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DOCK5 regulates energy balance and hepatic
insulin sensitivity by targeting mTORC1 signaling
Yerui Lai1,†, Anjiang Zhao2,†, Minghong Tan1,†, Mengliu Yang1,3, Yao Lin2, Shengbing Li1, Jinlin Song4,

Hongting Zheng5 , Zhiming Zhu6, Dongfang Liu1, Chaohong Liu7, Ling Li1,* & Gangyi Yang1,**

Abstract

The dedicator of cytokinesis 5 (DOCK5) is associated with obesity.
However, the mechanism by which DOCK5 contributes to obesity
remains completely unknown. Here, we show that hepatic DOCK5
expression significantly decreases at a state of insulin resistance
(IR). Deletion of DOCK5 in mice reduces energy expenditure,
promotes obesity, augments IR, dysregulates glucose metabolism,
and activates the mTOR (Raptor)/S6K1 pathway under a high-fat
diet (HFD). The overexpression of DOCK5 in hepatocytes inhibits
gluconeogenic gene expression and increases the level of insulin
receptor (InsR) and Akt phosphorylation. DOCK5 overexpression
also inhibits mTOR/S6K1 phosphorylation and decreases the level
of raptor protein expression. The opposite effects were observed in
DOCK5-deficient hepatocytes. Importantly, in liver-specific Raptor
knockout mice and associated hepatocytes, the effects of an
adeno-associated virus (AAV8)- or adenovirus-mediated DOCK5
knockdown on glucose metabolism and insulin signaling are
largely eliminated. Additionally, DOCK5–Raptor interaction is indis-
pensable for the DOCK5-mediated regulation of hepatic glucose
production (HGP). Therefore, DOCK5 acts as a regulator of Raptor
to control hepatic insulin activity and glucose homeostasis.
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Introduction

Obesity- and insulin resistance (IR)-related diseases (e.g., type 2

diabetes mellitus, T2DM) are increasing rapidly worldwide [1,2].

The increasing incidence of obesity and T2DM is primarily related

to high carbohydrate and fat diet combined with a sedentary life-

style. In addition, obesity and IR have a genetic basis due to the

combined effects of multiple genes. Therefore, in addition to advo-

cating for lifestyle changes, it is important to study the roles of vari-

ous genes in the development of obesity and IR and to identify

potential clinical therapeutic strategies.

The dedicator of cytokinesis (DOCK) constitutes a family of evolu-

tionarily conserved guanine nucleotide exchange factors (GEFs) for

the Rho family of GTPases. This family consists of 11 members and

is further classified into four subfamilies (DOCK-A, DOCK-B, DOCK-

C, and DOCK-D) based on their sequence homology and substrate

specificity [3–5]. In particular, DOCK1, DOCK5 and DOCK2 belong to

the DOCK-A subfamily, and they have been confirmed to activate

Rac1 [6]. DOCK5 is the least studied member of the DOCK family of

GEFs that activate RhoA GTPases through exchanging bound GDP

for forming free GTP [7,8]. DOCK5 is widely expressed in vivo,

including adipose, brain, liver, and pancreas tissue [9]. It has been

reported that the ablation of DOCK5 in mice demonstrates increased

bone mass for DOCK5-induced osteoclast adhesion [10].

Furthermore, other roles for DOCK5 have also been identified,

including the promotion of epithelial cell motility and invasion,

neutrophil chemotaxis, mast cell degranulation, and myoblast

fusion [3,4,8]. Using the variable number tandem repeat (VNTR)

allele bin refinement method, VNTR alleles of DOCK5 have been

shown to be associated with obesity in humans [11]. Additionally,

when fed a diet with high saturated fatty acids, DOCK5 expression

was found to be elevated in vivo compared with baseline levels, in

conjunction with the accumulation of fat. Therefore, it is thought

that DOCK5 expression in vivo is associated with an increased risk
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of obesity [11]. In addition, among members of the DOCK-A

subfamily, DOCK2 has been found to be associated with metabolic

homeostasis, obesity, and IR [12]. However, the relationship

between DOCK5 and obesity and IR remains poorly understood.

The mechanistic target of rapamycin (mTOR) is an intracellular

energy sensor, the activity of which is modulated by nutrient and

energy states, as well as some cytokines and hormones [13]. Recently,

mTOR complex 1 (mTORC1) has been reported to regulate several

important metabolic processes and is considered a crucial interface for

integrating insulin-regulated protein kinase Akt (Akt) signaling, a

major component of insulin signaling, and nutrient-related signals

[14,15]. Furthermore, Rac1, a member of the Rho family of GTPases,

has been found to regulate mTORC1 activity [16], whereas DOCK5

has been confirmed to activate Rac1 [6]. However, it remains

unknown whether DOCK5 can regulate energy metabolism in vivo

and whether this effect is mediated via the Rac1 and mTOR pathways.

In the current study, we explored the impact of DOCK5 on obesity

and IR both in vivo and in vitro. We found that a deficiency in DOCK5

decreases energy expenditure and leads to increased obesity and IR

under conditions of a high-fat diet (HFD) through the Rac1/mTOR/

ribosomal protein S6 (S6) kinase 1 (S6K1)/Akt pathway. Since aging

is an important risk factor for obesity-related diseases (e.g., T2DM,

cardiovascular disease, and non-alcoholic fatty liver disease) [17–19],

we also observed the effects of DOCK5 deficiency on age- and nutri-

tion-related energy metabolism in this study. Finally, we utilized

genetic approaches both in vivo and in vitro to confirm that Raptor

serves as a novel target of DOCK5 mediated by Rac1. Our findings

are, for the first time, to demonstrate a critical role for DOCK5 in

modulating energy homeostasis and IR.

Results

DOCK5 mRNA and protein expression in the livers of mice with or
without IR

To investigate whether DOCK5 is related to IR or obesity, we exam-

ined hepatic DOCK5 expression in mice with or without IR. We

found that in IR mice, including db/db mice, standard diet (SD)- or

HFD-fed adiponectin knockout (Adipoq�/�) and HFD-fed WT mice,

the level of hepatic DOCK5 mRNA and protein was significantly

reduced compared with SD-fed WT mice (Fig EV1A and B). There-

fore, the abnormal expression of DOCK5 may be an important

feature in IR animals.

DOCK5 KO mice have further increased body weight and
decreased energy expenditure compared with WT mice under
a HFD

To investigate whether DOCK5 is related to obesity and energy

homeostasis, DOCK5 knockout (DOCK5�/�) mice were generated.

In response to being fed a HFD for 12 weeks, body weight (Fig 1A

and B), food intake (Fig 1C), and blood glucose (Fig 1D) of the

DOCK5�/� mice were significantly increased, whereas the rectal

temperature (Fig 1E) and locomotor tolerance (Fig 1F) were signifi-

cantly reduced in DOCK5�/� mice compared with the control

animals. Other biochemical parameters of DOCK5�/� and WT mice

are presented in Appendix Table S1.

We subsequently investigated the effects of a DOCK5 deficiency on

energy expenditure. Under a HFD, 24-h oxygen consumption (VO2),

energy expenditure, and the respiratory exchange ratio (RER, VCO2/

VO2) were lower (Fig 1G–I) in DOCK5�/� mice compared to the

control mice. In addition, the expression of uncoupling protein 1

(UCP1) mRNA in brown adipose tissue (BAT) of DOCK5�/� mice was

significantly decreased compared to that of WT mice (Appendix Fig

S1). Together, these data indicated that under a HFD, the increased

body weight observed in DOCK5�/� mice may be primarily due to

increased food intake and reduced energy expenditure.

Deletion of DOCK5 increases susceptibility to HFD- and lipid-
induced IR

To investigate the impact of a DOCK5 deficiency on energy homeosta-

sis and insulin sensitivity, we first performed a glucose tolerance test

(GTT) and insulin tolerance test (ITT) in vivo. The results showed

that under a HFD, DOCK5�/� mice exhibited significantly impaired

glucose intolerance and attenuated glucose clearance as demon-

strated by the GTT and ITT, compared with WT mice (Fig 2A and B).

To evaluate the effects of a DOCK5 deficiency on the hepatic

glucose flux in vivo, an hyperinsulinemic-euglycemic clamp (HEC)

was performed on conscious DOCK5�/� and WT mice fed either a

HFD or a SD (10% fat) (Fig 2C). The biochemical parameters in WT

and DOCK5�/� mice during the HECs are presented in

Appendix Table S2. As shown in Fig 2D and E, the glucose infusion

rate (GIR) and glucose disposal rate (GDR) were lower in the

DOCK5�/� mice compared to their WT littermates fed a HFD,

whereas a DOCK5 deficiency did not alter the GIR and GDR under a

SD. These results suggest that a DOCK5 deficiency further impairs

whole-body insulin sensitivity under a HFD. To investigate the role

of a DOCK5 deficiency on hepatic insulin sensitivity, we measured

glucose kinetics using a tracer dilution method during the HEC. We

found that when fed a SD, there was no difference in hepatic glucose

production (HGP) between DOCK5�/� mice and WT littermates

(Fig 2F and G). However, when fed a HFD, the suppression of HGP

by hyperinsulinemia was 74.6% in WT mice, compared to only

approximately 64% in DOCK5�/� mice (Fig 2F and G), indicating

more severe IR in the livers of DOCK5�/� mice. Therefore, the

DOCK5 deficiency further exacerbated HFD-induced IR in both the

peripheral tissues and liver.

It has been reported that increased plasma free fatty acid (FFA)

levels can cause severe IR in vivo [20]. Therefore, we examined the

effects of a DOCK5 deficiency on the development of acute IR

produced by a lipid infusion in alert mice (Fig 2H). The results

demonstrated that during a lipid infusion and HEC, the GIR in

DOCK5�/� mice was significantly decreased compared to WT mice,

suggesting that under lipid perfusion, a DOCK5 deficiency leads to

more severe IR (Fig 2I).

The effects of a DOCK5 deficiency on age-associated obesity
and IR

To explore the effect of a DOCK5 deficiency on metabolic phenotype

during aging, WT and DOCK5�/� mice were fed either a SD or a

HFD for 18 months and phenotypic studies over a time course were

performed in mice aged 8–11 months (middle-aged) and 14–

18 months (old). As shown in Figs EV2 and EV3, middle-aged
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DOCK5�/� mice developed obesity and IR when fed a HFD (greater

body weight, increased food intake, higher blood glucose, lower

rectal temperature, locomotor tolerance, VO2, RER and energy

expenditure, impaired glucose intolerance, and attenuated glucose

clearance). However, in the old DOCK5�/� mice, the effects of a

HFD on metabolic and physiological variables gradually diminished

to a partial disappearance (Figs EV4 and EV5). Other biochemical

parameters are presented in Appendix Table S1. These data indicate

that under a HFD, a DOCK5 deletion significantly accelerated

obesity and IR in young and middle-aged mice. However, in old

mice, the metabolic effects of the DOCK5 deletion were weakened.

Deletion of DOCK5 increases the expression of gluconeogenic
genes, inhibits insulin signaling, and activates the mTOR
pathway in the liver

Since a DOCK5 deficiency significantly enhanced the HGP under a

HFD, we next examined whether the expression of

A B C

D E F

G H I

Figure 1. Changes in body weight and energy expenditure in 5-month-old mice.

Eight-week-old male WT and DOCK5�/� mice were fed a standard diet (SD) or high-fat diet (HFD) for 3 months.

A Body weight curve.
B Cumulative body weight.
C Average daily food intake.
D Fasting and fed blood glucose.
E Rectal temperature.
F Locomotor tolerance.
G 24-h oxygen consumption.
H Respiratory exchange ratio (RER: VCO2/VO2).
I Energy expenditure.

Data information: Data are expressed as the mean � SEM (n = 6 mice for each group). SD, standard chow diet; HFD, high-fat diet. P-values were determined with two-
way ANOVA, #P < 0.05, ##P < 0.01 versus SD-WT; *P < 0.05, **P < 0.01 versus HFD-WT.
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phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phos-

phatase (G6Pase) was affected by this deficiency. Consistent with

the glucose kinetic data described above, the expression of PEPCK

and G6Pase mRNA and protein in the liver was significantly

elevated in HFD-fed DOCK5�/� mice compared to that of the WT

littermates (Fig 3A). Based on these data, we next investigated the

effects of a DOCK5 deficiency on the phosphorylation of insulin

receptor substrate-1 (IRS-1) Ser1101, insulin receptor (InsR), and

Akt, three major components of insulin signaling [21] in vivo. Under

a HFD, a DOCK5 deficiency markedly impaired insulin-stimulated

phosphorylation of InsR and Akt, but increased the phosphorylation

of IRS-1 Ser1101 in the liver (Fig 3B).

To investigate the signaling pathways utilized by DOCK5 in the

regulation of glucose metabolism and IR, we assessed the

activation of potential signaling candidates by Western blot. It is

important to note that the phosphorylation of both mTOR and its

downstream target, S6K1, was markedly increased in the livers of

HFD-fed DOCK5�/� mice (Fig 3C), indicating that a DOCK5 defi-

ciency leads to the activation of the mTOR/S6K1 pathway, a well-

established sensor of nutrient availability in vivo. It has been

reported that S6K1 mediates the phosphorylation of IRS-1 at

Ser1101 and leads to IR [22]. Therefore, these results suggest that a

DOCK5 deficiency leads to the concomitant activation of mTOR/

S6K1 and the increased phosphorylation of IRS-1 Ser1101 to

promote hepatic IR.

To further analyze the role of the mTOR/S6K1 signaling path-

way, we examined the effects of a DOCK5 deficiency on Raptor

and Rictor, two discrete multiprotein complexes. We found that

A B C

D E F

G H I

Figure 2. Deletion of DOCK5 increases susceptibility to HFD- and lipid-induced insulin resistance.

Eight-week-old male WT and DOCK5�/� mice were fed a SD or HFD for 3 months.

A Blood glucose levels and area under curve (AUC) during the glucose tolerance test.
B Blood glucose levels and AUC during the insulin tolerance test.
C Experimental procedure and hyperinsulinemic-euglycemic clamp (HEC) protocol.
D Glucose infusion rate (GIR).
E Glucose disposal rate (GDR).
F Hepatic glucose production (HGP).
G Percentage of suppression of hepatic glucose production (HGP).
H Experimental procedure for lipid infusion and the hyperinsulinemic-euglycemic clamp (HEC).
I Glucose infusion rate (GIR) during lipid infusion.

Data information: SD, standard chow diet; HFD, high-fat diet; AUC, the area under the curve for glucose. Data are means � SEM (n = 5 or 6 mice for each group). P-
values were determined with two-way ANOVA, #P < 0.05, ##P < 0.01 versus SD-WT; **P < 0.01 versus HFD-WT.
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when fed a HFD, a DOCK5 deficiency markedly elevated the level

of Raptor protein expression in the liver, whereas the level of

Rictor protein did not change (Fig 3C). These findings suggest that

a DOCK5 deficiency mediates mTOR signaling primarily via

Raptor.

DOCK5 regulates hepatic gluconeogenesis, insulin, and mTOR/
mTORC1 (Raptor) signaling in vitro

To further determine whether DOCK5 is related to glucose metabolism

and IR at a cellular level, Hep1-6 cells were infected with pCDNA3.

1-DOCK5 or pCDNA3.1. As predicted, the level of DOCK5 protein was

significantly increased by pCDNA3.1-DOCK5 in infected cells

(Appendix Fig S2). In parallel with the in vivo experiments,

pCDNA3.1-DOCK5-infected Hep1-6 cells subjected to glucosamine

(GlcN) treatment displayed decreased levels of G6Pase and PEPCK

mRNA and protein expression (Fig 4A) and increased levels of InsR

and Akt phosphorylation compared with the control cells (Fig 4B). In

addition, the overexpression of DOCK5 also inhibited the phosphory-

lation of mTOR, S6K1, and IRS-1Ser1101, and decreased the level of

Raptor protein expression in Hep1-6 cells (Fig 4B and C). In contrast

to the results obtained in Hep1-6 cells transfected with pCDNA3.1-

DOCK5, mouse primary hepatocytes (MPHs) from DOCK5�/� mice

exhibited increased levels (mRNA and protein) of G6Pase and PEPCK

expression under GlcN and insulin treatment compared with MPHs

from WT mice (Fig 4D). Moreover, we also observed that the phos-

phorylation of InsR and Akt stimulated by insulin was significantly

reduced in the MPHs from DOCK5�/� mice relative to MPHs fromWT

mice (Fig 4E). Importantly, we also found increased levels of mTOR,

S6K1, and IRS-1Ser1101 phosphorylation, in addition to up-regulating

Raptor expression in MPHs of DOCK5�/� mice (Fig 4E and F). These

results further suggest that DOCK5 regulates insulin sensitivity and

activation of the mTOR/S6K1/IRS-1 Ser1101 pathway.

Deletion of liver mTORC1 (Raptor) in adult obese mice
attenuates the role of the DOCK5 deficiency on hepatic glucose
metabolism and insulin signaling

If the DOCK5-mediated regulation of glucose homeostasis primarily

relies on the ability of DOCK5 to regulate the mTOR/Raptor pathway,

it is anticipated that deletion of Raptor in the liver should inhibit the

effects of DOCK5 on glucose metabolism. To address this possibility,

we generated Raptorflox/flox mice (Raptorflox/flox Cre+), in which

Raptor is flanked by two flox sites. Male Raptorflox/flox mice were fed a

HFD for 12 weeks to induce obesity and IR. To specifically delete

Raptor in the liver of mice (L-Raptor KO mice), Raptorflox/flox mice

were transfected with adeno-associated virus based on serotype 8

(AAV8) expressing shRNA against DOCK5 under the thyroid-binding

A

B

C

Figure 3. Deletion of DOCK5 increases the expression of gluconeogenic
genes, inhibits insulin signaling, and activates the mTOR pathway
in the liver.

Eight-week-old male WT and DOCK5�/� mice were fed a SD or a HFD for
3 months. Mice were treated with insulin (1 U/kg) or control (PBS) by
intraperitoneal injection for 10 min; animals were killed, and livers were
collected.

A The expression of phosphoenolpyruvate carboxykinase(PEPCK) and glucose-
6-phosphatase(G6Pase) mRNA and protein.

B Total and phosphorylated insulin receptor (InsR), IRS-1ser1101, and Akt.
C Total and phosphorylated mTOR, S6K1, and the levels of Raptor and Rictor

protein.

Data information: SD, standard chow diet; HFD, high-fat diet. Data are
means � SEM (n = 2 independent cell cultures). P-values were determined
with t-test, #P < 0.05, ##P < 0.01 versus SD-WT; **P < 0.01 versus HFD-WT.
Source data are available online for this figure.
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globulin promoter (AAV8-shDOCK5) and AAV8-Cre or AAV8-

shDOCK5 alone via a tail vein injection, and AAV8-GFP was used as a

control (Fig 5A). As predicted, the AAV8-shDOCK5 transfection mark-

edly down-regulated DOCK5 expression and AAV8-Cre transfection

almost resulted in the disappearance of Raptor expression in the livers

of L-Raptor KO mice (Fig 6C and Appendix Fig S3A). However, no

changes were observed in the fat and muscle (Appendix Fig S3B and

C). We next examined whether the deletion of hepatic Raptor impacts

the regulation of DOCK5 on glucose metabolism in vivo. AAV8-

shDOCK5 treatment resulted in a significant increase in both fasting

and fed blood glucose in Raptorflox/flox mice compared with mice

treated with AAV8-GFP (Fig 5B). However, a co-transfection with

AAV8-shDOCK5 and AAV8-Cre led to a significant reduction in both

fasting and fed blood glucose in Raptorflox/flox mice relative to AAV8-

shDOCK5 treatment alone (Fig 5B). In addition, a co-transfection of

AAV8-shDOCK5 and AAV8-Cre significantly ameliorated glucose

tolerance and clearance compared with an AAV8-shDOCK5 transfec-

tion alone, as evidenced by GTT (Fig 5C) and ITT (Fig 5D). Impor-

tantly, during the HEC study, GIR and GDR in AAV8-shDOCK5 and

AAV8-Cre co-infected Raptorflox/flox mice were significantly increased

compared with that of AAV8-shDOCK5 transfected mice (Fig 5E and

F), whereas insulin-stimulated suppression of HGP was significantly

ameliorated (Fig 5G and H). Other biochemical parameters are

presented in Appendix Table S3. Consistent with the changes in

glucose turnover, the co-transfection of AAV8-shDOCK5 and AAV8-

Cre in Raptorflox/flox mice was associated with a significant decrease in

PEPCK and G6Pase mRNA and protein expression (Fig 6A). In addi-

tion, co-transfected Raptorflox/flox mice displayed markedly increased

levels of InsR and Akt phosphorylation in the liver relative to AAV8-

shDOCK5 transfected animals (Fig 6B). As shown in Fig 6B and C, the

co-transfection of AAV8-shDOCK5 and AAV8-Cre also eliminated the

effect of AAV8-shDOCK5 on the level of mTOR, S6K1, and IRS-1Ser1101

phosphorylation in the liver of Raptorflox/flox mice.

Deletion of Raptor negates the roles of DOCK5 deficiency in vitro

To further confirm the findings described above at the cellular level,

we next examined the impact of Raptor deletion on insulin signaling

in adenovirus expressing shRNA against DOCK5 (Ad-shDOCK5)-

infected MPHs from Raptorflox/flox mice. As expected, DOCK5

protein expression was significantly down-regulated in Ad-

shDOCK5-transfected MPHs from Raptorflox/flox mice (Fig 6F).

Consistent with the changes in glucose metabolism in vivo, the co-

transfection with both Ad-shDOCK5 and Ad-Cre in the MPHs of

Raptorflox/flox mice significantly decreased the level of PEPCK and

G6Pase mRNA and protein expression relative to Ad-shDOCK5-

transfected MPHs from the same mice (Fig 6D). In addition, the co-

transfection of Ad-shDOCK5 and Ad-Cre in MPHs of Raptorflox/flox

mice partially or completely counteracted the effects of a single

Ad-shDOCK5 transfection on InsR, IRS-1Ser1101, and Akt phosphory-

lation (Fig 6E). Importantly, co-transfection with both Ad-shDOCK5

and Ad-Cre reduced the effects of Ad-shDOCK5 on Raptor protein

expression and the phosphorylation of mTOR and S6K1in the MPHs

of Raptorflox/flox mice (Fig 6F).

The regulation of mTOR activity by DOCK5 requires its Rac
atypical guanine nucleotide exchange factor (GEF) activity

To determine whether DOCK5 uses its GEF activity to regulate the

mTOR pathway, we first examined the levels of Rac GEF activity in

MPHs from WT and DOCK5�/� mice. As shown in Fig 7A, the dele-

tion of DOCK5 resulted in decreased Rac1 GEF activation in the

MPHs from DOCK5�/� mice. Next, we used SEW2871, a Rac1 acti-

vator, as a treatment to activate Rac1 in MPHs from WT and

DOCK5�/� mice. The results showed that SEW2871 treatment in the

MPHs from DOCK5�/� mice increased Rac1 GEF activation to the

same level as MPHs from WT mice (Fig 7B). Importantly, increased

S6K1 phosphorylation and Raptor protein expression by the DOCK5

deficiency was also reversed by SEW2871 treatment (Fig 7B). These

data suggest that DOCK5 regulates mTOR (Raptor) activity via a

Rac1-dependent mechanism.

To further confirm that DOCK5 requires its GEF activity to regu-

late Raptor, we transfected plasmids expressing GFP-tagged WT

DOCK5 and a GEF-dead DOCK5 mutant (V1559A) into Hepa1-6

cells. The results showed that GEF-dead DOCK5 failed to impact

mTOR signaling and Raptor protein expression in these cells

(Fig 7C), confirming that DOCK5 regulates mTOR signaling depen-

dent on its GEF activity.

Interaction between DOCK5 and Raptor proteins

To further validate the functional interaction between DOCK5 and

Raptor, we performed a Co-IP experiment to confirm the precise

association between these two proteins. We co-expressed plasmid

expressing DOCK5 (pCDNA3.1-DOCK5) with a plasmid expressing

full-length Raptor (pCMV6-Raptor) in Hepa1-6 cells. As shown in

Fig 7D, the interaction between DOCK5 and Raptor was clearly

observed with the Co-IP experiment.

We next sought to identify the region of Raptor responsible for

binding to DOCK5. We co-expressed DOCK5 with a variety of Myc-

tagged fragments of Raptor in Hepa1-6 cells. The results of the Co-IP

experiments showed that DOCK5 did not bind to 1–444 amino acids

▸Figure 4. DOCK5 regulates gluconeogenesis, insulin, and mTOR/mTORC1 (Raptor) signaling in vitro.

Hep1-6 cells were infected with pCDNA3.1-DOCK5 (DOCK5+) or pCDNA3.1 (DOCK5-) for 48 h. Hep1-6 cells andMPHs isolated fromWT and DOCK5�/�mice were incubated in
control (GlcN�) or GlcN (GlcN+) medium for the indicated times, followed with (Ins+) or without (Ins�) 100 nM insulin stimulation for 20 min.

A The mRNA and protein expression of PEPCK and G6Pase in Hep1-6 cells.
B Total and phosphorylated InsR, IRS-1Ser1101, and Akt in Hep1-6 cells.
C Total and phosphorylated mTOR and S6K1, and the levels of Raptor and Rictor protein in Hep1-6 cells.
D The mRNA and protein expression of PEPCK and G6Pase in MPHs.
E Total and phosphorylated InsR, IRS-1Ser1101, and Akt in MPHs.
F Total and phosphorylated mTOR and S6K1, and the levels of Raptor and Rictor protein in MPHs.

Data information: GlcN, glucosamine. Data are means � SEM of at least two independent experiments. P-values were determined with t-test, **P < 0.01 versus lane 6.
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(aa) and 888–1335 aa of Raptor. However, the binding of DOCK5 to

Raptor was found in a fragment of 445–887 aa (Fig 7E). Therefore,

the localization of the DOCK5 binding site on Raptor was in the

segment between amino acids 445 and 887.

To investigate whether DOCK5 interacts with Raptor through its

DOCK homology region 2 (DHR-2) domain, we co-expressed GEF-

dead DOCK5 (mutant DHR-2) with a Myc-tagged fragment (445–887

aa) of Raptor in Hepa1-6 cells. Indeed, the interaction between

DOCK5 and Raptor was eliminated by the DHR-2 mutation

of DOCK5 (Fig 7F). Due to the elimination of the interaction

between DOCK5 and Raptor, GEF-dead DOCK5 failed to impact

mTOR signaling in Hepal-6 cells (Fig 7C). These results suggest that

there may be an interaction between the DHR-2 domain of DOCK5

and the 445- to 887-aa region of Raptor.

Discussion

In genome-wide association studies (GWAS), a significant associa-

tion of DOCK5 with childhood and adult severe obesity has been

A B

C D E

F G H

Figure 5. Adult onset, liver-specific deletion of Raptor attenuates insulin resistance (IR) and glucose intolerance induced by DOCK5 knockdown
in HFD-fed mice.

Eight-week-old male Raptorflox/flox mice (Raptorflox/flox Cre+) were fed a HFD for 12 weeks and injected with AAV8-shDOCK5 � AAV8-Cre or AAV8-GFP (at a dose of 3 × 1011

vg/200 ll/mouse) via the tail vein 14 days prior to the in vivo study.

A Schematic representation of the strategy used to produce liver-specific Raptor knockout (L-Raptor KO) mice.
B Fasting and fed blood glucose 14 days post-infection.
C Blood glucose levels and AUC during glucose tolerance tests.
D Blood glucose levels and AUC during insulin tolerance tests.
E Glucose infusion rate (GIR).
F Glucose disposal rate (GDR).
G Hepatic glucose production (HGP).
H Percentage of suppression of hepatic glucose production (HGP).

Data information: AUC, the area under the curve for glucose. Data are means � SEM (n = 5–6 mice for each group). P-values were determined with t-test, **P < 0.01
versus GFP group; #P < 0.05, ##P < 0.01 versus shDOCK5 group.
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reported [11,23]. The metabolic phenotype and mechanism of how

DOCK5 may contribute to obesity are currently unknown. In the

present study, we first found that the hepatic expression of DOCK5

was decreased in genetically engineered diabetic mice, Adipoq�/�

mice, and HFD-induced IR mice. Based on these results, we hypoth-

esized that DOCK5 might be related to glucose metabolism and IR.

Consistent with this hypothesis, a knockout of DOCK5 in mice led to

hypersensitivity to diet-induced IR and obesity due to increased

ingestion and lower energy expenditure. Although the obesity-prone

phenotype of DOCK5�/� mice was characterized by a reduction in

energy expenditure, the underlying mechanism is unclear. However,

the lower body temperature observed in DOCK5�/� mice was most

likely caused by decreased thermogenesis, which is regulated by

UCP1 in BAT. Therefore, the lower energy expenditure in DOCK5�/�

mice may be due to decreased thermogenesis in vivo [24].

To observe the development of obesity and metabolic abnormali-

ties over time, DOCK5�/� and WT mice were fed a HFD for

16 months. Compared with WT mice, prolonged HFD feeding in

DOCK5�/� mice resulted in a further reduction in energy expenditure

and augmentation in body weight and IR; however, these differences

became less obvious in the 14- and 18-month-old mices. We speculate

that these changes may be a result of the following reasons: (i) Age-

related changes mask the metabolic phenotype of a DOCK deficiency

(e.g., beta cell failure, increase in inflammatory cytokines, and

decreased leptin levels associated with aging) [25]; and (ii) aging-

induced leptin resistance and IR [26]. Moreover, it is also possible that

in WT mice, the expression of DOCK5 gradually decreases with age;

however, further studies are required to clarify the biological mecha-

nisms of DOCK5-mediated regulation of IR during a prolonged HFD.

In studies of glucose homeostasis and IR, a DOCK5 deficiency

was found to exacerbate hepatic IR under a HFD as indicated by

HEC as a gold standard for estimating IR. Moreover, a change in

glucose metabolism is always associated with a change in the

insulin signaling pathway. Consistent with changes in glucose kinet-

ics, insulin-stimulated phosphorylation of InsR and Akt was also

substantially impaired in the livers of DOCK5�/� mice fed a HFD.

Although various tissues can influence systemic insulin sensitivity,

the contribution of the liver to glucose metabolism and insulin

sensitivity is the most important in vivo. Therefore, IR of the liver

has been established as a central IR. To determine whether a DOCK5

deficiency has a direct effect on insulin signaling in hepatocytes, we

used cell-based assays (e.g., Hep1-6 cells and MPHs) to rigorously

demonstrate the effects of DOCK5 on hepatic insulin signaling,

which circumvents the function of DOCK5 in other tissues. Consis-

tent with the in vivo observations, insulin-stimulated phosphoryla-

tion of InsR and Akt was directly regulated by the overexpression or

deficiency of DOCK5 in hepatocytes. A previous study reported that

DOCK5 interacted with Akt, a serine/threonine kinase which phos-

phorylates GSK3b in a manner dependent on phosphatidylinositol 3-

kinase (PI3K) activation. Therefore, based on a previous report and

both our in vivo and in vitro results, we believe that DOCK5 is likely

to regulate insulin sensitivity via a canonical InsR-Akt-PI3K path-

way. These findings also provide a possible potential mechanistic

basis for the involvement of DOCK5 in obesity and IR.

The mammalian target of rapamycin (mTOR) is a serine–thre-

onine protein kinase that has been established to be associated with

protein synthesis, growth, proliferation, and development [27].

mTOR has two functionally and structurally distinct multiprotein

complexes termed mTORC1 (Raptor) and mTORC2. Signaling

through mTORC1/S6K1, a downstream mTOR target, has been

reported to act as a nutrient sensor that integrates a number of envi-

ronmental signals (e.g., glucose and insulin) to contribute to the

development of IR and obesity [27–29]. It has also been found that

mTOR-Akt may play a pivotal role in maintaining glucose homeosta-

sis and insulin sensitivity in the liver [29,30]. However, previous

studies have reported conflicting results concerning the relationship

between mTORC1 and IR. Decreased mTOR/S6K1 signaling has been

shown to decrease or increase IR [29–32]. Based on the above find-

ings and results of the present study, we hypothesized that the effects

of DOCK5 on glucose homeostasis and insulin signaling are mediated

by mTOR (Raptor)/S6K1 activity. Consistent with this hypothesis,

we demonstrated the regulatory activity of DOCK5 on mTOR/S6K1

signaling by gain- and loss-of-function approaches in mouse livers,

MPHs, and liver cell lines under IR conditions. Therefore, we believe

that DOCK5 may function as an upstream inhibitor of mTOR/S6K1.

It has been found that the activation of the mTOR/S6K1 pathway

promotes IR through several serine residues on IRS-1; therefore,

increasing the phosphorylation of IRS-1Ser1101 is pivotal for the

development of hepatic IR [22]. In the present study, we found that

a DOCK5 deficiency also increased the phosphorylation of IRS-

1Ser1101, reducing the activity of IRS-1 and may thus impair InsR/Akt

signaling to induce IR under the physiological setting of nutrient

overload. It is conceivable that hepatic IR promoted by a DOCK5

deficiency in which nutrients are available in excess may be deter-

mined by the effects of mTOR activity toward S6K-IRS-1. Thus,

DOCK5-mediated regulation of the mTOR-S6K-IRS-1 pathway may

represent a potential drug target for the pharmacological and genetic

administration of DOCK5 to improve IR and metabolic disorders.

mTORC1 contains Raptor and is sensitive to rapamycin [31,32].

Raptor is a specific and important component of mTORC1, which is a

pivotal regulator for both metabolism and insulin sensitivity [30]. In

the present study, we demonstrated that the level of Raptor protein

▸Figure 6. Deletion of liver Raptor attenuates the role of the DOCK5 deficiency on gluconeogenesis and insulin signaling in vivo and vitro.

Male Raptorflox/flox mice (8 weeks) were fed a HFD for 12 weeks and injected with AAV8-GFP or AAV8-shDOCK5 or AAV8-shDOCK5+ AAV8-Cre via the tail vein.

A The mRNA and protein expression of PEPCK and G6Pase in the liver.
B Total and phosphorylated InsR, IRS-1Ser1101, and Akt in the liver.
C The levels of DOCK5 and Raptor protein, and total and phosphorylated mTOR and S6K1 in the liver.
D–F MPHs from Raptorflox/flox mice were infected with Ad-GFP or Ad-shDOCK5 or Ad-shDOCK5+ Ad-Cre. The lysates were immunoblotted with the indicated antibodies

or b-actin. (D) The expression of PEPCK and G6Pase mRNA and protein. (E) Total and phosphorylated InsR, IRS-1Ser1101, and Akt. (F) The levels of DOCK5 and Raptor
protein, and total and phosphorylated mTOR and S6K1.

Data information: Data are means � SEM (n = 2 mice for each group or 1 cell cultures). P-values were determined with Student’s t-test, **P < 0.01 versus GFP group;
#P < 0.05, ##P < 0.01 versus shDOCK5 group.
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expression could be significantly increased or decreased by DOCK5

deficiency or overexpression in the liver and hepatocytes under IR

conditions, suggesting that this protein is regulated by DOCK5.

DOCK5 is a highly specific GEF for Rac1 GTPase, which is the

major function of this protein [3,33,34]. Although whether the

interaction between Rac1 and mTOR depends on its GDP/GTP

A D

B E

C F

Figure 6.

10 of 15 EMBO reports 21: e49473 | 2020 ª 2019 The Authors

EMBO reports Yerui Lai et al



loading state is still controversial, Rac 1 is critical for mTOR

signaling regulation in both mTORC1 and mTORC2 [16,35–37].

Therefore, it is important to investigate whether DOCK5 uses its

GEF activity to regulate mTOR signaling. Indeed, we found that

the expression of a GEF-dead DOCK5 mutant in Hepa1-6 cells

failed to change mTOR activity and Raptor expression, indicat-

ing that DOCK5 regulates mTOR signaling dependent on its GEF

activity.

A previous study observed a weak interaction between DOCK5

and Akt for the regulation of mast cell degranulation in a pull-down

assay [3]. Therefore, we speculate that the activation of Akt by

DOCK5 signaling in hepatocytes may also be mediated by the Rho

family GTPase, Rac1. Thus, the DOCK5-mediated regulation of

glucose metabolism may be primarily associated with the Rac1/

mTOR (Raptor)/Akt pathway.

To address this issue, we further analyzed the interaction

between DOCK5 and Raptor both in vivo and in vitro. Raptorflox/flox

mice were fed a HFD to induce IR and obesity, and Raptor was

depleted in the liver of these mice via tail vein injections of AAV8-Cre,

which has a high tropism for murine liver (L-Raptor KO). We

intended to establish a model of Raptor inhibition in the liver of adult

mice to avoid the adverse effects associated with prolonged Raptor

inhibition. This approach addresses two concerns regarding the

potential developmental compensation in other tissues as well as the

expression or splicing of other genes induced by the flox insertion

using conditional knockout techniques [38,39]. Moreover, since an

adenoviral or adeno-associated viral infection may result in hepatic

inflammation, AAV8-GFP was used as a control, and Raptor expres-

sion in fat and muscle tissues was examined to address these

concerns. Therefore, we believe that these results demonstrate that

A B

C D E F

Figure 7. DOCK5 regulates mTOR signaling via its Rac guanine nucleotide exchange factors (GEF) activity, depending on the molecular interaction between
DOCK5 and Raptor.

A Rac1 GEF activation in MPHs from WT and DOCK5�/� mice.
B SEW2871 treatment promotes Rac1 GEF activation and eliminates the influence of a DOCK5 deficiency on Raptor/S6K1 signaling in the mouse primary hepatocytes

(MPHs) of DOCK5�/� mice.
C Total and phosphorylated mTOR and S6K1 and the level of Raptor protein expression in plasmids expressing a WT DOCK5- or mutant DOCK5-treated Hep1-6 cells.
D Co-immunoprecipitation (Co-IP) analysis of DOCK5 and Raptor expression in Hepa1-6 cells. After transfected with the indicated plasmids, lysates from cells were

immunoprecipitated (IP) with anti-DOCK5 antibody or normal IgG and then immunoblotted (IB) with the indicated antibody.
E DOCK5 binding to Raptor fragments (445-887 aa) during transient expression in Hepa1-6 cells.
F The DOCK5 and Raptor binding sites were identified using mutant DOCK5 (DHR-2V1559A) and Raptor fragments (445–887 aa) based on a Co-IP assay. VA, mutant

DOCK5 DHR-2; His, His-DHR-2.

Data information: Data are means � SEM (n = 1), P-values were determined with t-test, *P < 0.05, **P < 0.01 versus DOCK5�/� MPHs without SEW2871 treatment
group; *P < 0.05, **P < 0.01 versus plasmids expressing a WT DOCK5-treated Hep1-6 cell group.
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the deletion of Raptor in the liver of mice ameliorated DOCK5 defi-

ciency-induced hepatic IR both in vivo and in vitro. These data also

confirm an essential role of Raptor in DOCK5-mediated regulation of

hepatic insulin sensitivity. With regard to how these two protein

molecules interact with each other, our Co-IP analysis revealed that

the DOCK5 binding site on Raptor was localized in the segment

between 445 and 887 aa. Finally, we found that the interaction

between DOCK5 and Raptor (445–887 aa) was eliminated by the DHR-

2 mutation of DOCK5. Therefore, it appeared likely that the DHR-2

domain of DOCK5 binds to Raptor (445–887 aa) to regulate mTOR

activity, which is mediated by the inhibition of Rac1 activation.

In summary, as demonstrated in a schematic illustration (Fig 8),

in response to a challenge with HFD and/or hyperglycemia (e.g., in

both db/db and HFD mice), DOCK5 expression is decreased in the

liver. A DOCK5 deficiency leads to the activation of mTOR (Raptor)/

S6K1 signaling through the inhibition of Rac1 activation to increase

the phosphorylation of IRS-1Ser1101 and inhibit InsR-AKT phosphory-

lation cascades. These changes facilitate the hepatic gluconeogene-

sis and exacerbate both glucose metabolic disorders and IR.

Therefore, the DOCK5–mTORC1–Akt axis may be a novel therapeu-

tic target to combat IR and metabolic disorders.

Materials and Methods

Vector construction

pCDNA3.1-DOCK5 was constructed by Gene Create Inc. (Wuhan

China). pCMV6-Raptor, Ad-shDOCK5, and Ad-GFP were constructed

and generated as previously reported [38]. Plasmids expressing

GFP-tagged WT DOCK5 and its mutant (DHR-2V1559A) were kindly

provided by Dr. Yoshinori Fukui and Takehito Uruno (Kyushu

University, Fukuoka, Japan). To identify the region of Raptor

responsible for binding DOCK5, full-length or truncated cDNAs of

Raptor (1–444, 445–887, and 888–1,335 aa) were cloned into

mammalian GV230 expression vectors. AAV8-shDOCK5 and AAV8-

GFP were constructed by Genechem Inc. (Shanghai, China) and

generated. The sequence for shDOCK5 was 50- GCTTCTAAGCAAC
ATCCTA-30. Ad-Cre and AAV8-Cre were purchased from Genechem

Inc., Shanghai, China.

Animals and treatments

Male C57BL/6J (WT), Adipoq�/�, and db/db mice were purchased

from the Animal Centers of Chongqing Medical University or Shang-

hai Biomodel or Ganismsci & Tech Develop CO., Ltd. Shanghai,

China, respectively. DOCK5�/� mice were generously provided by

Dr. Cote (the Burnham Institute for Medical Research, La Jolla, CA)

and were generated as previously reported [40]. Raptor flox/flox mice

on a C57/BL6 background were kindly provided by Dr. Liu (Third

Military Medical University, Chongqing, China) and were generated

as previously described [31]. Mice were housed in cages at 25°C

under a 12-h dark/light cycle and were fed a standard diet (SD; 10%

fat) for 8 weeks. For mouse tissue experiments, adult male WT,

Adipoq�/�, and db/db mice fed SD or HFD for 12 weeks were killed

via a Metofane overdose, and 200–300 mg of hepatic tissue was

obtained. The tissues were frozen and stored at �160°C for mRNA

or protein analysis.

To construct the HFD-induced IR model, 8-week-old WT and

DOCK5�/� mice were fed either SD or HFD (45% fat; Medicine Inc.

Jiangsu, China) for 12 weeks. For the age-related metabolic experi-

ments, 8-week-old male DOCK5�/� and WT mice were fed a HFD

for 16 months. For signaling pathway studies, 8-week-old male

Raptorflox/flox mice were fed a HFD for 12 weeks and injected with

AAV8-shDOCK5 � AAV8-Cre or AAV8-GFP (at a dose of 3 × 1011

vg/200 ll/mouse) via the tail vein 14 days prior to the in vivo

study. All experimental procedures were approved by the Animal

Experimentation Ethics Committee, Chongqing Medical University.

Glucose (GTTs) and insulin tolerance tests (ITTs) and
hyperinsulinemic-euglycemic clamp (HEC)

GTTs and ITTs were performed as previously described [41]. Four

days prior to the HEC study, catheters were inserted into the right

Figure 8. Schematic diagram.

A DOCK5 deficiency results in Rac1 inhibition and the activation of mTOR/mTORC1 (raptor)/S6K1 signaling to increase the phosphorylation of IRS-1Ser1101 and inhibit
InsR-Akt phosphorylation cascades. These changes facilitate the hepatic gluconeogenesis and exacerbate both glucose metabolic disorders and IR.
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internal jugular vein and left carotid artery of the mice. After fasting

for 12 h before the clamp study, HECs were performed in conscious,

unrestrained mice as previously described (Fig 2C) [42]. For the

lipid-induced IR study, 15% lipid emulsion (5 ml/kg.h) was infused

from 2 h before the clamp and to the end of the HECs [43,44]. At

the end of the HECs, mice were anesthetized, and tissues were

freeze-clamped and stored at �160°C for further experiments.

Metabolic analyses

Body weight was measured daily in mice aged 8–20 weeks for the

HFD-induced IR study and from age 5 to 18 months for age-related

metabolic study. Food intake, locomotor tolerance, and rectal

temperatures were measured at the indicated time points and dura-

tion. Energy expenditure was calculated by 24-h VO2 and carbon

dioxide produced (VCO2) as described previously [45].

Analytical procedures

Insulin was determined using an ELISA kit. Serum triglycerides

(TG), total cholesterol (TC), and FFA were measured as described

previously [45]. A scintillation counter was used to measure [3-3H]

glucose radioactivity [46].

Cell culture and treatment

MPHs were isolated from DOCK5�/�, Raptorflox/flox, or WT mice

aged 8 weeks as previously reported [47]. MPH and Hepa1-6 cells

were cultured in DMEM/F12 or DMEM with 10% FBS, respectively,

and cells were infected with pCDNA3.1- DOCK5 or pCDNA3.1, or

Ad-shDOCK5 or Ad-GFP for 48 h. Hepa1-6 cells were then incubated

with 18 mM GlcN for 18 h. For the insulin signaling assay, cells

were treated with or without 100 nM insulin for 20 min. For

performing the overexpression experiments involving GFP-tagged

WT DOCK5 and GEF-dead DOCK5, Hepa1-6 cells were transfected

with plasmids expressing a WT DOCK5 or a GEF-dead DOCK5

(DOCK5 VA) [3].

Measurement of Rac1 activation

Rac1 activity was measured using a Rac Activation Assay Biochem

Kit according to the manufacturer’s instructions (Cytoskeleton,

Denver, CO, USA) [10]. For Rac1 activation, the MPHs from WT

and DOCK5�/� mice were treated with SEW2871 (15 nM, Cayman

Chemical) for 4 days. Cell lysates were collected and added to 15 lg
PAK-PBD beads [48,49]. Protein expression was analyzed by a

Western blot, as indicated previously [50].

mRNA and protein analysis

Real-time quantitative PCR was performed as described previously

using b-actin as an internal control gene [50]. The primer pairs used

are listed in Appendix Table S4. The primary antibodies included

those against DOCK5, G6Pase (Abcam, UK), InsR/phospho-InsR,

IRS-1 Ser1101/phospho-IRS-1 Ser1101, Akt/phospho-Akt, mTOR/

phospho-mTOR, S6K1/phospho-S6K1, Raptor, Rictor (Cell Signaling

Technology, Boston, MA,USA), PEPCK (Santa Cruz Biotechnology,

Dallas, TX), and b-actin (ZSGB-BIO, Beijing, China).

Co-immunoprecipitation (Co-IP)

Hepa1-6 cells were co-transfected with pCDNA3.1-DOCK5 and

pCMV6-Raptor, or GV230-Raptor (1–444 aa, 445–887 aa, and 888–

1,335 aa) (ORIGENE Inc). To determine the domain for the inter-

action between DOCK and Raptor, Hepa1-6 cells co-expressed

mutant DOCK5 DHR2 domain (His-DHR2) with Raptor Myc-tagged

fragment (445–887 aa). Isolation of the cell extracts was

performed as described previously [51]. Pre-resuspended protein

G/A-magnetic beads were incubated with anti-DOCK5 for 60 min

at room temperature with slow agitation. The coated magnetic

beads were then incubated with cell lysates overnight at 4°C. The

magnetized beads were washed, and the supernatant was

discarded. The proteins were immunoblotted using an anti-Raptor

antibody.

Statistical analysis

Data are expressed as the mean � SEM. Significant differences

among multiple groups were assessed by a two-way ANOVA

with a post hoc test. A two-tailed Student’s t-test was used for

comparisons between two groups. For GTTs and ITTs, a paired

Student’s t-test was used to compare the differences between

groups. Differences were considered to be statistically significant

at P < 0.05.

Data availability

The datasets generated during and/or analyzed during the

current study are available from the corresponding author upon

request.

Expanded View for this article is available online.
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