and 9c). However, all the different
Tctex-1 constructs (WT, T94A, T94E) transfected into shTctex-1 cells were unable to rescue
the phagocytic phenotype in shTctex-1 cells. In order to visualize whether these different
DYNTL1 construct are active in the cells, we immunostained shTctex-1 cells transfected
with different Tctex-1 construct (WT, T94A, T94E) with Alexa488-conjugated anti-flag
antibody (staining for transfected Tctex-1) and Cy3-conjugated beta-tubulin stain (Figure
9d). As expected, Tctex-1 T94E construct showed a staining pattern that is independent of
tubulin structure, as it is phosphomimic and does not bind to dynein. On the other hand, both
Tctex-1 T94A and Tctex-1 WT colocalized with tubulin structures, as both forms of Tctex-1
retain their ability to bind to dynein which is part of microtubule structure. To rule out any
toxic effects from our experimental strategy, we tested the viability of shTctex-1 cells
transfected with these different constructs using Annexin V and PI staining (Supplementary
Figure S3). There was no significant difference in cell death between cells with control
SshRNA, Tctex-1 shRNA, and Tctex-1 shRNA transfected with different Tctex-1 constructs.
Altogether, these results argued that the phosphorylation of Tctex-1 at Threonine-94 affected
the interaction between KIM-1 and Tctex-1, but did not impact KIM-1-mediated
phagocytosis.

Tctex-1 regulates KIM-1-mediated phagocytosis through a Rho GTPase-independent

pathway

The above experiments, suggested that Tctex-1 expression was crucial for KIM-1-dependent
apoptotic cell-uptake. Tctex-1 has been shown previously to modulate the actin cytoskeleton
through activation of Racl (Albert, Kim, & Birge, 2000; Campbell et al., 1998; Chuang et
al., 2005) and RhoA (Conde et al., 2010; Mclntire et al., 2001; Meiri et al., 2009). With
regard to phagocytosis, it is well established that these Rho GTPases play important roles in
actin cytoskeleton organization (Ridley, 2001; Ridley & Hall., 1992). Specifically, RhoA and
Rac1 have been proposed to have opposing effects on the actin cytoskeleton and
efferocytosis (Hall & Nobes, 2000; Meyer, Hunt, Schwesinger, & Denker, 2003; Mueller et
al., 2002; Nakaya et al., 2006). We previously showed that inhibition of RhoA significantly
increased KIM-1-dependent uptake of apoptotic cells via KIM-1 interaction with the
heterotrimeric G-protein, Ga12 (Ismail et al., 2015, 2016). On the other hand, Racl was
found to have a positive role in KIM-1-mediated phagocytosis as its inhibition lead to
decrease in KIM-1-mediated phagocytosis. With this in mind, the level of Racl activity was
measure following 769-P cell incubation with apoptotic cells over the course of
phagocytosis (0-90 min). Surprisingly, Racl activity seemed to increase minimally during
uptake of apoptotic cells (Figure 10a). To test whether Tctex-1 silencing modified the actin
cytoskeleton via Racl, we measured Racl activation of 769-P cells with Tctex-1 shRNA or
control shRNA following stimulation with apoptotic cells. The level of Racl activation was
not significantly altered following silencing of Tctex1-1 during the course of apoptotic cell-
engulfment (Figure 10b). To test the role of RhoA, we first measured the level of active
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RhoA during KIM-1-mediated phagocytosis. We found a steady increase in the level of
active RhoA during the uptake process of apoptotic cells by 769-P cells with significant
difference seen during the late stage of phagocytosis (90 min) (Figure 10c). This result was
consistent with our previous data measuring the level of active RhoA during uptake of
apoptotic cells in HEK-293 cells expressing human KIM-1 (Ismail et al., 2016). Moreover,
upon silencing of Tctex-1 in 769-P cells (shTctex-1), we did not observe any change in level
of active RhoA when compared to control sShRNA cells, regardless whether cells were
stimulated with apoptotic cells or not (Figure 10d). These data suggested that Tctex-1 does
not regulate Racl or RhoA activation in cell culture model during KIM-1-dependent
efferocytosis.

DISCUSSION

KIM-1 is a phosphatidylserine receptor that is specifically upregulated by tubular epithelial
cells (TECs) during ischemic or toxic AKI and enables TECs to clear apoptotic and necrotic
cell debris (Arai et al., 2016; Ichimura, Hung, Yang, Stevens, & Bonventre, 2004; Ichimura
et al., 2008). In this paper, we explored the intracellular signaling pathways downstream of
KIM-1. We identified a novel functional interaction between Tctex-1 (Chuang et al., 2005;
Meiri et al., 2012) and KIM-1. We have shown that the interaction between KIM-1 and
Tctex-1 is a dynamic process and dissipates during the later stages of apoptotic cell
engulfment. Inhibition of actin and microtubule polymerization also restored KIM-1 binding
to Tctex-1 during the later stages of phagocytosis suggesting that the cytoskeleton plays a
role in this process. We also report a previously unknown and positive role of Tctex-1 in
KIM-1-mediated efferocytosis, as knocking down Tctex-1 inhibited phagocytosis similar to
effects seen by knocking-down KIM-1. Interestingly, our immunostaining experiments
suggest that cellular Tctex-1 which associates with microtubules in the absence of KIM-1,
dissociates from the microtubules as a result of KIM-1 expression. This phenomenon may be
driven by KIM-1-dependent inhibition of Threonine 94 phosphorylation of Tctex-1
following efferocytosis. Indeed, we found (using the Thr-94 phosphomimetic mutant of
Tctex-1) that phosphorylation of Tctex-1 at Threonine-94 diminishes interaction between
KIM-1 and Tctex-1 regardless of whether apoptotic cells were added or not. Data presented
in Figure 10 suggests that Tctex-1 likely mediates KIM-1 phagocytic function through a
non-canonical pathway independent of RhoA and Rac1l GTPases.

The loss of interaction between KIM-1 and Tctex-1 during the later stages of phagocytosis
suggests that Tctex-1 has a dynamic role in corpse engulfment. Recently, it was reported that
TIM-1 (another name for KIM-1) undergoes dynamic cycling through clathrin-dependent
vesicles to mediate the lysosomal degradation of NUR77 (Balasubramanian et al., 2012), a
nuclear receptor implicated in apoptosis and cell survival (Machacek et al., 2009).
Throughout our experiments, we did not find any evidence of Tctex-1 degradation during the
entire period of phagocytosis (90 min) as determined by Western blot. Moreover, knocking
down Tctex-1 in KIM-1-expressing cells did not affect apoptosis or necrosis. Given what is
known about Tctex-1 in the trafficking of various cell-surface receptors (Machado et al.,
2003; Mueller et al., 2002; Tai et al., 1998), it was surprising that Tctex-1 did not regulate
KIM-1 trafficking to the cell-surface. This was evident from our examination of cell-surface
expression of KIM-1 in Tctex-1 silenced cells.
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The phosphorylation of Tctex-1 at Threonine-94 has been shown to promote Tctex-1
dissociation from the dynein light chain complex which is required to promote dynein-
independent functions (Chuang et al., 2005; Li et al., 2011). For example, phosphorylation
of Tctex-1 has been linked to enhanced neurite outgrowth activity (Chuang et al., 2005),
such as ciliary disassembly, leading to cell cycle progression and S-phase entry for neural
progenitor cells (Li et al., 2011). The change in Tctex-1 staining pattern when KIM-1 was
silenced suggested that KIM-1 expression strongly influences the localization of Tctex-1.
This change in localization from more cytosolic to tubulin-associated staining could be due
to Thr-94 phosphorylation of Tctex-1 as seen in immunoprecipitation study following
apoptotic cell-stimulation and silencing of KIM-1. The perplexing data with regards to the
lack of an effect of the T94E Tctex-1 mutant on phagocytosis and the inability of wild type
and T94A Tctex-1 mutant to rescue phagocytosis in Tctex-1 silenced cells is likely reflective
of unimportance of Tctex-1 phosphorylation level in KIM-1-mediated phagocytosis.
Alternatively, this could be explained by the presence of adequate endogenous Tctex-1 to
overcome the effects of the mutants.

Cytoplasmic Tctex-1 has been shown to regulate microtubules and the actin cytoskeleton
through activation of Racl and RhoA, respectively (Chuang et al., 2005; Meiri et al., 2012,
2014). Recently, it was shown that Tctex-1 sequesters a key Rho guanine exchange factor,
GEF-H1 and tethers it to microtubules allowing Racl to execute its function unopposed by
RhoA (Mclintire et al., 2001; Meiri et al., 2012). Upon activation, Tctex-1 was shown to
release GEF-H1 tethered to microtubules, allowing it to then activate RhoA by promoting
GDP exchange for GTP. Because we previously demonstrated that Racl is required for
KIM-1-dependent phagocytosis, we tested whether Tctex-1 relays its signaling through Racl
in KIM-1-expressing cells. However, we failed to see any difference in the level of Racl
activation upon silencing of Tctex-1. Thus, we propose that Tctex-1 may mediate
efferocytosis independent of Racl. Furthermore, we determined that RhoA is also not
involved in mediating Tctex-1 phagocytic signaling during KIM-1-mediated efferocytosis.
Moreover, we propose that other GTPases (e.g., cdc42) or non-GTPase pathways might
affect Tctex-1-mediated phagocytic signaling (Conde et al., 2010). Interestingly, Tctex-1 has
been shown to bind equally to small GTPase Rab3D for translocation to microtubules
(Pavlos et al., 2011) and small GTPase RagA(Ras superfamily of small G proteins) for
linking Tctex-1 to dynein motor complex (Merino-Gracia et al., 2015). We predict that
maybe other small GTPases could interact with Tctex-1 following the apoptotic cells
stimulation replacing KIM-1 and influencing Tctex-1 phosphorylation.

To our knowledge, this is the first study that has explored a physiological function for
Tctex-1 in kidney cells, and moreover in efferocytosis. The logical next step would be to
determine if Tctex-1 has any role in AKI or kidney repair. Given that Tctex-1 has been
shown to be involved in regulating cilium resorption during neurogenesis (Li et al., 2011,
Ridley & Hall, 1992), a potential mechanism for involvement in AKI might be through
regulation of the cilium of renal TECs, which act as flow sensors (Kotsis et al., 2007). In
fact, a number of human renal syndromes, including polycystic kidney disease, Bardet-Biedl|
syndrome and nephronophthisis (Balasubramanian et al., 2012), have been shown to involve
dysfunctional cilia, a microtubule-based organelle. Our present work linking Tctex-1 to
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KIM-1-mediated phagocytosis by TECs for the first time is likely to lead to new avenues of
research into the role of Tctex-1 in AKI and other chronic kidney diseases.

Supplementary Material

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

ACs apoptotic cells
AKI acute kidney injury
HEK-293 human embryonic kidney-293; human renal

adenocarcinoma cell lines (769-P)

KIM-1 kidney injury molecule-1 (human)
Kim-1 kidney injury molecule-1 (mouse)
pHrodo pH-sensitive dye pHrodo™ Red succinimidyl ester
Tctex-1 dynein light chain Tctex-type 1
Tctex-1 t-Complex testis-expressed-1
Tctex-1-WT wild type flag-tagged Tctex-1
Tctex-1-T94A non-phosphorylated mimic flag-tagged Tctex-1
Tctex-1-T94E phosphorylated mimic flag-tagged Tctex-1
TECs tubular epithelial cells
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KIM-1 interacts with Tctex-1 during the early stages of phagocytosis, (a) Human embryonic
kidney-293 (HEK-293) cells transfected with human KIM-1-GFP and flag-tagged Tctex-1
were lysed for immunoprecipitation (IP) using antibody against the cytosolic domain of
KIM-1 or control non-specific mouse immunoglobulin antibody (IgG). (b) Cells in A were
visualized for interaction using immunostaining for KIM-1 (red) and Tctex-1(green) as
indicated in the experimental procedures section. Nuclei was stained with DAPI (blue)
(600x%, bar represents 40 um). (c) Cells in A were stimulated with apoptotic cells (ACs) for
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various time points (minutes) and IP was performed using KIM-1 antibody or control mouse
1gG. (d) 769-P cells were stimulated with apoptotic cells and IP was performed similarly to
C. (e) The level of bound Tctex-1 to KIM-1 was determined based on densitometry values
obtained by Western blotting (7= 3, **p < 0.01, ***p < 0.001, one-way ANOVA). (f) GST
and GST- Tctex-1 pull-down was performed on 769-P cells that were left unstimulated or
stimulated with apoptotic cells for indicated time (in minutes), (g) The level of KIM-1
bound to GST- Tctex-1 was determined based on densitometric values obtained from
Western blotting (7= 3, **p < 0.01, one-way ANOVA). All samples in (a), (c), (d), and (f)
were analyzed by SDS-PAGE followed by immunoblotting with antibodies against KIM-1,
Tctex-1, and actin. The input lane represents 5% of the lysate. The data represents three
independent experiments
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FIGURE 2.
KIM-1 co-localizes with Tctex-1/DYNLT-1 during the early stages of phagocytosis. (a) 769-

P cells were stimulated with apoptotic cells (blue) for various time points. Both KIM-1 and
Tctex-1 were visualized using immunostaining for Tctex-1 (green) and KIM-1 (red) using
Alexa-488 and Alex-555 labeled secondary antibodies as indicated in the experimental
procedures section. Nuclei was counter-stained with DAPI (blue) (600x, bar represents 40
pum). Further magnification is shown for the phagocytic cup formed by KIM-1 and apoptotic
cells (bar represents 10 um). Vertical lines appearing at 90 min of apoptotic cells-stimulation
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are suggestive of Tctex-1 trafficking along microtubules as indicated previously (47). (b)
Images of colocalization of both KIM-1 and Tctex-1 over the time course of phagocytosis
were analyzed using Pearson’s coefficient (7= 3, ***p < 0.001, one-way ANOVA). (c)
Colocalization of both KIM-1 and Tctex-1 during the course of uptake of apoptotic cells was
analyzed using the Van Steensel’s approach, where the cross correlation function (CCF) was
calculated with a pixel shift of £20 (7= 3, ***p < 0.001 compared to none stimulated cells,
one-way ANOVA). Quantification of colocalization score was assessed based on three
random fields per sample and was done in three independent experiments
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Inhibition of KIM-1-mediated phagocytosis by inhibiting actin and microtubule dynamics
restores the interaction between Tctex-1 and KIM-1 following apoptotic cell uptake. (a) 769-
P cells were treated with vehicle (DMSO), nocodazole (10 pM) or cytochalasin D (1 pM)
prior to adding fluorescently labeled apoptotic cells (pHrodo red) for 90 min (ACs 90). The
percentage of uptake of the apoptotic cells as indicated by high pHrodo red fluorescence was
measured by flow cytometry (=3, ***p < 0.001, unpaired £test). (b) Cells in (a) were
either unstimulated or stimulated with apoptotic cells for 90 min and used for
immunoprecipitation (IP) using KIM-1 antibody as described in the experimental procedures
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section. All samples were analyzed by SDS-PAGE followed by immunoblotting with
antibodies against KIM-1, Tctex-1, and actin. The input lane represents 5% of the lysate. (c)
Level of Tctex-1 bound to KIM-1 following different treatments was determined based on
densitometric values obtained from three independent Western blotting experiments (7= 3,
*p < 0.05, unpaired ~test)
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FIGURE 4.
TCTEX-1 expression is required for KIM-1-mediated efferocytosis. (a) 769-P cells were left

untransfected or stably transfected with either control shRNA (shControl), KIM-1 shRNA
(shKIM-1), or Tctex-1 shRNA (sh Tctex-1). Cells were lysed and protein levels of
shTCTEX-1, KIM-1, and actin were determined by immunoblotting. (b) RT-gPCR analysis
of the expression levels of KIM-1 and Tctex-1 in different cells presented in (a). The gPCR
results were normalized to GAPDH and compared with the expression level in 769P
untransfected (none) (7= 3, ** p<0.01, unpaired £test). (c) Cells in (a) were grown on
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glass coverslips and stained for endogenous TCTEX-1 using immunostaining for Tctex-1
(green) via AlexaFluor-488 labeled secondary antibodies as indicated in the experimental
procedures section (600x, bar represents 20 pm). (d) Cells were fed fluorescently labeled
apoptotic cells (pHrodo red) for 90 min. The percentage of uptake of apoptotic cells was
determined by flow cytometry as shown in the plots of side-scatter (SSC) versus pHrodo red
(apoptotic cells). The percentage of phagocytosis was measured by flow cytometry and
shown as representation of four independent experiments (7= 4, ***p < 0.001, unpaired &
test)
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Tctex-1 Knockdown does not affect KIM-1-surface expression or cell viability. (a) 769-P
cells were left untransfected or stably transfected with either control ShRNA, KIM-1 shRNA,
or Tctex-1 shRNA. Cells were stained for surface KIM-1 using PE-conjugated anti-KIM 1
antibody and its isotype control, without permeabilization. The level of KIM-1-surface
expression was determined by flow cytometry as shown by KIM-1-surface expression
hectographs. (b) Representative graph of the mean fluorescence intensity (MFI) of the flow
cytometry data from (a) was shown as representative of four independent experiments (1= 4,
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*p < 0.05 compared to none, **p < 0.001 compared to none and shControl, unpaired #test).
(c) Cells in (a) were stained with Pl and FITC-conjugated Annexin V to determine the
percentage of live (negative Annexin V and PI), apoptotic (positive Annexin V only),
necrotic (positive Pl only), and late apoptotic (positive for Annexin V and PI) cells. The
graph represents four independent experiments (/7= 4, no significant difference observed
between different types of cells for each type of cell death/viability)
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FIGURE 6.
Tctex-1 localization changes following KIM-1 knockdown. (a) 769-P cells were stably

transfected with either control shRNA, KIM-1 shRNA, or Tctex-1 shRNA. Cells were fixed
and permeabilized for immunostaining for Tctex-1 and Cy3-conjugated Beta-tubulin.
Tctex-1 staining was visualized using AlexaFlour-488 secondary antibody as indicated in
method section. Result represent three independent experiment (600x, bar represents 20 pm)
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FIGURE 7.
Threonine phosphorylation of endogenous DYNLT1 appears to be stimulated by KIM-1-

mediated uptake of apoptotic cells and enhanced in KIM-1-silencing. (a) 769-P cells were
left untransfected or stably transfected with either control ShRNA or KIM-1 shRNA. Cells
were lysed for immunoprecipitation (IP) using antibody against DYNLT1. The samples
analyzed by SDS-PAGE followed by immunoblotting with antibodies against
phosphorylated Threonine, DYNLT1, KIM-1, and GAPDH. The input lane represents 5% of
the lysate. The data represents three independent experiments. (b) The ratio of the level of
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phosphorylated threonine of same size as DYNLT1 (pThr-DYNLT1) to total DYNLT1 pulled
down by IP was determined based on densitometric values obtained from Western blotting
(n=3, *p<0.05, unpaired £test).
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FIGURE 8.

Phosphomimetic mutant of Tctex-1 exhibits a reduced binding to KIM-1, but does not
influence KIM-1-mediated efferocytosis. (a) HEK-293 cells were co-transfected with GFP-
labeled KIM-1 and either control vector encoding flag-tag, wild type flag-tagged Tctex-1,
unphosphorylataed mimic of flag-tagged Tctex-1 (Tctex-1-T94A), or phosphomimetic
mutant of flag-tagged Tctex-1 (Tctex-1-T94E). Cells were either unstimulated or stimulated
with apoptotic cells for 90 min (ACs 90) and extracts were used for co-immunoprecipitation
using KIM-1 antibody as described in the experimental procedures section. All samples
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were analyzed by immunoblotting with antibodies against KIM-1, Tctex-1, and actin. The
input lane represents 5% of the lysate. (b) The level of Tctex-1 bound to KIM-1 was
determined based on densitometric values acquired from Western blotting (7= 3, *p < 0.05,
**p < 0.01, unpaired #test). (c) Cells in (a) were fed apoptotic cells that were fluorescently
labeled with pHrodo red for 90 min and the percent of uptake of apoptotic cells was
determined by flow cytometry as shown in pHrodo red versus side scatter (SSC) plot. (d)
The percentage of phagocytosis was determined based on high pHrodo red fluorescence as
measured by flow cytometry (n7= 4, not significant data, unpaired ~#test)
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Phosphomimetic mutant of Tctex-1 failed to rescue Tctex-1 function in sh Tctex-1 silenced
cells. (a) 769P with Tctex-1 knockdown were transfected with either control vector encoding

wild type flag-tagged Tctex-1 (WT), unphosphorylated mimic of flag-tagged Tctex-1
(T94A), or phosphomimetic mutant of flag-tagged Tctex-1 (T94E). Cell lysate were

analyzed by immunablotting to confirm the expression of different forms of Tctex-1 and
level of KIM-1 expression. Antibodies against KIM-1, Tctex-1, and actin were used for
immunoblotting. (b) Cells in (a) were fed pHrodo red fluorescently-labeled apoptotic cells
for 90 min and the percent of uptake of apoptotic cells was determined by flow cytometry as
shown in pHrodo red versus side scatter (SSC) plot. (c) The percentage of phagocytosis was
determined based on high pHrodo red fluorescence as measured by flow cytometry (n= 4,
*** < 0.001 compared to shControl and shTCTEX-1 (for WT, T94A, T94E), unpaired #

test). (d) Sh Tctex-1 cells transfected with either wild type flag-tagged Tctex-1 (WT),

unphosphorylated mimic of flag-tagged TCTEX-1 (T94A), or phosphomimetic mutant of
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flag-tagged Tctex-1 (T94E) were fixed and permeabilized for immunostaining of the Tctex-1
and tubulin. This was done using anti-flag antibody conjugated with AlexaFlour-488 and
Cy3 conjugated-anti-tubulin antibodies

J Cell Physiol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ismail et al

(@)

Level of active Racl

—
O
S

Ratio of normalized active RhoA

compartd to no treatment

1.59

1.04

0.54

o

LM
- 3
Q
15 30 60 90 Positive
Control
Phagocytosis Time (mins)
*
)
T
T
mmfll
- 15 3;;) (,'o 9'0 I’os;li\-r
Control

Phagocytosis Time (mins)

FIGURE 10.

(b)

Level of active Racl

(d)

Ratio of normalized active RhoA

1.5

1.0

0.5

0.0

('Dl'llplﬂ.‘d o no treatment

Page 37

B8 shControl
3 shDYNLTI
Positive Control

- 15 30 60 90 pygitive
Control
Phagocytosis Time (mins)
@l shControl
£ shDYNLT1
5 %
-
4+
3 -
*
2-
1]l]
1] Y Y
None 90 Positive
Control

Phagocytosis Time (mins)

Tctex-1 regulates the actin cytoskeleton independent of RhoA and Racl GTPases in KIM-1-
mediated phagocytosis. (a) 769-P cells were fed apoptotic cells for various time periods (15—
90 min) and the level of Racl activation was measured by G-LISA Racl activation kit
(Cytoskeleton, Denver, CO). (n= 4, all not significant, one-way ANOVA). (b) 769-P stably
transfected with control (shControl) or shRNA against Tctex-1 (sh Tctex-1) were used.
These cells were fed apoptotic cells for various time periods and the level of Rac1 activation
was graphed (n7= 5, all not significant, unpaired £test). Treatment of 769-P cells transfected
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with control siRNA with 5% serum after serum starvation overnight served as a positive
control for Rac1 activation (Curtiss et al., 2011). (c) 769-P cells fed apoptotic cells (15-90
min) were subjected to active RhoA and total RhoA assay measurements as determined by
the active G-LISA RhoA activation assay and the total RhoA ELISA kit (Cytoskeleton,
Denver, CO), respectively. Normalization of active RhoA was done according to
manufacturer’s recommendation and was graphed to represent data (n7= 3, all not
significant, one-way ANOVA). (d) 769-P cells stably transfected with either control ShRNA
or TCTEX-1 shRNA were fed apoptotic cells 90 min. The level of normalized active RhoA
was determined as in (c) (7= 4, *p < 0.05, **p < 0.01 when compared to shControl no
stimulation with apoptotic cells, no significant difference was found between shControl and
sh Tctex-1 in all treatments, one-way ANOVA). For positive control for RhoA activation,
cells were treated with 10 uM Nocodazole for 15 min (Martin et al., 2001).
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