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Cutaneous wound healing is a fundamental biologic and
coordinated process, and failure to maintain this pro-
cess contributes to the dysfunction of tissue homeosta-
sis, increasing the global burden of diabetic foot
ulcerations. However, the factors that mediate this pro-
cess are not fully understood. Here, we identify the piv-
otal role of dedicator of cytokinesis 5 (Dock5) in
keratinocyte functions contributing to the process of
skin wound healing. Specifically, Dock5 is highly upre-
gulated during the proliferative phase of wound repair
and is predominantly expressed in epidermal keratino-
cytes. It regulates keratinocyte adhesion, migration,
and proliferation and influences the functions of extra-
cellular matrix (ECM) deposition by facilitating the ubiq-
uitination of transcription factor ZEB1 to activate
laminin-332/integrin signaling. Genetic ablation of
Dock5 in mice leads to attenuated reepithelialization
and granulation tissue formation, and Dock5 overex-
pression–improved skin repair can be abrogated by
LAMA3 knockdown. Importantly, Dock5 expression in
the skin edge is reduced in patients and animal models
of diabetes, further suggesting a direct correlation be-
tween its abundance and healing capability. The rescue
of Dock5 expression in diabetic mice causes a

significant improvement in reepithelialization, collagen
deposition, ECM production, and granulation. Our study
provides a potential therapeutic target for wound heal-
ing impairment during diabetes.

The skin, as the body’s external epithelium, sustains and
repairs injuries throughout a lifetime. Cutaneous wound
healing is a fundamental biologic and coordinated process
that can be divided into four overlapping phases, includ-
ing hemostasis, inflammation, proliferation, and remodel-
ing. Each stage is characterized by key molecular, cellular,
and physiologic events, which are orchestrated in large
part by signaling among hematopoietic, immunologic, and
resident skin cells (1). Immediately after injury, local vas-
cular smooth muscle cells act to constrict vessels to re-
duce blood flow. Inflammation is then initiated within
hours, and neutrophils and monocytes play their roles in
succession to pave the way for the coming proliferative
phase. In this intermediate stage, a series of actions, in-
cluding keratinocyte migration and proliferation and
extracellular matrix (ECM) deposition, occur to form
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granulation tissue. Last, in the collagen-remodeling phase,
a scar is produced through type I collagen synthesis.

During the proliferative phase, reepithelialization,
mainly achieved by epidermal cell migration and prolifer-
ation, is vital for rebuilding the continuity of the epider-
mal barrier (2). Almost 95% of the epidermis is composed
of keratinocytes (3), and the basal keratinocytes are anch-
ored to the basement membrane (BM) (separating the
epidermis from the dermis) through specific ECM compo-
nents binding integrins (4). The distinct cell behaviors
evoked by these ECM-integrin complexes are not only es-
sential for wound reepithelialization to restore epidermal
homeostasis, but also influential in inflammatory re-
sponse, ECM remodeling, and granulation tissue forma-
tion, facilitating proliferation and the transition from the
proliferative to the remodeling phase (5,6). Dysfunctions
of epidermal keratinocytes are often seen under diabetic
conditions, leading to impaired wound healing and contri-
buting to the pathophysiology of diabetic foot ulcers
(DFUs). In patients with diabetes, the lifetime risk of de-
veloping DFUs, which cause limb amputation every 30 s
worldwide and represent a major economic burden in
health care management, is as high as 25% (7). Despite
the magnitude of these consequences, an insufficient
understanding of the underlying molecular mechanisms
hampers the development of novel therapeutic strategies
for diabetic wounds.

Dedicator of cytokinesis 5 (Dock5) is one of the candi-
date molecules known to be implicated in protein-protein
interactions in various tissues through three domains
(SH3, DHR1, and DHR2) (8), which are fundamental for
multiple cellular responses, including myoblast fusion (9),
bone resorption (10), and mast cell degranulation (11).
Recently, Dock5 was reported to regulate hepatic insulin
sensitivity (12) and participate in cell motility in head
and neck squamous carcinoma (13). These findings raise
questions about the possible role of Dock5 in skin homeo-
stasis during wound healing.

In the current study, we uncovered a novel role of
Dock5 in enhancing cellular processes, including adhesion,
migration, and proliferation, as well as its capability of in-
fluencing ECM deposition during the proliferative phase,
indicating that Dock5 may be a potential therapeutic tar-
get for ameliorating cutaneous wound repair impairment.
In addition, activation of the Dock5-LAMA3 signaling
pathway in skin may represent a new mechanism for
treating DFUs.

RESEARCH DESIGN AND METHODS

Animals
Male C57BL/6, type 2 diabetes C57BL/KsJm/Leptdb (db/
db) mice and their normoglycemic heterozygous litter-
mates were purchased from the Model Animal Research
Center of Nanjing University (Jiangsu, China). Dr. Cote
(Burnham Institute for Medical Research, La Jolla, CA)
generously provided Dock5 knockout (KO) mice, which

were generated as previously reported (9) and backcrossed
onto a C57BL/6 background for more than eight genera-
tions before use, and age- and sex-matched C57BL/6 mice
were used as wild-type (WT) controls. Dock5flox/flox and
keratin14-Cre mice were purchased from GemPharmatech
(Jiangsu, China). Keratinocyte-specific Dock5 KO mice
were generated by crossing Dock5flox/flox with keratin14-
Cre mice, which express a Cre recombinase transgene
under the control of a human keratin14 promoter as pre-
viously described (14), and Cre1 Dock5WT/WT mice were
used as controls. Animals were 8–12 weeks old at the
start of wounding after anesthetization with pentobar-
bital sodium. Mice were housed in a 12-h dark/light cycle
at 22�C with food and water ad libitum. All mouse study
designs, experimental processes, and euthanasia methods
were approved by the Laboratory Animal Welfare and
Ethics Committee of the Army Medical University.

Skin Wound Models
The wound model was deployed as previously described
(15). Briefly, after general anesthesia, two full-thickness
wounds were made on the dorsum on each side of the
midline using a sterile 6-mm biopsy punch (HealthLink,
Jacksonville, FL). Digital images were obtained on the day
of surgery and every other day after wounding. Wound
area was quantified using ImageJ software (National In-
stitutes of Health, Bethesda, MD) with a unified calibra-
tion. The wound closure rate was calculated as the
percentage of the original area. For the histology and
mRNA and protein expression analysis during the wound
healing process, mice were euthanized on the indicated
day, and wound tissues were harvested using an 8-mm
skin biopsy punch.

Quantitative Real-time PCR
Quantitative real-time PCR was performed according to
our previous protocol (16). Briefly, total RNA was ex-
tracted from skin tissues or cultured cells using Trizol
(TIANGEN, Beijing, China) according to the manufac-
turer’s instructions. RNA quality was assessed by examin-
ing the 260:280 ratio using the NanoDrop2000
spectrophotometer (Thermo Scientific, Waltham, MA).
Samples with a ratio of 1.8–2.0 were processed for further
analysis. cDNA was obtained by reverse transcribing total
RNA with the PrimeScript RT Reagent Kit (TaKaRa, Dali-
an, China). Quantitative real-time PCR was performed on
the Applied Biosystems 7300 system (Life Technologies,
Warrington, U.K.) using SYBR Premix Ex Taq II (TaKaRa).
The internal control was GAPDH, and gene expression
levels were calculated using the DCt method. The primer
sequences are presented in Supplementary Table 1.

In Situ Hybridization
Dock5-specific mRNA probes were generated by Boster
(Hubei, China), and in situ hybridization was performed
on cryosections (10 mm in thickness) of wound tissue
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according to the manufacturer’s instructions. Briefly, after
fixation in 4% formaldehyde for 30 min, sections were
treated with proteinase in 3% citrate diluent for 5 min at
37�C and prehybridized for 4 h at 40�C. Hybridization
with Dock5-specific FITC-labeled mRNA probes was per-
formed overnight at 40�C. Slides were then washed with
2� saline sodium citrate buffer for 15 min to wash away
excess probe and hybridization buffers, followed by 0.5�
and 0.2� saline sodium citrate buffer at 37�C to remove
nonspecific and/or repetitive hybridized DNA/RNA. Probe
binding was detected by incubating the sections with
streptavidin biotin complex–FITC (1:1,000; Boster) for 1 h
at 37�C for superior amplification of the antigen signals.
Nuclei were stained with DAPI (Beyotime, Beijing, China)
for 5 min at room temperature. The coverslips were
mounted with Fluoromount (Boster), and images were ac-
quired by using a fluorescence microscope (cellSens stand-
ard 1.15; Olympus, Tokyo, Japan).

Cell Culture and Transfection
Human immortalized keratinocytes (HaCaT cells) were
purchased from the Institute of Basic Medical Sciences,
Chinese Academy of Medicine Science/Peking Union Med-
ical College (Beijing, China), and were cultured in min-
imum essential medium/Earle’s balanced salt solution
medium (HyClone, ThermoFisher, Shanghai, China) with
10% FBS (ExCell, Shanghai, China) in a 5% CO2 incubator
at 37�C. Human epidermal melanocytes and human Lan-
gerhans cell–like cell line (ELD-1) were purchased from
Chongqing Boer Biotech Co., Ltd., and cultured in DMEM
or 1640 medium with 10% FBS. Cell identities were con-
firmed by the supplier or Shanghai Biowing Applied Bio-
technology, Co. (Shanghai, China), and mycoplasma
determination was performed by Shanghai Biowing Ap-
plied Biotechnology Co. For the knockdown experiment,
cells were seeded in six-well plates and transiently trans-
fected with siRNA oligonucleotides at 30 pmol per well
using the Lipofectamine RNAiMAX Transfection Reagent
(Invitrogen, Waltham, MA) according to the manufac-
turer’s instructions. Dock5-, LAMA3-, ITGA3-, and zinc
finger E-box–binding homeobox 1 (ZEB1)–specific and
corresponding negative control siRNAs were obtained
from Qiagen (Valencia, CA) or RIBOBIO (Guangzhou, Chi-
na). For overexpression, cells were seeded in six-well
plates and transfected with 1 mg plasmid per well using
the Lipofectamine 3000 Reagent (Invitrogen) according to
the manufacturer’s instructions. Dock5 and control vector
plasmids were generated by GenScript (Piscataway, NJ).

Confocal Time-Lapse Imaging and Trajectory Analysis
Confluent monolayers of cells were transfected with the
siRNA or plasmid of the indicated gene for 24 h, and a
scratch wound model then was created. To inhibit cell
proliferation, the serum in the medium changed from 10
to 2%. Cells were then placed on the stage of a Leica TCS
SP8 microscope (Wetzlar, Germany) in a humidified

atmosphere (at 37�C, 5% CO2) and observed with a 10�
lens. Images were acquired every 40 min and analyzed us-
ing ImageJ software (National Institutes of Health). Tra-
jectory analysis was performed using the Chemotaxis and
Migration Tool 2.0 (Ibidi, GmbH, M€unchen, Germany).

Cell Proliferation and Adhesion Assays
For cell proliferation and adhesion assays, HaCaT cells
(1� 103 cells per well for proliferation and 1 � 105 cells
per well for adhesion) were seeded into 96-well plates and
transfected with the siRNA or plasmid of the indicated
gene for 24 h. Cell proliferation was assessed on days 1,
2, and 3. At each time point, 10 mL Cell Counting Kit 8
solution (Dojindo Molecular Technologies, Rockville, MD)
mixed with 100 mL fresh culture medium was added to
each well and incubated in a 5% CO2 incubator at 37�C
for 40 min. The cell growth curves were acquired by read-
ing the absorbance at 450 nm in the Varioskan Flash Mi-
croplate Reader (Thermo Scientific). To study the cell
adhesion, cells were placed into two microplates and al-
lowed to attach to the substrates undisturbed in a 5%
CO2 incubator at 37�C for 4 h. At the end of incubation,
one of the plates was centrifuged to pellet the cells, and
the culture medium was removed; the total cell number
was then determined using this plate. In another plate,
medium was removed without centrifuge, and the wells
were washed with prewarmed (37�C) PBS to remove un-
attached cells; the number of adherent cells was then de-
termined using this plate. Cell numbers were quantitated
using the CyQUANT Cell Proliferation Assay Kit (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s
instruction.

Hematoxylin-Eosin, Masson Trichrome, and
Immunofluorescence Analyses
Hematoxylin-eosin, Masson trichrome, and immunofluor-
escence staining were performed on paraffin sections (5
mm in thickness) of skin tissue according to our previous
protocols (17). Images were taken using a fluorescence
microscope (cellSens standard 1.15; Olympus). The wound
widths (distances between wound border hair follicles)
and reepithelialization (length of newly formed wound
epithelium) were measured using ImageJ (National Insti-
tutes of Health). The percentage of proliferating cell nu-
clear antigen–positive (PCNA1) cells in epithelial tissue
was determined by calculating the number of PCNA1 cells
divided by the total number (DAPI) of cells. For immuno-
fluorescence staining, the following primary antibodies
were used: anti-Dock5 from Novus (Centennial, CO); anti-
CK14, anti-CK5, and antivimentin from Santa Cruz Bio-
technology (Dallas, TX); anti-CK1, anti-CK10, and anti-
Ly6G from Abcam (Cambridge, MA); and anti-CD68 from
Proteintech (Hubei, China).
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Western Blot, Ubiquitination, and Half-Life Assays
Extraction of skin tissue and cellular protein and Western
blot were performed as in our previous protocols (15,16).
The following antibodies were used: anti-Dock5 from No-
vus; anti-Dock1, 3, and 8 and anti-ZEB1 from Protein-
tech; anti-PCNA (PC10), antivimentin (V9), anti-GAPDH
(V-18), and anti-ITGA3 from Santa Cruz Biotechnology;
and anti-LAMA3, anti-aSMA, antifibronectin, and anti–-
collagen I from Abcam. Ubiquitination and half-life assays
were performed as described in our previous study (16).
Briefly, for the ubiquitination assay, cells were transfected
by Dock5 plasmids with hemagglutinin-ubiquitin for 24 h
and treated with MG-132 (10 mmol/L) (MCE, Shanghai,
China) for 4 h. Cells were harvested, and the lysates were
incubated with anti-ZEB1 antibody at 4�C overnight.
Ubiquitylated ZEB1 proteins were analyzed by immuno-
blotting with an antibody against the hemagglutinin epi-
tope. For ZEB1 protein half-life analysis, cells were
treated with Dock5 plasmid, and cycloheximide (25
mmol/L) (MCE) was added to block protein synthesis. Cell
lysates were collected at the indicated time points after
cycloheximide administration and subjected to immuno-
blot analysis with indicated antibodies.

RNA Sequencing Analysis
The total RNA of wound skin samples from Dock5 KO
and WT mice was harvested with Trizol (Takara) and
quantified using NanoDrop2000. RNA integrity and gen-
omic DNA contamination were tested by denaturing agar-
ose gel electrophoresis, and the sequencing library was
tested using the Agilent 2100 Bioanalyzer with the Agi-
lent DNA 1000 Chip Kit (Agilent Technologies, Wald-
bronn, Germany). RNA sequencing (RNA-seq) was
performed by KangChen Biotech (Shanghai, China) using
the Illumina HiSEq 4000 platform.

Streptozotocin-Induced Diabetic Mouse Model
Diabetes was induced in C57BL/6 mice as described in
our previous study (17). Briefly, 10-week-old male mice
were administered 50 mg/kg streptozotocin (STZ) (dis-
solved in sodium citrate, i.p. injection; Sigma-Aldrich, St.
Louis, MO) for 5 consecutive days. Two weeks after STZ
injection, mice with fasting glucose levels >250 mg/dL
(13.9 mmol/L) were considered diabetic.

Adenoviruses Mediate Gene Expression or Knockdown
in Wounded Mouse Skin
To assess whether LAMA3 mediated the wound healing
regulated by Dock5, purified Dock5-expressing (Ade-
Dock5) and LAMA3 knockdown adenoviruses and corre-
sponding controls were generated by GENECHEM (Shang-
hai, China). On the dorsal skin of 8-week-old C57BL/6J
mice, 6-mm wound edges were marked, and 2 � 109 pla-
que-forming units Ade-Dock5 and LAMA3 knockdown
adenovirus or their control viruses were injected around
each wound. Three days later, 6-mm wounds were created
at the marked areas. To evaluate whether Dock5

activation could rescue defective wound healing in STZ
mice, 2 � 109 plaque-forming units Ade-Dock5 or control
virus were injected around each wound 3 days before
wound creation in STZ mice. Wound closure rates were
evaluated as described above, and tissues were collected
on the indicated day after wounding and processed for
analysis.

Primary Keratinocyte Isolation
Primary keratinocytes were isolated from adult mouse ep-
idermises as described before (18). In brief, after mice
were euthanized, target skin areas were removed using
scissors and placed in a culture dish with epidermis side
down. Hypodermises were carefully scraped off using a
scalpel blade. The skins were then cut into 1-cm wide
strips using scissors and placed with dermis side down in
a dish with precooled 0.25% trypsin (Gibco, Thermo-
Fisher) overnight at 4�C. The next day, the epidermis was
isolated from the dermis, and keratinocytes were peeled
off using the rounded edge of curved forceps for addition-
al mRNA and protein isolations.

Human Skin Tissues
A total of six DFU patients and six healthy participants
were recruited after agreeing and providing informed con-
sent. The experimental protocols were approved by the
Ethics Committee of the Second Affiliated Hospital of
Army Medical University and were consistent with the
Declaration of Helsinki.

Statistical Analyses
All data are presented as means ± SEMs unless otherwise
indicated. Statistical analysis was performed using Graph-
Pad Prism software (version 7.0) (San Diego, CA). Statis-
tical differences between groups were analyzed using the
two-tailed Student t test or one-way ANOVA followed by
Tukey post hoc test. Both in vitro and in vivo wound clos-
ure rates over time were analyzed using two-way ANOVA.
A P value <0.05 was considered significant.

Data and Resource Availability
All data related to our conclusions in this report are pre-
sented in the main text and/or supplementary materials.
Additional data related to this article are available from
the corresponding authors upon reasonable request.

RESULTS

Characterization of Dock5 During Skin Wound Healing
We first evaluated the Dock5 expression pattern through-
out the entire healing process. Full-thickness 6-mm punch
biopsy wounds were made in the dorsal skin of C57BL/6
mice, and skin wound samples after injury (days 0, 1, 3,
5, 7 and 11) were harvested. Our results showed that
there was no obvious change in Dock5 expression in the
inflammatory phase (1 day), but we confirmed a signifi-
cant upregulation of Dock5 expression in the wounds

diabetes.diabetesjournals.org Qu and Associates 1173

https://doi.org/10.2337/figshare.13952456
http://diabetes.diabetesjournals.org


through the proliferative phase (days 3–11) compared
with days 0 and 1, although there was a decreased trend
after day 5 (Fig. 1A). Simultaneously, the other 10 Dock
members were examined accordingly. As shown in
Supplementary Fig. 1A, the relative expression levels of
Dock2, 4, 6, 7, 9, 10, and 11 were not significantly
changed, whereas along with those of Dock5, the mRNA
levels of Dock1, 3, and 8 were significantly increased dur-
ing wound healing but with different temporal patterns.
Dock1 and 8 expression peaked by day 11, and Dock3 ex-
pression was highest at day 1. These patterns were fur-
ther confirmed by the protein expression of Dock1, 3, 5,
and 8 (Supplementary Fig. 1B). To reveal which cell types

were primarily responsible for the changes in Dock5 ex-
pression levels during wound healing, we performed in
situ hybridization with a Dock5-specific locked oligo-
nucleotide probe on the harvested skin wound sections.
The Dock5 signal was mainly detected in epidermal kera-
tinocytes (Fig. 1B). In accordance with our mRNA data,
Dock5 expression was low in the wounds from day 0 and
1 but gradually increased at day 3, reached its peak at day
5, and subsequently diminished until day 11 after wound-
ing. In addition, we stained Dock5 with different kera-
tinocyte markers and confirmed the colocalization of
Dock5 with cytokeratin 14 (Fig. 1C and Supplementary
Fig. 2). Taken together, these results demonstrate that

Figure 1—Expression pattern of Dock5 in wounds. Full-thickness wounds were made on the dorsum of C57BL/6 mice. A: mRNA expres-
sion of Dock5 in wound biopsies at the indicated time points after injury was analyzed by quantitative real-time PCR. B: In situ hybridiza-
tion was performed using a Dock5-specific probe. Green indicates Dock5 expression, and blue indicates DAPI. C: Wound sections from
C57BL/6 mice were stained for Dock5 (green) and cytokeratin 14 (CK14) (red, keratinocyte marker). Dotted lines in B and C indicate mag-
nified area. Scale bars, 100 mm for B and C. n = 3 mice per group for A–C. Data are presented as means ± SEMs. *P < 0.05, **P < 0.01,
***P< 0.001.
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Dock5 expression levels are tightly regulated in epidermal
keratinocytes at the wound edge and increase during the
proliferation phase.

Dock5 Regulates Various Physiologic Functions in
Keratinocytes
To explore the possible role of epidermal Dock5 during the
proliferative phase of the wound healing process, we first
examined the physiologic functions of migration and pro-
liferation in HaCaT keratinocytes by Dock5 inhibition (si-
Dock5) or overexpression (Oe-Dock5) (Fig. 2A). As shown
in Fig. 2B and C, significantly delayed migration was ob-
served in the si-Dock5 group compared with the control
group, and strikingly accelerated wound closure accompa-
nied overexpression. Cell tracking analyses revealed that,
compared with the control cells, most Dock5 knockdown
cells showed little or no movement, whereas the Oe-Dock5
group exhibited robust and well-polarized movement dur-
ing the same time interval (Fig. 2D). The proliferation rate
of HaCaT cells was then analyzed using the Cell Counting
Kit 8 assay, and keratinocyte proliferation was inhibited by
silencing Dock5 and enhanced by its overexpression

(Fig. 2E). We further detected a role of Dock5 in cell ad-
hesion; the dynamics of keratinocytes adhering to the
BM could perturb migration and proliferation (4). Kera-
tinocytes with Dock5 knockdown showed a significantly
decreased adhesion ability, whereas Oe-Dock5 led to
more cells adhering to the uncoated plate surface (Fig.
2F), which indicated that Dock5 influenced adhesion,
and this effect might have been independent of the ex-
ogenous matrix. These data suggest that Dock5 plays
an important role in regulating keratinocyte adhesion,
migration, and proliferation.

Deficiency of Dock5 Impairs Wound Healing
To investigate whether in vivo Dock5 gene ablation
affects skin wound healing, WT and Dock5 KO mice
were used (Supplementary Fig. 3A). The wound clos-
ure rate was assessed via measurement of the wound
areas at the indicated time points (Fig. 3A). Despite
similar blood glucose levels (Fig. 3B), Dock5 KO mice
exhibited a significantly delayed wound closure rate
compared with WT mice (Fig. 3C). Reepithelialization
(measured by length of neoepithelium) is essential in a

Figure 2—Dock5 regulates keratinocyte migration, proliferation, and adhesion. Keratinocytes were transfected with Dock5-specific siRNA
(Si-Dock5) or overexpression plasmid (Oe-Dock5). A: The transfection efficiency of overexpression and knockdown is presented. B: Live
cell images were acquired 16 h after scratching in a wound-healing assay via a live cell imaging system. C: Wound recovery rate was
quantified. D: Cell migration trajectory was tracked for 2 h at 8–10 h after scratching. The center indicates the start point, and magenta
dots indicate end points. Each line shows the trajectory of a randomly chosen cell (left [L], right [R], forward [F], or opposite [O] of the direc-
tion of migration). E: Cell proliferation was assessed by Cell Counting Kit 8 assay. F: Cell adhesion was quantified using the CyQUANT As-
say Kit. n = 3 for A–C and F, n = 65–75 for D, and n = 5 mice per group for E. Data are presented as means ± SEMs. *P < 0.05, ***P <
0.001. OD, optical density.
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healed wound to restore an intact epidermal barrier.
Morphometric analyses showed that the wound widths
were larger and neoepithelial lengths shorter in Dock5
KO healing skin compared with WT at day 7 after in-
jury, indicating defective reepithelialization (Fig. 3D).
As expected, decreased proliferation, as demonstrated
by nuclear PCNA1 cell immunostaining and protein

expression, was observed in the Dock5-ablated skin at
day 5 after injury (Fig. 3E and F).

In concert with reepithelialization, collagen is depos-
ited, and matrix proteins form granulation tissue, which
serves as the scaffold for keratinocyte migration to re-
place the previous fibrin clot. The decreased protein levels
of matrix fibronectin and collagen I, as well as the

Figure 3—Dock5 KO impedes wound healing. Full-thickness wounds were made on the dorsum of Dock5 KO and WT mice. A: Experi-
ment setup. B: Fasting blood glucose was assessed. C: Representative wound images (left) are shown at the indicated times and were
quantified as the percentages of the initial wound area (right). D: Representative hematoxylin-eosin–stained sections are shown on day 7
after injury, and wound width and reepithelialization were quantified in WT and KO mice. E: The representative images and quantification
of PCNA1 cell numbers in epithelial cells are shown. Epithelium (EP) is tagged with dotted lines. F: Expression of the indicated proteins in
wound tissue from WT and KO mice by Western blot analysis. G: Masson trichrome staining and vimentin immunostaining of wound sec-
tions from WT and KO mice. H: mRNA expression of genes related to ECM deposition was analyzed by quantitative real-time PCR. Each
grid scale represents 1 mm for C. Scale bars, 200 mm for D and 50 mm for E and G. n = 6 mice per group for A–H. Data are presented as
means ± SEMs. **P< 0.01, ***P < 0.001. FN, fibronectin; n.s., not significant.
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granulation tissue markers aSMA and vimentin, were
found in Dock5-deleted skin compared with WT (Fig. 3F),
which was further confirmed by Masson trichrome and vi-
mentin staining (Fig. 3G). Dock5 deficiency also repressed
the genes encoding matrix metalloproteinases, which are
required for ECM remodeling (1) (Fig. 3H). These results
indicate that Dock5 KO not only blunts reepithelialization
but also suppresses ECM remodeling and granulation tis-
sue formation, which may contribute to the impaired
wound healing seen in Dock5 KO skin.

The inflammatory response is an important player in
the regulation of wound healing, which begins immediate-
ly after wounding via the infiltration of neutrophils and
macrophages (1). Neutrophils initiate debridement of de-
vitalized tissues and combat invading microbes and are
later removed by macrophages in situ within days (19).
However, animal models have shown that an excessive in-
flammatory response in wound sites impairs keratinocyte
migration and proliferation (20,21). Our results showed
that Dock5 deficiency in wound tissues did not signifi-
cantly change mRNA expression of neutrophil chemo-
kines (CXCL1 and CXCL5), macrophage gene MCP-1, or
inflammatory cytokines (interleukin-1b [IL-1b], IL-6, and
tumor necrosis factor-a) on day 5 of the proliferative
phase after injury (Supplementary Fig. 3B), which was
consistent with the lack of obvious differences detected in
the immunofluorescence staining of neutrophils and mac-
rophages using anti-Ly6G and CD68 antibodies, respect-
ively (Supplementary Fig. 3C). We also examined the
influence of Dock5 inactivation during inflammatory
states. Results shown in Supplementary Fig. 3D and E
were in agreement with no apparent differences in wound
closure between Dock5 KO and WT mice 1 day after
injury (Fig. 3C). However, we observed a relatively
increased trend of cytokine gene expression in Dock5 KO
skin, although this expression was not statistically
significant, except for IL-6 (Supplementary Fig. 3D).

Next, we wanted to assess whether the delayed wound
healing of Dock5 KO mice was due to the abrogation of
Dock5 in keratinocytes. We used a conditional KO mouse
model in which Dock5 was specifically ablated in keratino-
cytes by crossing Dock5flox/flox mice with keratin14-Cre
mice (14,22). After wounding, these mice presented an im-
paired healing phenotype similar to the Dock5 KO mice
(Fig. 3), which was evidenced as delayed reepithelialization
and suppressed ECM remodeling and granulation com-
pared with Cre1 Dock5WT/WT mice (controls)
(Supplementary Fig. 4A–H). These results indicate that
Dock5 deficiency in keratinocytes may be the major con-
tributor to the impairment of wound healing observed in
Dock5 KO skin. There are several surrounding immune/
structural cells in addition to keratinocytes in the epider-
mis, such as Langerhans cells and melanocytes (23). Previ-
ous studies have reported that epidermis-resident
Langerhans cells release a rapid pulse of chemokines and
cytokines in early acute inflammation (24), and enhanced

proliferation and migration of melanocyte also favor the
regeneration of an intact differentiated and pigmented
epidermis to restore the outermost skin barrier (25).
Therefore, we assessed whether Dock5 influenced the
physiologic functions of these two cells. Our results
showed that neither si-Dock5 nor Oe-Dock5 significantly
influenced melanocyte migration or proliferation
(Supplementary Fig. 4I–L), but the cytokines transforming
growth factor-b and IL-23 were increased in lipopolysac-
charide-stimulated Langerhans cells with Dock5 knock-
down (Supplementary Fig. 4M). These results suggest that
Dock5 mediates the function of Langerhans cells, which
may also be involved in the healing process in wounds.

Dock5 Regulates Laminin-332/Integrin Signaling
During Wound Healing
To gain insight into the molecular mechanism behind the
participation of Dock5 in wound healing, we used an un-
biased method (i.e., RNA-seq analysis). Comparison of the
Dock5 KO and WT groups identified a total of 702 signifi-
cantly changed and differentially expressed genes (105
upregulated and 597 downregulated genes; log2FC >1.5)
(Supplementary Table 2). Hierarchic clustering of differ-
entially expressed genes showed distinct patterns between
these two groups (Fig. 4A). Further biologic function ana-
lysis showed that gene ontology terms associated with sig-
nal transduction and cellular process, such as regulation
of cell proliferation and migration, were obviously
changed (Fig. 4B and Supplementary Table 3). Kyoto En-
cyclopedia of Genes and Genome (KEGG) analysis showed
the 10 most enriched pathways for the genes downregu-
lated and upregulated by Dock5 (Fig. 4C, Supplementary
Fig. 2, and Supplementary Table 4). Intriguingly, consist-
ent with our hypothesis that keratinocyte Dock5 plays a
vital role in cutaneous wounds, many of the annotated
genes from the significantly downregulated gene list (P <
0.01) coded for proteins important in responding to epi-
dermal cell functions (e.g., Casp14, Myh9, Adam17, and
Hdac1) (26–29). In particular, pathways termed focal ad-
hesion and ECM-receptor interaction were noted in the
top three for downregulated gene enrichment.

To maintain epidermal integrity, intracellular signals are
transduced by keratinocytes interacting with ECM proteins,
which occurs mainly through laminin binding to its receptor
integrin (5,6). Laminin-332 (previously known as laminin-5),
trimerized by a3, b3, and g2 chains, is a secreted ECM pro-
tein and major adhesive ligand of the epidermal BM. Lam-
inin-332 specifically incorporates two integrin receptors,
Itga3b1 and Itga6b4, both of which are also highly con-
served in epidermal keratinocytes (5,30), to induce cellular
activities such as adhesion, migration, and proliferation.
Therefore, we speculated that laminin-332/integrin signaling
was involved in Dock5-modulated wound healing. Our re-
sults showed that genes encoding three laminin-332 chains
(LAMA3, LAMB3, and LAMC2) and two integrin subunits
(ITGA3 and ITGB4) exhibited significant changes in the
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comparison between WT and KO repaired skin tissue (Fig.
4D). Moreover, LAMA3, ITGA3, and ITGB4 presented aug-
mented expression similar to the dynamic pattern of Dock5
seen in Fig. 1A during the course of wound healing (Fig.
4E), indicating that they may have a close association. Be-
cause there is ample evidence of the physiologic importance
of laminin-332 interaction with these integrins in epidermal
cell motility and healing (31,32), we then investigated the
role of laminin-332 in Dock5-regulated skin repair.

Dock5 Improves Wound Healing by LAMA3 Activation
Through Promoting ZEB1 Ubiquitination
Because the a chain of laminin-332 is essential for bind-
ing with Itga3b1 and Itga6b4 (33,34), the effects of

laminin a3 deficiency under Dock5-controlled wound
healing were then evaluated (Fig. 5A). Indeed, compared
with the control group, the wound closure rate was accel-
erated in mice with Dock5 intradermal administration to
delivery to the epidermal layer (35) (Fig. 5B and C).
Knocking down the a chain of laminin-332 (adenovirus-
sh-LAMA3) at wound edges substantially attenuated the
wound closure rate, reepithelialization, collagen depos-
ition, and granulation seen in Dock5-overexpressing mice
(Fig. 5B–E). The in vitro data further confirmed that
LAMA3 siRNA significantly abolished the enhanced cell
adhesion, migration, and proliferation by Dock5 transient
transfection (Supplementary Fig. 3A–E), indicating that
Dock5 improved wound healing via LAMA3 activation. In

Figure 4—Dock5 regulates laminin-332/integrin signaling during wound healing. A: Hierarchic clustering of all significantly differentially
expressed genes in wound tissue at day 5 after injury. B: Gene ontology analysis of all significantly altered genes was performed, and the
top 10 items are shown. C: KEGG pathway analysis was conducted on all significantly downregulated genes, and the top 10 items are
shown. D: Gene expression of all three chains of laminin-332 and its two integrin receptors in wound tissue fromWT and KO mice was as-
sessed by quantitative real-time PCR (qRT-PCR). E: mRNA expression of indicated genes in wound biopsies at the indicated time points
after injury was analyzed by qRT-PCR. n = 6 mice per group for D, and n = 3 for E. Data are presented as means ± SEMs. *P < 0.05, **P <
0.01, ***P< 0.001. ER, endoplasmic reticulum.
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Figure 5—Dock5 accelerates wound healing by LAMA3 activation through promoting ZEB1 ubiquitination. A: Schematic representation
of the experiment setup used for evaluating whether Dock5-regulated wound healing occurs through LAMA3. Dock5-expressing and
LAMA3 knockdown adenoviruses (Ade) were intradermally injected around the wound areas 3 days before the full-thickness wounds were
made in C57BL/6 mice. B: Representative wound images (left) are shown at the indicated times and quantified as the percentages of the
initial wound area (right). C: Representative hematoxylin-eosin–stained sections (left) are shown on day 7 after injury, and wound width
and reepithelialization (right) were quantified. D: The representative images and quantification of PCNA1 cell numbers in epithelial cells
are shown. Epithelium (EP) is tagged with dotted lines. E: Masson trichrome staining and vimentin immunostaining of wound sections
from indicated mice. F: Expression of the ZEB1 proteins in wound tissue from WT and KO mice by Western blot analysis. Keratinocytes
were transfected with Zeb1-specific siRNA with or without Dock5-specific siRNA. G: Live cell images (left) were acquired 16 h after
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addition, the manipulation of ITGA3, the laminin-332 re-
ceptor, could also interfere with Dock5-medicated physio-
logic functions in epidermal keratinocytes (Supplementary
Fig. 4A–E). Taken together, Dock5 improved cell behaviors
for repairing skin tissue in a LAMA3-dependent manner.

Next, we explored the regulation of Dock5 on LAMA3. A
previous study suggested that a dual zinc finger homeodo-
main transcription factor, ZEB1, could directly regulate the
mRNA expression of all three chains of laminin-332 (36),
which was consistent with our observations of the skin of
Dock5 KO mice. Moreover, ZEB1 deletion was recently re-
ported to promote directional migration and proliferation of
skin epithelial cells (37). Therefore, we investigated the par-
ticipation of ZEB1 in Dock5-regulated downstream effects.
The skin of Dock5-deficient mice presented augmented
ZEB1 protein expression (Fig. 5F). Furthermore, ZEB1 siR-
NA abrogated the suppressed cell motility caused by Dock5
knockdown in HaCaT cells (Fig. 5G–J), suggesting that the
Dock5-mediated effects occurred through ZEB1 inhibition.

To question the molecular mechanism underlying how
Dock5 regulates ZEB1, we examined ZEB1 expression,
along with LAMA3 and ITGA3 under Dock5 manipula-
tion. In HaCaT cells, the protein expression of LAMA3
and ITGA3 was enhanced with Dock5 overexpression and
attenuated by Dock5 siRNA (Fig. 5K), which was consist-
ent with our in vivo data (Fig. 4D). Our results also
showed that ZEB1 protein, but not mRNA, levels were al-
tered by Dock5 loss- and gain-of-function modulation
(Fig. 5K and Supplementary Fig. 5), indicating a posttran-
scriptional mechanism. In addition, ZEB1 protein was
negatively regulated by Dock5, and a previous study
showed that ZEB1 could be modulated through its deg-
radation by the proteasomal pathway (38); we then as-
sessed this pathway. The proteasome inhibitor MG132
blocked the Dock5 overexpression–induced reduction in
ZEB1 protein (Fig. 5L). Moreover, Dock5 overexpression
increased ubiquitination (Fig. 5M) and decreased the
half-life of the ZEB1 protein (Fig. 5N). These results indi-
cated that Dock5 regulated the stabilization of the ZEB1
protein via the proteasomal degradation pathway.

Rescue of Dock5 Accelerates Wound Healing in
Diabetic Mice
On the basis of the observed effects of Dock5 mediation
of reepithelialization, ECM deposition, and granulation in

the skin wound, we then explored its role under patho-
logic conditions. Our results showed lower Dock5 expres-
sion in the epidermal skin of DFU patients compared
with healthy participants (Fig. 6A and Supplementary
Table 5). These results were replicated in mouse models
of type 1 diabetes (STZ-induced diabetic mice) and type 2
diabetes (db/db mice) at both the mRNA and protein lev-
els (Fig. 6B). After finding this downregulation of Dock5,
we next determined the effects of rescuing Dock5 expres-
sion on wound healing during diabetes. The restoration of
Dock5 and the accompanying decrease in ZEB1 were con-
firmed in isolated keratinocytes from skin tissues in over-
expression studies (Fig. 6C). In accordance with previous
observations, STZ treatment indeed induced impaired
wound healing and retarded reepithelialization, whereas
rescue of Dock5 via intradermal adenoviral injection to
the STZ wounds blocked delayed healing (Fig. 6D–F).
Moreover, the increased expression of LAMA3 and ITGA3
and the downstream effects of ECM remodeling and
granulation were observed with Dock5 replenishment
(Fig. 6G–I), corroborating our in vitro mechanistic find-
ings, which further confirmed that these tissues under-
went a more efficient healing process. In sum, these
findings indicate that rescue of Dock5 promotes diabetic
wound healing and may be a promising therapeutic target
for DFUs.

DISCUSSION

Patients with diabetes experience impaired wound heal-
ing, which may lead to limb amputation or even cause
death. The current study identified Dock5 as a critical
regulator of cutaneous wound healing, and the mechanis-
tic experiments indicated that the effects occurred mainly
through ZEB1-controlled LAMA3/ITGA3 signaling. More-
over, in patients and animal models of diabetes, Dock5
expression at the skin edge was reduced, and rescuing
Dock5 expression led to a significant improvement in cu-
taneous wound repair.

Our findings suggest that Dock5 is a critical regulator
of skin wound closure by stimulating laminin-332 to fa-
cilitate integrin-mediated adhesion, migration, and prolif-
eration of keratinocytes, resulting in faster tissue
regeneration. Sixteen laminin heterotrimers with differ-
ent combinations of 6a, 3b, and 3g chains have been

scratching in a wound-healing assay via a live cell imaging system, and the wound recovery rate was quantified (right). H: Cell migration
trajectories were tracked for 2 h at 8–10 h after scratching. The center indicates the start point, and magenta dots indicate end points.
Each line shows the trajectory of a randomly chosen cell (left [L], right [R], forward [F], or opposite [O] of the direction of migration). I: Cell
proliferation was assessed by Cell Counting Kit 8 assay. J: Cell adhesion was quantified using the CyQUANT Assay Kit. K: Keratinocytes
were transfected with Dock5-specific siRNA or Dock5 overexpression plasmid, and indicated proteins were detected. L–N: Keratinocytes
were transfected by Dock5 plasmid, and ZEB1 protein was examined 4 h after proteasomal inhibitor MG-132 (10 mmol/L) addition (L).
Hemagglutinin (HA)-tagged ubiquitin (Ub) was cotransfected with or without Dock5 plasmid, and ubiquitination was detected (M). The
half-life of ZEB1 protein was determined by pulse-chase assay with protein synthesis inhibitor cycloheximide (CHX) (25 mmol/L) adminis-
tration (N). Each grid scale represents 1 mm for B. Scale bars, 200 mm for C, and 50 mm for D and E. n = 3 mice per group for G and J–N,
n = 5 for I, n = 69–75 for H, n = 6 for A–F. Data are presented as means ± SEMs. *P < 0.05, **P < 0.01, ***P < 0.001. IB, immunoblotting;
IP, immunoprecipitation; n.s., not significant; OD, optical density.
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Figure 6—Rescue of Dock5 accelerates wound healing in diabetic mice. A: Skin tissue surrounding the wounds of patients with diabetes
was sampled and immunostained for Dock5. Epithelium (EP) is tagged with dotted lines. B: mRNA and protein levels of Dock5 were ana-
lyzed in wound tissue of STZ and db/db mice. Full-thickness wounds were made on the dorsum of control (Sham) and STZ-injected mice,
and Dock5-expressing adenovirus was then intradermally injected into each wound of the STZ group mice 3 days before the wounds
were created. C: The protein expression of Dock5 and ZEB1 was assessed in isolated keratinocytes from wound tissues. D: Representa-
tive wound images (left) are shown at the indicated times, and healing was quantified as the percentage of the initial wound area (right). E:
Representative hematoxylin-eosin–stained sections (left) are shown on day 7 after injury, and the wound width and reepithelialization
(right) were quantified. F: The representative images and quantification of PCNA1 cell numbers in epithelial cells are shown for each group.
G: Expression of the indicated proteins in wound tissue from mice by Western blot analysis. H: Masson trichrome staining and vimentin
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demonstrated to exist in vivo (6). The a chain is thought
to be the most important, not only in determining the tis-
sue-specific distribution and biologic activity of the lam-
inin isoforms but also in interacting with cell surface
receptor integrins through the G domain (33,34). Our re-
sults showed that Dock5 was capable of affecting the ex-
pression of three chains of laminin-332, and deletion of
the a chain, which was derived from the individual
LAMA3 gene, abrogated Dock5-promoted wound closure
and cellular activities in vivo and in vitro. Similar results
could be recapitulated under ITGA3 knockdown circum-
stances in cultured keratinocytes, suggesting that Dock5
effects are required for laminin-332–binding integrins to
proceed, which was supported by a number of laminin-
332 or ITGA3 knockdown and functional inhibition stud-
ies on keratinocytes in epidermal repair (32,39,40). More-
over, we observed delayed formation of granulation tissue
by suppressing ECM production and collagen deposition
in the skins of Dock5-null mice; however, its overexpres-
sion in the epidermis ameliorated these pathologic fea-
tures in diabetic mice. These results strengthened the
functional reports regarding the impact of laminin-332
and ITGA3 on maintaining homeostasis in multiple or-
gans through crosstalk from epidermal to endothelial cells
(41,42), underscoring the importance of Dock5-regulated
LAMA3/ITGA3 signaling in tissue morphogenesis. We
also observed that the expression of LAMB3 and LAMC2
could be altered by Dock5 manipulation, and additional
studies on the participation of these two chains in Dock5-
regulated skin are warranted. In addition, a previous
study reported that Dock2 and 5 are dispensable in integ-
rin-dependent neutrophil adhesion (43), but we revealed
an essential role of Dock5 regulation in keratinocyte ac-
tivities via ITGA3. Furthermore, in addition to adhesion,
migration, and proliferation, the effects of Dock5 on in-
flammation and macrophage were examined because of
the important role of the inflammatory response during
wound healing. Although no marked changes were de-
tected during the proliferative phase, Dock5 ablation in
skin increased the expression of several cytokine genes,
especially IL-6, in the inflammatory status, which requires
further investigation of its potential function and regula-
tory mechanisms. Notably, we used a keratinocyte-specific
KO mouse model and confirmed that the retarded healing
in Dock5 KO skin was primarily due to its deficiency in
keratinocytes. The influence of Dock5 on the surrounding
Langerhans cells and melanocytes was also seen in our
study, indicating that although keratinocytes account for
95% of all epidermal cells, the expression and functional
relevance of Dock5 in the remaining 5%, including mela-
nocytes, Langerhans cells, and Merkel cells, and the few

dermal cells shown in Fig. 1 cannot be completely
excluded.

We found that Dock5 induced LAMA3 signaling by pro-
moting ZEB1 ubiquitination, which may be an undiscov-
ered mechanism for the distinct cell behaviors mediated
by the laminin-332–binding integrin in the cutaneous
microenvironment. ZEB1 is considered an epithelial-mes-
enchymal transition transcriptional activator for tumor
cell activities. Recent studies have disclosed that both
ZEB1 and another ZEB family member, ZEB2, attenuate
keratinocyte adhesion and disrupt collective and direc-
tional migration toward the wound center for efficient re-
epithelialization, leading to compromised integrity of the
epidermal barrier (37,44,45). Our results provide further
evidence for this concept by showing that suppression of
cell adhesion and migration by knocking down Dock5 was
blunted by ZEB1 deletion, indicating that Dock5 might be
an upstream regulator of ZEB1 during these processes.
Moreover, our study suggests that Dock5 regulates ZEB1
degradation through the proteasomal pathway. Because
the Siah1/2 E3 ligases and Skp1-Pam-Fbxo45 atypical ubi-
quitin E3 ligase complex have been shown to promote
ZEB1 ubiquitination and degradation during tumor me-
tastasis (46,47), the specific mechanism of Dock5-ZEB1
interplay in the ubiquitin ligase complex favoring ZEB1
degradation in keratinocytes is worthy of exploration, and
it may be an efficacious target for therapies aimed at im-
proving wound healing.

During the process of analyzing information from
RNA-seq, we focused on KEGG pathways because focal ad-
hesion and ECM-receptor interaction, which were in the
top three for downregulated genes, were consistent with
the phenotypes observed in Dock5-deficient wounds and
keratinocytes; Dock5 was found to be mainly expressed in
keratinocytes, and in literature searches, laminin-integrin
interaction (6), Notch signaling (48), and mitogen-acti-
vated protein kinases (49) were reported to be involved
primarily in keratinocyte-mediated focal adhesion and
ECM remodeling. We measured these pathways and did
not find significant changes in genes of Notch signaling
or major members of mitogen-activated protein kinases
(data not shown). Genes encoding laminin-332 and its
two integrin subunits were markedly decreased in Dock5
KO skin; however, in RNA-seq data, ITGA3 and ITGB4
showed only a decreasing trend without significance, and
this inconsistency may have been due to the inclusion of
more skin samples from Dock5 KO and WT mice in the
quantitative PCR analysis. Our KEGG analysis also
showed that some other pathways were also affected by
Dock5, such as the downregulation of protein processing
in the endoplasmic reticulum and the Wnt signaling

immunostaining of wound sections are shown for the indicated groups. I: mRNA expression of genes related to ECM deposition was ana-
lyzed by quantitative real-time PCR. Each grid scale represents 1 mm for D. Scale bars, 100 mm for A, 200 mm for E, and 50 mm for F and
H. n = 6 patients or mice per group for A–I. Data are presented as means ± SEMs. **P< 0.01, ***P< 0.001.
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pathway. Previous studies have reported several import-
ant functions of these pathways in skin wound healing;
for example, the endoplasmic reticulum chaperone oxy-
gen-regulated protein 150 in macrophages suggests that a
promoter for angiogenesis (50) and Wnt/b-catenin signal-
ing is associated with dermal fibrosis (51). These addition-
al possible effects of Dock5 in cutaneous wound healing
will be the subjects of further investigation of Dock5-
regulated healing.

Our study provides a potential therapeutic target for
skin wound healing impairment during diabetes. Deficient
Dock5 expression was identified in the wound edges of
patients and animal models of diabetes. Rescuing Dock5
expression substantially promoted wound healing in STZ
mice, which indicates the therapeutic potential of tar-
geting Dock5. Our finding is further supported by pre-
vious evidence of increased ZEB1 and decreased
laminin-332 expression in diabetic cutaneous ulcers, as
well as improved wound healing with deletion of ZEB1
or topical laminin-332 application (44,52). Studies by
our colleagues and others have suggested that several
antidiabetic agents (DPP4 inhibitors, SGLT-2 inhibi-
tors, and GLP-1 agonists) and antioxidants (sulfora-
phane and cinnamaldehyde) are capable of promoting
skin wound repair (15,53–55). Therefore, additional in-
vestigations are required to explore the potential rela-
tionships between Dock5 and these therapies and their
effects on skin wounds.

We observed no change in blood glucose between Dock5
WT and KO mice receiving normal chow, which was in ac-
cordance with the recent study on the involvement of
Dock5 in hepatic glucose metabolism (12). Deletion of
Dock5 in mice receiving a high-fat diet proved to reduce en-
ergy expenditure and insulin sensitivity and promote obesity
by activating the mTOR/S6K1 pathway. Because mounting
evidence also suggests a potential role of Dock5 in metabolic
processes (11,56), future studies investigating the impact of
Dock5 on other tissues and organs are warranted.

Collectively, our findings reveal a novel role of Dock5
in regulating the function of epithelial cells and skin
wound healing. In addition, activation of the Dock5/
LAMA3 pathway via destabilizing ZEB1 in skin might be
an important mechanism for ameliorating the impairment
of wound healing during diabetes based on our in vitro
explorations and animal model recapitulations. Direct tar-
geting of Dock5 may also have therapeutic potential.
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