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Abstract

NK cells provide host defense by killing viral-infected and cancerous cells through the secretion 

of preformed lytic granules. Polarization of the lytic granules toward the target cell is dependent 

on an intact microtubule (MT) network as well as MT motors. We have recently shown that 

DOCK8, a gene mutated in a primary immunodeficiency syndrome, is involved in NK cell killing 

in part through its effects on MTOC polarization. In this study, we identified Hook-related protein 

3 (HkRP3) as a novel DOCK8- and MT-binding protein. We further show that HkRP3 is present 

in lytic granule fractions, interacts with the dynein motor complex and MTs. Significantly, 

depletion of HkPR3 impaired NK cell cytotoxicity, which could be attributed to a defect in not 

only MTOC polarity, but also impaired clustering of lytic granules around the MTOC. Our results 

demonstrate an important role for HkRP3 in regulating the clustering of lytic granules and MTOC 

repositioning during the development of NK cell-mediated killing.

INTRODUCTION

Natural killer (NK) cells are lymphocytes of the innate immune system that play an essential 

role in the clearance of viral-infected cells and cancer cells (1, 2). Various germline-encoded 

activating and inhibitory receptors are expressed on the surface of NK cells, and current 

knowledge suggests that integrated signals from these receptors enable NK cells to 

distinguish unhealthy ‘non-self’ cells from healthy ‘self’ cells, thereby regulating NK cell 

activation (3). The main consequence of NK cell activation is the killing of bound target 

cells via the directed secretion of preformed secretory lysosomes called lytic granules.
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Multiple molecular features are observed during NK cell-mediated cytotoxicity. For 

example, after the initial adhesion to target cells, NK activating receptors as well as integrins 

and F-actin, accumulate at the center of the NK-target interface, forming the cytotoxic 

synapse (CS)(3-5). Concurrent with this, lytic granules are rapidly clustered around the 

microtubule-organizing center (MTOC) by the dynein-dynactin minus-end-directed 

microtubule (MT) motor complex that constitutively associates with lytic granules (6). 

Subsequently, the MTOC is polarized toward the CS to allow directed secretion of the lytic 

granule contents toward the bound target cell. Therefore, delivery of lytic granules is 

dependent upon tight regulation of both the MT network as well as its associated motor 

proteins. However, the detailed mechanism for this regulation remains elusive.

Dedicator of cytokinesis 8 (DOCK8) deficiency is a primary immunodeficiency that affects 

NK cell cytotoxicity (3, 7, 8). This disease is inherited in an autosomal recessive pattern, and 

the main clinical symptoms are elevated serum IgE levels, recurrent infections in the lung 

and skin, and severe allergies (9-11). Others and we have previously shown that DOCK8 is a 

CDC42 guanine nucleotide exchange factor and DOCK8-deficient/-depleted human NK 

cells show defective cytotoxic activity (7, 8, 12). At the molecular level, DOCK8 deficiency 

resulted in defective accumulation of F-actin at the CS, impaired integrin-mediated 

adhesion, and MTOC polarization (7, 8, 13). Using mass spectrometry (MS), we previously 

found that DOCK8 interacted with WASP and talin, two key regulators of F-actin 

generation and integrin affinity maturation, respectively (8). Significantly, depletion of 

DOCK8 led to a reduced recruitment of both proteins to the CS, which may account in part 

for the defects in F-actin accumulation and integrin-mediated adhesion. Mechanisms by 

which DOCK8 contributes to MTOC polarization are not known.

In the present study, we characterize a protein known as Hook-related protein 3 (HkRP3, 

also called CCDC88B, FLJ00354, or Gipie) as a novel DOCK8-interacting protein. HkRP3 

is one of three members of the Girdin protein family, which include Girdin and Daple (14, 

15). All Girdin family members contain an N-terminal region with sequence homology to 

the microtubule-binding domain of Hook proteins. In addition, all members contain a long 

coiled-coil region at their center and a variable unique region at the C-terminus. Previously, 

Matsushita and colleagues reported that HkRP3 is an important regulator of endoplasmic 

reticulum (ER) stress response in endothelial cells via its interaction with GRP78 (78kDa 

glucose-regulated protein) (15). However, little is known about cellular roles of HkRP3 in 

hematopoietic cells, where HkRP3 has been suggested to be preferentially expressed based 

on expressed sequence tag databases (14, 15). Herein we demonstrate that HkRP3 mediates 

NK cell cytotoxicity in part through its ability to regulate lytic granule clustering and MTOC 

polarization. We further show that HkRP3 directly binds to MTs via its unique region at the 

C-terminus and also interacts with the dynein-dynactin motor complex which transports lytic 

granules along MTs. Taken together, our results provide a novel cellular function of HkRP3 

during the development of NK cell cytotoxicity.
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MATERIALS AND METHODS

Cells, Reagents, and Antibodies

YTS cells were obtained from Dr. E. Long (NIH, Bethesda, MD) and NKL cells from Dr. 

M. Robertson (Indiana University Cancer Center, Indianapolis, IN), and primary human NK 

cells were cloned and passaged as previously described (16). Two separate rabbit polyclonal 

antisera to HkRP3 (NCBI: NP_115627.6) were obtained by immunizing rabbits with 

glutathione S-transferase (GST)-conjugated HkRP3 amino acids 821-927 (anti-HkRP3 (1)) 

and amino acids 1387-1476 (anti-HkRP3 (2)) (Cocalico Biologicals Inc., Reamstown, PA). 

Anti-HkRP3 (1) was used for immunoblot and immunoprecipitation and anti-HkRP3 (2) was 

used for immunofluorescence assays in this study. Polyclonal rabbit anti-serum for DOCK8 

was previously described (8). Antibodies for α-tubulin, γ-tubulin, and FLAG (clone M2) 

were purchased from Sigma Aldrich, and antibodies for MBP (Immunology Consultants 

Lab, Inc.), p150Glued (BD), dynein intermediate chain (Millipore), β-actin (Cell Signaling), 

and granzyme B (Santa Cruz) were purchased as indicated. Nocodazole was purchased from 

Selleckchem.com.

Small Interfering RNA (siRNA) Constructs and Nucleofection

siRNA duplexes were obtained from Dharmacon: “siControl: 5’-

UUCUCCGAACGUGUCACGU-3’”, “siHkRP3 #1: 5’-

GCAUGAGAAUAAAGCUGAA-3’”, “siHkRP3 #2: 5’-

GGCAGGAGUUGGCAAGAGA-3’”, and “siDOCK8: 5’-

GGAGAUUAUUUGUGAACUU-3’”. Nucleofection of siRNA oligos into YTS, NKL and 

NK clones was performed as previously described (17, 18).

Plasmids and Transfection

The pCI2.FLAG.YFP.DOCK8 construct was previously described (8). Full-length HkRP3 

(NCBI: NP_115627.6) was cloned into the pCI2 plasmid in-frame with FLAG.YFP or EE. 

All constructs were sequenced validated in the Gene Analysis Core shared resource of the 

Mayo Clinic Comprehensive Cancer Center. HEK293T cells were transfected using 

polyethylenimine (PEI, Polysciences). HEK293T cells were prepared in 10 cm cell-culture 

plates at 70-80% confluency on the day of transfection. 6 μg of total plasmid DNA was 

diluted in 400 μl of OptiMEM media (Gibco), and 72 μl of PEI dissolved in water (2 mg/ml) 

were added. After 15 minutes of incubation at room temperature, the volume of medium in 

the cell-culture plate was adjusted to 5 ml, and the mixture was added to HEK293T cells 

drop-wise. Cells with PEI mixture were incubated at 37 °C for 90 min, and the media was 

then changed with fresh growth medium. Experiments were performed 48 hours after 

transfection.

Immunoprecipitation and GST pull-down assays

For immunoprecipitation, cells were lysed in Nonidet P-40 lysis buffer (25 mM HEPES [pH 

7.9], 25 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 0.5 mM CaCl2, 1 mM PMSF, 10 

μg/ml leupeptin, and 5 μg/ml aprotinin), and immunoprecipitations were performed as 

previously described (19). GST fusion protein pull-downs were performed as previously 
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described (8). To examine direct interactions, 30 μg of GST fusion protein bound to 

glutathione-agarose slurry was incubated with 30 μg of MBP fusion protein for 3 h at 4 °C.

Microtubule Co-pelleting Assay

Both in vitro microtubule assembly and microtubule co-pelleting assays were performed 

according to the manufacturer’s instruction (Cytoskeleton Inc.). Fusion proteins were spun 

at 120,000 × g for 40 min at 4 °C, and the supernatant was collected before the assay. 

Various concentrations of microtubules were incubated with 0.5 μM of fusion proteins at 

room temperature for 30 minutes. Then, samples were spun at 100,000 × g for 40 min at 

room temperature, and supernatants and pellets were collected for SDS/PAGE analysis. 

Depending on the molecular weight of fusion proteins used, tubulin and fusion proteins were 

visualized either by coomassie blue staining or by immunoblotting.

Cytotoxicity Assay

The 51Cr-release assays were performed as previously described (16). All Lytic Unit values 

in this study were obtained by calculating the required number of NK cells to kill 20% of 

target cells.

Conjugate Assay

YTS cells were labeled for 30 min at 37 °C with 2.5 μM CellTracker Violet BMQC 

(Invitrogen), and 721.221 target cells were labeled for 30 min at 37 °C with 0.75 μM CFSE 

(eBioscience). Labeled cells were then washed and resuspended at 1.6 × 106 cells/ml. Cells 

(250 μl of each) were mixed together, centrifuged at 200 rpm for 5 min, and allowed to 

incubate at 37 °C for up to 15 min before fixation by adding 4% paraformaldehyde in PBS. 

Conjugate formation was assessed using two-color flow-cytometry, and analyzed as the 

percentage of target-bound NK cells (violet+green+) over total NK cells (violet+).

Microscopy

For microscopy of single siRNA transfected YTS cells, 1.6 × 105 cells were plated on poly-

L-lysine (PLL)–coated coverslips for 10 min at 37 °C. For microscopy of conjugated YTS 

cells with target cells, 250 μl (1.6 × 106 cells/ml in serum-free RPMI 1640 medium) of 

untransfected or siRNA transfected YTS cells (72 h post transfection) cells were mixed with 

an equal volume of 7-amino-4-chloromethylcoumarin (CMAC; Invitrogen)–stained 721.221 

target cells (1.6 × 106 cells/ml in serum-free RPMI 1640 medium) and centrifuged together 

at 200 rpm for 5 min. In the case of time-course experiments, cells were incubated at 37 °C 

for 1, 5, 15, and 25 min, resuspended, and incubated on PLL-coated coverslips for 5 min at 

37 °C. In the case of single time-point experiments, the lightly-pelleted cells were incubated 

at 37 °C for 15 min, resuspended, and allowed to adhere to PLL–coated coverslips for 10 

min at 37 °C. For stimulation of YTS cells with antibody-coated coverslips, antibody-coated 

coverslips were prepared as previously described using anti-CD28 antibody (BD) and anti-

CD45 antibody (BD) (17). YTS cells were then dropped on coverslips and incubated for 25 

min at 37 °C.

Cells were fixed with either methanol or 4% paraformaldehyde in PBS and stained with 

specific Abs (anti-HkRP3, anti–LFA-1 [clone MHM23], anti-perforin [BD Biosciences], 
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anti-α-tubulin [Sigma Aldrich], anti-γ-tubulin [Sigma Aldrich], anti-p150Glued [BD], and 

anti-dynein intermediate chain [Millipore]). Secondary reagents included FITC-, 

tetramethylrhodamine-, Alexa Fluor 568-, or Alexa Fluor 488–labeled goat anti-mouse IgG, 

or goat anti-rabbit IgG (Invitrogen). F-actin was visualized with Alexa488-phalloidin or 

rhodamine-phalloidin (Invitrogen). Coverslips were mounted on glass slides using SlowFade 

reagent (Invitrogen) and examined on microscopes at room temperature. Most of the 

prepared slides were examined with a Plan-Apochromat 100x/1.46 NA oil immersion 

objective equipped on an LSM-710 laser-scanning confocal microscope (Carl Zeiss). 

Additional slides were examined with a Plan-Apochromat 100x/1.40 NA oil immersion 

objective on an Axiovert 200 microscope (Carl Zeiss) equipped with a digital camera 

(AxioCam HRC; Carl Zeiss). Images were captured with either the AxioVision or LSM 

software packages (Carl Zeiss).

Image Analysis

ImageJ software (version 1.45s; NIH) was used for processing of microscopic images in this 

study. To calculate the mean fluorescence intensity (MFI) of HkRP3 within a cell, whole 

cell areas enclosed by cortical actin (visualized with fluorescently labeled phalloidin) and 

the sum intensity of HkRP3 within the region was measured. Quantification of fluorescence 

intensity for LFA-1 at the YTS-721.221 interface was performed as previously described 

(8). Images containing a total of 30 conjugates were taken for each condition (10 conjugates 

per experiment; 3 independent experiments) and analyzed. For quantification of mean 

distance of lytic granules to the MTOC and distance between the MTOC and the CS, each 

image was taken after setting the focal plane to visualize γ-tubulin (representing MTOC) of 

an YTS cell. To calculate the mean distance of lytic granules from the MTOC, we first 

obtained x and y coordinates of each lytic granule (visualized by perforin stain) in an YTS 

cell as well as those of γ-tubulin. Then, we weighted each granule to MTOC distance by the 

granule area before calculating the mean MTOC distance; this method allowed for 

quantification of clustered lytic granules, which could appear as a single granule in many 

cases and potentially bias the mean granule to MTOC distance as previously described (6). 

The assumption for this area-weighted mean distance is that sizes of lytic granules in a 

specific YTS cell are the same, so the minimum granule area detected in an YTS cell 

represents a single lytic granule. Taking this assumption, the mean distance between lytic 

granules to MTOC was calculated using equation (1):

Total granule area  (Ai : area of an individual lytic granule, n : total 

number of lytic granules)

(1)

where x and y represent coordinates of the MTOC centroid, xi and yi are coordinates of an 

individual lytic granule centroid, Ai is the area of an individual lytic granule, and n 

represents total number of lytic granules. The distance between the MTOC and the CS was 
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calculated after obtaining x and y coordinates of the MTOC centroid as well as those of the 

center of the YTS-target interface.

Intracellular Staining of Perforin and Granzyme B

Intracellular perforin and granzyme B levels were examined as previously described using 

FITC-perforin (BD) and FITC-granzyme B (BD) (20).

Lysosome Fractionation

Preparation of the crude lysosome fraction was performed as previously described (21). 40 × 

106 YTS cells were resuspended with 500 μl of 0.25 M sucrose in 10mM Tris [pH 7.4] and 

homogenized with a dounce tissue homogenizer. The homogenate was spun at 600 × g for 5 

min at 4 °C and the supernatant (postnuclear lysate; PNL) was collected and spun again at 

12,000 × g for 10 min at 4 °C. The supernatant was then collected and CaCl2 was added to 

the supernatant to a final concentration of 8 mM and mixed well. The mixture was then spun 

at 13,000 rpm for 15 min at 4 °C, and the supernatant was collected as the non-lysosomal 

fraction (NLF). Pellets were washed once with 150 mM KCl in 10 mM Tris [pH 7.4], 

resuspended with 80 μl of 150 mM KCl in 10 mM Tris [pH 7.4], and saved as the crude 

lysosomal fraction (CLF).

Cell Stimulation

In experiments involving cell surface receptor (NKG2D and 2B4) cross-linking, 15 × 106 

NKL cells were prepared for each stimulation condition. Anti-NKG2D (R&D Systems) and 

anti-2B4 (clone C1.7) were added at a final concentration of 5 μg/ml to 150 μl of cell 

suspension and incubated together for 10 min on ice. Washed cells were then incubated with 

goat anti-mouse IgG F(ab’)2 (Cappel) at 37 °C for the indicated periods of time.

Statistical Analysis

Statistical analyses of % Lytic Units (Fig. 2B and 2C) were performed using a one-sample t 

test with a hypothetical value of 100. For statistical analyses of ‘percentage of incidences’ 

(bottom panels of Fig. 4B, 4C, 5B, and 5C), a proportion z test was performed. All other 

statistical analyses in this study were performed using a two-tailed Student’s t test.

RESULTS

HkRP3 interacts with DOCK8 and exists as an oligomer

Our prior mass spectrometry analysis aimed at identifying DOCK8-interacting partners 

detected WASP and talin as well as several additional proteins (8) including HkPR3, which 

is largely uncharacterized. According to an expressed sequence tag database (14), HkRP3 is 

preferentially expressed in hematopoietic cells and its expression in myeloid and 

monocytoid leukemic cell-lines as well as in endothelial cells was confirmed previously 

(15). However, its expression has not been examined in human NK cells. Therefore, we 

prepared two human NK cell lines, NKL and YTS, and primary human NK cells along with 

several other cell-lines, and examined HkRP3 expression at the protein level (Fig. 1A). 

HkRP3 expression was detected in all human NK cells as well as two other human 
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hematopoietic cell-lines (Jurkat T cells, and 721.221 B cells). Consistent with previous 

findings, we were not able to detect HkRP3 in 293T human embryonic kidney (HEK293T) 

or HeLa cells (15). Unexpectedly, we did not detect HkRP3 in the human myelogenous 

leukemia cell line K562.

Since HkRP3 was identified as a potential DOCK8-interacting protein, we first determined 

if they interacted by transfecting HEK293T cells with plasmids encoding FLAG.YFP or 

FLAG.YFP-DOCK8 along with EE-only or EE-tagged HkRP3. Consistent with our mass 

spectrometry results, we observed that HkRP3 co-immunoprecipitated with DOCK8 (Fig. 

1B). Importantly, we were also able to confirm that endogenous DOCK8 and HkRP3 co-

immunoprecipitated with each other in YTS cells (Fig. 1C).

Girdin was suggested to form an oligomer mediated by its N-terminal region (14, 22). The 

region responsible for oligomer formation is shared among the members of the Girdin 

family, suggesting that HkRP3 might also exist as an oligomer. To test this possibility, we 

first transfected HEK293T cells with plasmids encoding FLAG.YFP or FLAG.YFP-HkRP3 

along with EE-only or EE-tagged HkRP3, and performed immunoprecipitation using anti-

EE antibody. We consistently found that EE-tagged HkRP3 co-immunoprecipitated together 

with FLAG-tagged HkRP3 suggesting that it can interact with itself (Fig. 1D). We next 

tested whether the interaction was in fact mediated by the N-terminal region of HkRP3 by 

incubating either GST- or MBP-fused N-terminal HkRP3 proteins (Fig. 1E), and performing 

a GST pull-down assay (Fig. 1F). Significantly, the GST-fused first half of HkRP3 

successfully pulled down the same region of HkRP3 fused with MBP. Although our findings 

do not represent the endogenous oligomerization state of HkRP3, these data indicate that 

HkRP3 minimally forms a homodimer similar to Girdin, and interacts with DOCK8.

HkRP3 mediates NK cell cytotoxicity

To determine whether HkRP3 is involved in NK cell cytotoxicity, we compared the 

cytotoxic activity of YTS cells after depletion of HkRP3 using two different siRNA 

oligonucleotide duplexes. Seventy-two hours after transfection, we examined natural 

cytotoxicity using the 721.221 B lymphoblastoid cell-line as tumor target cells (Fig. 2A). 

Consistent with our previous findings, DOCK8-depleted YTS cells showed less cytotoxicity 

compared to control siRNA-transfected cells (8). Surprisingly, both HkRP3-suppressed YTS 

cells showed strong defects in cytotoxic activity similar to that of DOCK8 (Fig. 2A, left and 

center). Relative cytotoxicity (Lytic Units) was also diminished in the HkRP3-depleted cells 

compared to that of the control group (Fig. 2A, right). We also observed a similar decrease 

in cytotoxicity toward 721.221 cells by both HkRP3-depleted NKL cells (Fig. 2B, left and 

center) and primary human NK clones (Fig. 2C, left and left center). We also examined 

cytotoxicity mediated by specific NK activating receptors (NKG2D or CD16) using P815 

target cells in a reverse antibody dependent cellular cytotoxicity assay. Suppression of 

HkRP3 consistently decreased redirected cytotoxicity through CD16 (Fig. 2C, right center) 

and NKG2D (Fig. 2B, right and Fig. 2C, right). Taken together, these data identify HkRP3 

as an essential regulator of NK cell-mediated cytotoxicity.
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HkRP3 does not affect NK – Target cell conjugation

An early event during NK cell cytotoxicity is the binding of NK cells to target cells via 

integrin-mediated adhesion (3). We had previously shown that depletion of DOCK8 in NK 

cells resulted in a dramatic decrease in NK cell adhesion to target cells (8). To examine 

whether HkRP3 is involved in conjugate formation, we compared the adhesion of control 

transfected and HkRP3-suppressed YTS cells. YTS cells and 721.221 target cells pre-

labeled with different fluorescent dyes were incubated together at 37°C, and the percentage 

of target-bound YTS cells was measured using flow cytometry. In contrast to DOCK8 

depletion, which abrogated NK cell adhesion, HkRP3-suppressed YTS cells showed as 

efficient conjugate formation as control cells, suggesting that HkRP3 does not mediate 

conjugate formation of NK cells to target cells (Fig. 3A). In addition to increased affinity 

maturation via conformational change, integrins are also observed to accumulate at the 

center of the NK-target interface contributing to the formation of the CS (3). Therefore, we 

examined whether LFA-1 (CD11a:CD18) accumulation at the CS is normal in HkRP3-

suppressed YTS cells. After 25 minutes of incubation of YTS cells with pre-labeled 721.221 

cells, cells were fixed and stained for LFA-1 (Fig. 3B). Consistent with results from the 

conjugate formation assay, HkRP3-depleted YTS cells presented normal polarization of 

LFA-1 to the CS, similar to control YTS cells (Fig. 3B and 3C). However, as expected (8), 

most of the DOCK8-depleted YTS cells failed to polarize LFA-1 to the CS. Taken together, 

these data indicate that HkRP3 is an important regulator of NK cell-mediated cytotoxicity, 

but is not involved in the initial step of conjugate formation.

HkRP3 regulates convergence of lytic granules to the MTOC

Since loss of DOCK8 impacts MTOC polarization during NK cell killing, we next examined 

whether HkRP3 might regulate the polarization of lytic granules toward the CS. During NK 

cytotoxicity, two different steps of lytic granule polarization occur: 1) lytic granules rapidly 

accumulate around the MTOC as NK cells interact with target cells, and 2) the MTOC along 

with the converged lytic granules polarize toward the CS (3, 6). In most cases, a twenty-five 

minute incubation of control transfected YTS cells with 721.221 targets resulted in lytic 

granules (visualized by perforin stain, red) clustering around the MTOC (visualized by γ-

tubulin stain, green) and polarization of the MTOC just behind the NK-target interface (Fig. 

4A, left panel). In the case of DOCK8-depleted YTS cells, lytic granules converged around 

the MTOC, but the MTOC failed to polarize toward the CS in many conjugates, similar to 

what was observed previously (Fig. 4A, right panel) (7, 8). Surprisingly, in the case of 

HkRP3-suppressed YTS cells, not only did lytic granules fail to cluster around the MTOC, 

but the MTOC itself was also found to be distant from the CS (Fig. 4A, middle panel). To 

quantify the defective lytic granule clustering around the MTOC in HkRP3-depleted YTS 

cells, we measured the mean distance of lytic granules to the MTOC (see Materials and 

Methods for details) (Fig. 4B, top panel). Since we could not distinguish which individual 

conjugated YTS cells are successfully siRNA-depleted for our gene of interest due to 

limitations in antibody options, we placed the conjugated YTS cells into groups depending 

on the measured distances, and calculated the percentage of incidences (Fig. 4B, bottom 

panel). The mean lytic granule to MTOC distance of most conjugated control YTS cells fell 

within the range of 1-2 μm, and about a third of the conjugated cells displayed distances less 

than 1μm. In the case of both HkRP3- and DOCK8-depleted YTS cells, most of the mean 
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distances of lytic granules from the MTOC also fell within the range of 1-2 μm, similar to 

the control group. However, many of the HkRP3-depleted YTS cells presented mean 

granule to MTOC distances greater than 2 μm (Fig. 4B, bottom panel). Unexpectedly, many 

DOCK8-depleted YTS cells displayed very tight clustering of lytic granules toward the 

MTOC when conjugated, having the average distance of granule to MTOC less than 0.5 μm 

(Fig. 4A and 4B, bottom panel). We also measured the distance between the MTOC and the 

center of the CS to represent the degree of polarization of the MTOC to the CS (Fig. 4C, top 

panel). Almost half of the conjugated control YTS cells displayed MTOC distances close to 

the CS (0-5 μm) (Fig. 4C, bottom panel). In the case of both HkRP3- and DOCK8-depleted 

YTS cells, however, the MTOCs of many conjugated YTS cells were found to be distant 

from the CS (greater than 10 μm). These findings suggest that HkRP3 mediates lytic granule 

clustering to the MTOC as well as MTOC polarization to the CS. It further shows that 

DOCK8 depletion does not impact lytic granule clustering, and may in fact negatively 

regulate this step in the cytotoxic process.

Previously, it was shown that the clustering of lytic granules to the MTOC could be 

triggered by stimulation of NK activation receptors alone (6, 23). In the case of YTS cells, 

whereas stimulation of non-activating receptor CD45 does not cause convergence of lytic 

granules to the MTOC, stimulation through CD28 induces lytic granule clustering. To 

confirm whether HkRP3 regulates lytic granule clustering toward the MTOC, we stimulated 

YTS cells using anti-CD45- or anti-CD28-coated glass coverslips after depletion of HkRP3 

or DOCK8 by siRNA. Following 25 minutes of incubation on coverslips coated with anti-

CD28 antibodies, lytic granules from both control- and DOCK8-depleted YTS cells 

accumulated around the MTOC (Fig. 5A and 5B). Interestingly, lytic granules of many 

DOCK8-depleted YTS cells were again more tightly clustered to the MTOC (Fig. 5B, 

bottom panel). However, almost half of the HkRP3-depleted YTS cells had a more dispersed 

distribution of lytic granules (Fig. 5A and 5B). As expected, lytic granules did not cluster 

when the different groups of YTS cells were placed on anti-CD45 antibody-coated 

coverslips (Fig. 5C). These data suggest that HkRP3 mediates the clustering of lytic granules 

to the MTOC in stimulated NK cells.

HkRP3 mediates efficient transport of lytic granules to the MTOC

Clustering of lytic granules to the MTOC is dependent upon minus-end-directed movement 

of dynein motors along the MT network (6). Our findings in the previous section clearly 

suggest an important role of HkRP3 in convergence of lytic granules to the MTOC in 

stimulated YTS cells (Fig. 4 and Fig. 5). However, it does not provide detailed information 

on how MTOC-directed movement of lytic granules is affected when HkRP3 is depleted in 

NK cells. Does HkRP3-depletion in NK cells completely impair lytic granule transport to 

the MTOC, or does it affect the kinetics of the transport? To understand the observed 

phenotype of HkRP3-suppressed YTS cells in more detail, we assessed both accumulation 

of lytic granules to the MTOC and polarization of the MTOC toward the CS in control or 

HkRP3-depleted YTS cells conjugated with 721.221 target cells for various lengths of time 

(Fig. 6). For a more clear presentation of our data, we present averaged values of both the 

mean distance of lytic granules from the MTOC and the distance of the MTOC to the CS. In 

the case of control YTS cells, lytic granules were rapidly converged to the MTOC within 10 
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minutes of incubation with target cells (Fig. 6A and 6B). This corresponds to the previous 

finding that lytic granule clustering to the MTOC is an early and rapid event during NK cell 

activation (6). On the other hand, although the average distance of lytic granules from the 

MTOC gradually decreased throughout the time course, HkRP3-depleted YTS cells required 

30 minutes to accumulate lytic granules to the MTOC (Fig. 6A and 6B). In addition, 

polarization of the MTOC to the CS was achieved later than lytic granule clustering in the 

case of control YTS cells, consistent with prior observations (Fig. 6A and 6C) (6). The mean 

distance between MTOC and the CS did not change significantly during the first 10 minutes 

of incubation. In later time points, however, most of the conjugated YTS cells displayed 

clear polarization of the MTOC toward the CS. Interestingly, in the case of HkRP3-depleted 

YTS cells, the average distance of the MTOC from the CS did not change throughout the 

time points examined (Fig. 6C). Since we could not completely deplete HkRP3 in YTS cells 

using siRNA transfection, the delayed transport of lytic granules to the MTOC might be due 

to the remaining activity of HkRP3. However, considering efficient suppression of HkRP3 

(Fig. 2 and Fig. 3A), it is more likely that HkRP3 mediates processive transport of lytic 

granules toward the MTOC in activated NK cells. Taken together, these data suggest that 

HkRP3 regulates efficient transport of lytic granules toward the MTOC mediated by dynein 

motors.

HkRP3 directly interacts with microtubules through its C-terminal region

We next wanted to determine the localization of HkRP3 in NK cells interacting with target 

cells. We first confirmed the specificity of our purified rabbit polyclonal antibody toward 

HkRP3 using YTS cells treated with siRNA control or siHkRP3 (Supplemental Figure 1). 

We next examined where HkRP3 is localized in NK cells. Since we have observed defective 

clustering of lytic granules along the MT network when HkRP3 is absent (Fig. 4-6), we 

examined localization of HkRP3 along with MTs as well as perforin to identify lytic 

granules (Fig. 7A). We found strong staining of HkRP3 at the MTOC, as well as discrete 

puncta along MT filaments (Fig. 7A, top row). Although puncta of HkRP3 did not exactly 

co-localize with perforin, they were often detected adjacent to the perforin-stained lytic 

granule (Fig. 7A, second row, see inset). Considering limitations in the lateral resolution of 

standard confocal microscope used in this study (250 nm), further examination of 

endogenous localization of HkRP3 using super-resolution microscopy will be informative.

The finding that HkRP3 localized to the MTOC as well as along MTs was interesting, since 

every Girdin family protein contains a putative MT binding domain at its N-terminus (14). 

Although a similar localization pattern of Girdin has been reported (24), it has not yet been 

tested whether this homologous region actually binds to MTs. Furthermore, current 

knowledge suggests potential roles of Girdin family proteins in many different aspects of 

cell biology, but not in MT regulation or cargo transport along MTs. To determine whether 

HkRP3 directly interacts with MTs and to map the binding region, we performed a pelleting 

assay with in vitro polymerized MTs. Unexpectedly, within tested concentration of MTs, the 

N-terminal region of HkRP3 did not co-pellet with MTs (Supplemental Figure 2A). Since 

HkRP3 contains a unique region at the C-terminus, we next tested the possibility that the 

unique region is responsible for the direct interaction of HkRP3 with MTs. Although the C-

terminal region of HkRP3 fused with glutathione S-transferase (GST) was not pelleted by 
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itself (Fig. 7B and 7C), it was co-pelleted when incubated with MTs, consistent with the 

idea that HkRP3 can interact with MTs and its punctate localization with MTs in cells. This 

was not due to non-specific interaction of GST with microtubules, since GST was not co-

pelleted with MTs (Fig. 7C). Since HkRP3 directly interacts with MTs, it is possible that the 

impaired clustering of lytic granules in HkRP3-depleted YTS cells might be due to 

disruption of the MT network. However, when we examined the gross MT network in 

HkRP3-depleted YTS cells, we did not notice any conspicuous difference in HkRP3-

suppressed YTS cells compared to control cells (Supplemental Figure 1B). These data 

demonstrate that HkRP3 directly interacts with MTs through its C-terminal unique region of 

HkRP3.

HkRP3 interacts with the Dynein-dynactin MT motor complex

Dynein is a ~1.2 MDa multi-subunit motor responsible for most of the minus end-directed 

transport of diverse cargoes along the MT network in eukaryotic cells (25). Dynein requires 

the dynactin complex for its cellular functions and exists as a dynein-dynactin complex 

(called dynein complex hereafter). Dynactin is considered an essential regulator of dynein 

by mediating the cellular localization of dynein, selection of its cargoes, and motor 

processivity. Significantly, the dynein complex is responsible for lytic granule clustering to 

the MTOC in NK and CD8+ T cells (6, 26). Therefore, we speculated that HkRP3 might 

play a role(s) in regulating motor activity of the dynein complex in addition to its interaction 

with MTs. Importantly, we could confirm the endogenous interaction of HkRP3 with dynein 

intermediate chain (DIC), a component of the dynein motor, as well as with p150Glued, 

which is a subunit of dynactin (Fig. 7D). The interactions of HkRP3 with these subunits 

might be due to, or dependent on, the interaction of HkRP3 with MTs, since the dynein 

complex also directly binds MTs. However, this was found not to be the case, as 

endogenous HkRP3 still co-precipitated with p150Glued in YTS cells even after nocodazole-

induced destabilization of the MT network (Supplemental Figure 2B and Fig. 7D). As 

indicated above, HkRP3 contains an N-terminal region, two coiled-coil domains in the 

middle, and a unique C-terminal region (14, 15). To delineate the interacting region of 

HkRP3 with dynein motor complex subunits, we designed four non-overlapping fragments 

of HkRP3 fused with GST at the N-terminus (Fig. 7B). Then, using a GST pull-down assay, 

we mapped the interacting region of HkRP3 for each subunit of the dynein complex (Fig. 

7E). DIC was mainly pulled down with the C-terminus of HkRP3. On the other hand, 

p150Glued was equally pulled down with both the C-terminus and the second half of the 

coiled-coil region. Next, we compared endogenous localization patterns of HkRP3 with that 

of DIC as well as p150Glued. Both DIC and p150Glued appeared as puncta aligning with the 

MT network similar to HkRP3 (Fig. 7A, third and fourth row), but their staining patterns did 

not exactly overlap. Taken together, these data indicate that HkRP3 interacts with the dynein 

motor complex.

Inefficient transport of lytic granules toward the MTOC in the absence of HkRP3 in NK 

cells (Fig. 6) suggests that regulation of dynein motor activity might be impaired in HkRP3-

depleted NK cells. As dynactin is known to be important for dynein processivity (25, 27), 

one possibility is that HkRP3 might be important for the stable interaction between dynein 

and dynactin. Based on the assumption that HkRP3 might mediate most of the transport 
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activity of the dynein complex in NK cells, we tested whether the interaction of the dynein 

motor with dynactin is affected in HkRP3-depleted NKLs following receptor stimulation. 

However, as shown in Supplemental Figure 3A, DIC immunoprecipitated similar levels of 

p150Glued throughout the time-course in both control and HkRP3-depleted NKL cells.

HkRP3 is found in the lytic granule fraction

Previously, Mentlik and colleagues reported that the dynein complex is constitutively 

localized at lytic granules of NK cells (6). Since HkRP3 not only interacts with dynein 

complex but also seems to regulate dynein complex-mediated lytic granule clustering along 

MTs, we questioned whether HkRP3 might also be localized at the lytic granules of NK 

cells. To determine the presence of HkRP3 in lytic granules, the lysosomal fraction was 

purified from YTS cells and evaluated by immunoblot (Fig. 7F). As can be seen, granzyme 

B, a major cytotoxic component of lytic granules, was detected only in the crude lysosomal 

fraction, whereas β-actin was abundant only in the non-lysosomal fraction. Interestingly, 

HkRP3 as well as the dynein complex subunits were also detected in the crude lysosomal 

fraction. Therefore, a fraction of HkRP3 co-purifies with lytic granules.

In non-immune cells, it was previously demonstrated that Rab-interacting lysosomal protein 

(RILP) recruits dynein complex to the late endosome/lysosome in association with Rab7 and 

oxysterol-binding protein-related protein 1L (ORP1L) (28, 29). Interestingly, Rab7 and 

RILP localized at lytic granules in T cells and YTS cells, and CD8+ T cells over-expressing 

RILP displayed clustered lytic granules (26, 30, 31). It is possible that cytotoxic 

lymphocytes utilize HkRP3 as an additional regulator to recruit or dock the dynein complex 

to lytic granules. However, this was not the case, since localization of the dynein complex 

subunits did not seem to be affected when HkRP3 was depleted (Supplemental Figure 3B), 

nor did it affect the intracellular levels of perforin or granzyme B (Supplemental Figure 3C). 

Taken together, our data suggest that some proportion of HkRP3 constitutively associates 

with lytic granules in order to facilitate their efficient transport along MTs (Fig. 8).

DISCUSSION

Previously, it was demonstrated in endothelial cells that HkRP3 mediates ER stress response 

via its interaction with GRP78, so HkRP3 was named Gipie (GRP78-interacting protein 

induced by ER stress). However, considering its preferential expression in immune cells as 

well as its roles in NK cells that are similar to the general functions of Hook proteins, we 

prefer to keep its name as Hook-related protein 3 (HkRP3) as originally suggested by 

Simpson and colleagues (24). Here, we show that HkRP3, a novel DOCK8-interacting 

protein, is essential for NK cell mediated cytotoxicity through its effects on lytic granule 

transport and MTOC polarization. Interestingly, HkRP3 appeared as puncta coating the MT 

network and was found to accumulate at the MTOC. Using a biochemical approach, we 

show that the C-terminus of HkRP3, which is not shared among Girdin family proteins, 

directly interacts with MTs, while the N-terminus of HkRP3 is involved in oligomerization 

(minimally existing as a homodimer), similar to Girdin and Hook proteins (22, 32). Finally, 

we show that HkRP3 interacts with the dynein motor complex and it remains likely that this 
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interaction is required for lytic granule clustering. Taken together, these findings reveal a 

novel regulatory molecule, which is critical for NK cell cytotoxicity (Fig. 8).

Our findings support the idea that clustering of lytic granules to the MTOC is dynein-

mediated and is an early and rapid event in NK cell cytotoxicity (6). Under two different 

experimental conditions, suppression of HkRP3 in YTS cells impaired rapid clustering of 

lytic granules, which is also observed when dynein motor function is inhibited in NK cells. 

In addition, the localization pattern of HkRP3 along MTs, the presence of HkRP3 in the 

lysosomal fraction, and interaction of HkRP3 with dynein motor complex all strongly 

suggest a close relationship of HkRP3 with the dynein motor complex in regulating the 

transport of lytic granules in NK cells. Our data indicate that the loss of HkRP3 did not 

affect the interaction of dynein with dynactin. Moreover, we observed no effect on the 

accumulation of either component in the lytic granule fraction in the absence of HkRP3. 

However, it remains possible, that while the dynein motor complex is tethered to its cargo, 

the processivity of the motor is not appropriately regulated in the absence of HkRP3. In fact, 

it was recently shown that the mammalian dynein-dynactin motor requires adaptor proteins 

to induce processive motility along MTs (33). Interestingly, the addition of Hook3 

substantially increased the processivity of the dynein motor complex. Thus, while the dynein 

complex is constitutively localized at lytic granules in NK cells, it remains possible that the 

interaction of HkRP3 with the dynein motor complex would enhance its processive motor 

function leading to rapid lytic granule clustering to the MTOC. It is also important to note 

that Hook proteins have been suggested to mediate the tethering of different cargoes to the 

MT network (32, 34). They mediate this by binding to MTs using their highly conserved N-

termini, and bind to their cargoes (organelles or proteins) via their more divergent C-termini. 

Similar domain organization of Hook proteins to that of CLIP-170, prototypic cytoplasmic 

linker protein, also supports potential roles of Hook proteins as another group of 

cytoplasmic MT linker proteins. Girdin family proteins also present similar domain 

organization to Hook proteins, although conservation between the two families of proteins is 

limited to the N-terminus which supposedly mediates interaction with MTs (14). 

Surprisingly, using a MT pelleting assay we were unable to detect any binding of the N-

terminus to polymerized MTs. In contrast, we find that HkRP3 directly binds to MTs 

through its unique region located at the C-terminus, whereas the N-terminal ‘hook-related’ 

domain appears to promote HkRP3 homo-oligomerization. Therefore, HkRP3 is likely 

minimally a homodimer that acts as a MT-linker protein tethering lytic granules to the MT 

network either constitutively or in an activation-dependent manner (Fig. 8).

Understanding how HkRP3 cooperates with DOCK8 to mediate NK cell cytotoxicity will be 

another interesting topic for future studies. Although we mainly focused on elucidating 

cellular roles of HkRP3 in NK cell cytotoxicity in this study, observations from DOCK8-

depleted YTS cells that we used as our positive control suggest clues as to how DOCK8 

might be involved in the functions of HkRP3. We found that DOCK8-depleted YTS cells 

present very tight clustering of lytic granules, when they are stimulated. This unexpected 

observation suggests the possibility that DOCK8 might play regulatory roles in HkRP3-

mediated lytic granule transport to the MTOC (Fig. 8). It will be interesting to examine 

whether the absence of DOCK8 affects the dynamic interaction of HkRP3 with MTs and the 

dynein complex, and thereby the kinetics of lytic granule transport to the MTOC.
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Our data also suggest a role for HkRP3 in MTOC polarization following NK activation. In 

fact, while our time course experiments revealed that lytic granule convergence to the 

MTOC is delayed in the absence of HkRP3, MTOC polarization to the CS did not occur. A 

recent report has indicated that MTOC polarization to the synapse can occur independent of 

lytic granule clustering (6), thus HkRP3 is likely impacting both steps in this tightly-

regulated process. Interestingly, the dynein motor complex has been shown to regulate 

MTOC polarization in T cells (35-37). It is also very important to note essential roles of 

CDC42 in MTOC polarization partly by regulating dynein motors (38-42). Considering the 

fact that DOCK8 is a GEF for CDC42, future studies focusing on roles of HkRP3 in MTOC 

polarization to the CS and its relationship with the dynein complex as well as with DOCK8 

will provide a better understanding of the mechanism by which HkRP3 regulates MTOC 

polarization.

HkRP3 might also regulate the transport of lytic granules by coordinating not only motor 

activity of dynein but also that of kinesins, which are plus-end MT motors. Kinesin-1 has 

been suggested to mediate MTOC polarization of NK cells and final transport of lytic 

granules close to accumulated F-actin at the immune synapse of CD8+ T cells (43, 44). 

Although roles of kinesin motors in regulating transport of lytic granules along MTs have 

not been examined in detail, it is logical to hypothesize that rapid movement of lytic 

granules along the MT network also requires kinesin-mediated anterograde transport. Rapid 

lytic granule clustering was demonstrated to occur in both cytolytic and non-cytolytic 

activation of NK cells, suggesting that the event might act as another checkpoint of NK 

cytotoxicity (6). When NK cells return to the resting state following activation, they require 

anterograde motor activity to disperse the lytic granules. Although we only examined the 

interaction of HkRP3 with dynein complex in this study, it is worthwhile to test whether 

HkRP3 also regulates kinesin activities. It is very interesting to note that Hok1, the fungus 

homologue of Hook proteins, was recently demonstrated to act as an adaptor for early 

endosome transport by coordinating activities of both dynein and kinesin-3 (45).

While revising our manuscript, HkRP3 (CCDC88B) was identified as a gene responsible for 

pathological inflammation via a genome-wide screen of ENU (N-ethyl-N-nitrosourea)-

mutagenized mice (46). Loss of HkRP3 was found to induce resistance in an experimental 

cerebral malaria (ECM) model, which normally leads to severe inflammatory responses and 

lethality. Interestingly, HkRP3 was found to be important for maturation of activated T cells 

as well as production of inflammatory cytokines. Essential role(s) of HkRP3 in NK cell 

cytotoxicity demonstrated in our study provide another layer of explanation why HkRP3-

mutant mice presented protection from ECM. However, it is not clear at this moment 

whether potential role(s) of HkRP3 in regulating dynein complex are also responsible for the 

observed T cell defects. The molecular mechanism by which HkRP3 mediates T cell 

maturation and its function requires further studies.

In addition to the points discussed above, several interesting questions need to be answered 

regarding HkRP3. Some of these include: 1) Does HkRP3 mediate transport of cargoes in 

immune cells other than lytic granules? 2) Does HkRP3 have any role in regulating the MT 

network (e.g. post-translational modification) to mediate cargo transport? Future studies 

focusing on HkRP3 will provide a better understanding of NK cell cytotoxicity and the 
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mechanistic regulation of MT motors involved in lytic granule clustering and MTOC 

polarization.

Supplementary Material

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

CMAC 7-amino-4-chloromethylcoumarin

CS cytotoxic synapse

DIC dynein intermediate chain

GST glutathione S-transferase

MBP maltose-binding protein

MS mass spectrometry

MT microtubule

MTOC microtubule organizing center

siRNA small interfering RNA
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Figure 1. 
HkRP3 is expressed in NK cells, interacts with DOCK8, and forms an oligomer. (A) 

Immunoblot for HkRP3 in whole cell lysates from a primary human NK clone, human NK 

cell-lines (NKL and YTS), and other cell-lines (top). Immunoblot for α-tubulin was shown 

as a loading control (bottom). JKT, Jurkat T cells; 293T, 293T human embryonic kidney 

cells. (B) HEK 293T cells were transfected with the indicated plasmids. Two days post-

transfection, cell lysate was immunoprecipitated with anti-EE, and examined for DOCK8 

(FLAG). Arrowheads denote bands of FLAG-tagged proteins from whole cell lysates 

(WCL). (C) Immunoblot analysis of whole cell lysates with anti-DOCK8, or anti-HkRP3 

immunoprecipitates (IP) derived from YTS cells. IP with rabbit IgG (rIgG) was used as a 

negative control. (D) HEK 293T cells were transfected with the indicated plasmids. Two 

days post-transfection, cell lysate was immunoprecipitated with anti-EE, and examined for 

HkRP3 (FLAG). Arrowheads denote bands of FLAG-tagged proteins from whole cell 

lysates (WCL). (E) Schematic representation of HkRP3 fragments used for GST pull-down 

assays in (F). Cylinder shape represents coiled-coil region. (F) MBP or MBP-HkRP3 (1) (aa 

1-724) were pulled down by GST or GST- HkRP3 (1) (aa 1-724) as denoted above the lanes, 

and examined for MBP or HkRP3 by immunoblot (top and middle). Coomassie blue 

staining shows GST fusion proteins used in the pull-down assay (bottom). Data shown are 

representative of three independent experiments.
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Figure 2. 
HkRP3 mediates NK cell cytotoxicity. (A-C) The indicated NK cell types were nucleofected 

with control, HkRP3 or DOCK8 siRNAs. 72 hours post nucleofection, cell lysates were 

prepared and immunoblotted with the indicated antibodies (left panels). (A) Nucleofected 

YTS cells were incubated with 51Cr-labeled 721.221 cells and the percent specific release 

was measured over the indicated effector:target (E:T) ratios (center). Cytotoxic activity of 

control, HkRP3- or DOCK8-depleted YTS cells was assessed and expressed as Lytic Units 

(LU) (right). Data shown are representative (left and center) or average (right) of three 

independent experiments. (B) LU values of NKL cells transfected with the indicated siRNA 

oligos against 721.221 target cells (center) or P815 target cells coated with anti-NKG2D 

(right) were calculated and presented as a percentage of LU values of the control group. 

Data shown are representative (left) or an average of three independent experiments. (C) LU 

values of primary human NK clones transfected with the indicated siRNA oligos against 

721.221 (left center) or P815 target cells coated with anti-CD16 (right center) or anti-

NKG2D (right) were calculated and presented as a percentage of LU values of the control 

group. Data shown are representative (left) or an average of three (721.221 and CD16) and 

four (NKG2D) independent experiments. Error bars indicate SEM. *P < 0.05, ** P < 0.01, 

and ***P < 0.005 compared with control group.
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Figure 3. 
HkRP3 does not modulate NK conjugate formation. (A) YTS cells were nucleofected with 

the indicated siRNAs. 72 h post-nucleofection, YTS cells were stained with CellTracker 

Violet and then incubated with CFSE-labeled 721.221 cells for the indicated times at 37 °C. 

The percentage of conjugated YTS cells was assessed using two-color flow cytometry and 

calculated based on simultaneous emission of both violet and green fluorescence. Presented 

data are the average of four independent experiments performed in duplicate or triplicate. 

Error bars indicate SEM. *P < 0.05, and **P < 0.01 compared with control group. (B and C) 

YTS cells were transfected with the indicated siRNA oligos. At 72 h, these cells were 

conjugated with CMAC-stained 721.221 target cells (blue), incubated for a total of 25 min at 

37 °C, and fixed for immunofluorescence staining. (B) Representative images from three 

independent experiments (LFA-1: green). Bars, 10 μm. (C) Scoring of LFA-1 polarization to 

the YTS-721.221 interface (see Materials and Methods for details). Data shown are 

collected from three independent experiments. Error bars indicate SEM. **P < 0.01 

compared with control group.
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Figure 4. 
HkRP3 regulates lytic granule clustering to the MTOC as well as MTOC polarization to the 

CS. (A-C) YTS cells were transfected with the indicated siRNA oligos. At 72 h, these cells 

were conjugated with CMAC-stained 721.221 target cells (blue), incubated for a total of 25 

min at 37 °C, and fixed for immunofluorescence staining. (A) Representative images from 

five independent experiments (perforin: red, and γ-tubulin: green). Bars, 10 μm. (B) Average 

distances of lytic granules from the MTOC were measured from 82 conjugated YTS cells 

per each experimental group (15-20 conjugated YTS cells per experiment; 5 independent 

experiments; see Materials and Methods for details). Top panel: scatter plot of mean 

distances of lytic granules from the MTOC. Bar, median. Bottom panel: percentage of 

incidences based on mean distances of lytic granules from the MTOC. (C) Distances of the 

MTOC from the center of the CS were measured from 82 conjugated YTS cells per each 

experimental group (15-20 conjugated YTS cells per experiment; 5 independent 

experiments; see Materials and Methods for details). Top panel: scatter plot of distances of 

the MTOC from the center of the CS. Bar, median. Bottom panel: percentage of incidences 

based on distances of the MTOC from the center of the CS. *P < 0.05, **P < 0.01, and ***P 

< 0.005 compared with control group.
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Figure 5. 
HkRP3 mediates lytic granule clustering to the MTOC after stimulation with anti-CD28. (A-

C) At 72 h after siRNA transfection into YTS cells as indicated, cells were placed on anti-

CD28-coated (A and B) or anti-CD45-coated (C) coverslips, incubated for 25 min at 37 °C, 

and fixed for immunofluorescence staining. (A) Representative images from three 

independent experiments with anti-CD28 stimulation (perforin: red, and γ-tubulin: green). 

Bars, 10 μm. (B and C) Average distances of lytic granules from the MTOC were measured 

from 45-48 YTS cells per each experimental group (15-20 conjugated YTS cells per 

experiment; 3 independent experiments; see Materials and Methods for details). Top panels: 

Scatter plot of mean distances of lytic granules from the MTOC. Bar, median. Bottom 

panels: percentage of incidences based on mean distances of lytic granules from the MTOC. 

*P < 0.05 compared with control group.
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Figure 6. 
HkRP3 regulates efficient transport of lytic granules to the MTOC. (A-C) 72 h after siRNA 

nucleofection, YTS cells were conjugated with CMAC-stained 721.221 target cells (blue), 

incubated for the indicated times at 37 °C, and fixed for immunofluorescence staining. (A) 

Representative images from three independent experiments (perforin: red, and γ-tubulin: 

green). Bars, 5 μm. (B) Average distances of lytic granules from the MTOC were measured 

for 30-35 conjugated YTS cells per each experimental group (10-12 conjugates per 

experiment; 3 independent experiments), and averaged. (C) Distances of the MTOC from 

the center of the CS were measured for 30-35 conjugated YTS cells per each time point 

(10-12 conjugates per experiment; 3 independent experiments), and averaged. Error bars 

indicate SEM. *P < 0.05, ** P < 0.01, and ***P < 0.005 compared with control group.
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Figure 7. 
HkRP3 exists in lytic granules, binds microtubules and interacts with the dynein motor 

complex. (A) YTS cells were conjugated with CMAC-stained 721.221 target cells (blue, 

marked with white asterisk), incubated for a total of 25 min at 37 °C, and fixed for 

immunofluorescence staining with the indicated antibodies. Images are representative of 

three independent experiments. Bars, 5 μm. (B) Schematic representation of HkRP3 

fragments used for MT co-pelleting assay (C) and GST pull-down assays (E). Cylinder 

shape represents coiled-coil region. (C) Microtubule co-pelleting assay. 0.5μM of either 

GST or GST-HkRP3-C’ was incubated with MTs of indicated concentrations. After 

centrifugation, supernatants (S) and pellets (P) were collected and examined for α-tubulin 

and GST by immunoblot. Arrowheads denote GST-fusion proteins. The numbers beneath 

the GST blot provide a densitometric ratio of each signal to signal from the supernatant 

fraction within the same sample group. Data shown are representative of three independent 

experiments. (D) YTS cells were treated with 10 μM nocodazole or the same volume of 

DMSO for 1 h at 37 °C, and washed. Some cells were fixed for immunofluorescence 

staining for α-tubulin to confirm disruption of the microtubule network (Supplemental 

Figure 2B). The remaining cells were lysed and immunoprecipitated using anti-HkRP3. IP 

with rabbit IgG (rIgG) was used as a negative control. Whole cell lysates and 

immunoprecipitates were examined for HkRP3, p150Glued, and dynein intermediate chain 

(DIC). Data shown are representative of five independent experiments. L, long exposure; S, 

short exposure. (E) Lysates from YTS cells were pulled down by GST or GST-HkRP3 

fragments and examined for p150Glued, and dynein intermediate chain (DIC) by 

immunoblot. Coomassie blue staining shows GST fusion proteins used in the pull-down 

assay (bottom). Data shown are representative of three independent experiments. (F) 
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Postnuclear lysate (PNL), non-lysosomal fraction (NLF), and crude lysosomal fraction 

(CLF) were prepared from YTS cells, and examined for HkRP3, p150Glued, DIC, β-actin, 

and granzyme B by immunoblot. Data shown are representative of three independent 

experiments.
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Figure 8. 
Hypothetical model for how HkRP3 mediates lytic granule transport to the MTOC. See text 

for details.
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