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SUMMARY

A distinguishing feature of neurons is the presence of long neurites that enable far-reaching communication. 

Establishing this complex morphology requires precise regulation of intracellular transport and signaling. Our 

study identifies DENND10, an ancient endosomal protein, as a crucial factor in shaping neuron morphology. 

DENND10 is a potential regulator of Rab GTPase signaling and interacts with the CCC/Retriever endosomal 

complex. Loss of DENND10 in a neuronal cell culture model resulted in shortened neurites. Quantitative pro

teomics revealed two distinct processes of neurite outgrowth: differentiation-induced biochemical changes 

and a pre-existing vesicular transport system modulated by DENND10. Mechanistically, both Rab27 and 

CCC complex subunit CCDC22 act downstream of DENND10 to support neurite extension. In primary cortical 

neurons, loss of DENND10 or CCDC22 led to shortened dendrites and impaired axon development. These 

findings provide a conceptual framework for neuronal morphogenesis during differentiation and highlight 

the critical role of DENND10/CCC in neurite extension.

INTRODUCTION

Neurons are highly specialized cells with characteristically long 

neurites and intricate synaptic structures that enable long- 

distance direct communication between cells. These unique 

morphological features impose high demands on their intracel

lular membrane transport system. Accordingly, alterations in en

dosomal transport pathways in humans are often associated 

with neurodegenerative diseases, including Alzheimer’s disease 

and Parkinson’s disease.1–3 Therefore, it is crucial to elucidate 

neuron-specific roles of membrane transport pathways.

Vesicle transport activities are closely linked to the growth of 

neurites.4 The bi-directional transport of endosomes/lysosomes 

along microtubule tracks within neurites is critical for the growth 

and maintenance of dendrites and axons.5 During neurite 

outgrowth, the surface area and surface-to-volume ratio of a 

neuron increase dramatically, typically by ∼20% per day.6 A 

crucial source of membrane expansion is provided by exocytic 

vesicular transport pathways, such as recycling endosomes 

and secretory vesicles, which deliver membrane components 

into the plasma membrane.7–10 A major class of regulators in 

vesicle trafficking is the Rab family of small GTPases. Rab pro

teins act as molecular switches, cycling between an active 

GTP-bound state and an inactive GDP-bound state.11 Interest

ingly, about half of the Rab isoforms in fruit flies exhibit 

neuron-specific or neuron-enriched expression.12 A number of 

Rabs, including Rab11, Rab35, Rab5, Rab4, Rab7, Rab33a, 

and Rab10, have been found to play important roles in neurite 

outgrowth.13 Consistently, deficiencies in Rab proteins have 

been linked to various diseases, particularly neurological 

disorders.14–16

The activation of Rab proteins from GDP-bound state to GTP- 

bound state is catalyzed by guanine nucleotide exchange fac

tors (GEFs). The DENN (differentially expressed in normal cells 

and neoplasia) domain-containing proteins represent the largest 

family of GEFs for Rab GTPases,17 particularly those involved in 

exocytic pathways.18 The DENN domain is evolutionarily 

ancient, originating in the common eukaryotic ancestor around 
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Figure 1. Dennd10 deficiency impairs neurite outgrowth 

(A) Expression of Dennd10 mRNA in non_targeting (NC) and two clonal sgDennd10 CAD cell lines (No1 and No2) measured by qPCR. Data are presented as 

mean ± SD (n = 3). Significance was determined by one-way ANOVA followed by post hoc multiple-comparison test. ****, p < 0.0001. 

(B) Sanger sequencing of the Dennd10 genomic region in the sgDennd10 cell lines. The two targeting sgRNA and their PAM sequences are highlighted in blue and 

orange, respectively. The start codon within Exon1 is indicated with a green box. 

(legend continued on next page) 
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two billion years ago.19 Mutations in DENN-domain containing 

proteins have been linked to several neurological and neurode

velopmental disorders, including intellectual disability associ

ated with DENND2B/ST520 and DENN/MADD,21 Charcot- 

Marie-Tooth neuropathy type 4B attributed to SBF1 and 

SBF2,22 and the occurrence of amyotrophic lateral sclerosis 

and frontotemporal dementia associated with DENND9/ 

C9ORF72.23

DENND10 (formerly known as FAM45A) is a unique member of 

the DENN-domain containing protein family. While it shares 

higher-order structural similarity with classical DENN domain 

proteins, its primary sequence diverges significantly.24 In a 

previous study, we found that DENND10 is mainly localized in 

endosomes and lysosomes, where it regulates the positioning, 

maturation, and secretion of endosomes.24 However, the phys

iological roles of DENND10, particularly in the nervous system, 

remain little understood.

Interestingly, DENND10 has recently been identified as an in

tegral subunit of the CCC/Retriever complex on endosomes in 

several structural studies.25–27 Many large multi-protein com

plexes, including Retromer (VPS26, VPS35, VPS29), Retriever 

(VPS26C, VPS35L, VPS29), CCC (CCDC22, CCDC93, COMMD), 

and WASH (WASP and scar homology) complexes, are known to 

regulate the exocytic traffic from endosomes.28–30 These com

plexes work coordinately to recycle membrane components 

back to the plasma membrane via tubulo-vesicular carriers. 

CCC and Retriever are often co-purified together and sometimes 

collectively referred to as the Commander complex.31 While the 

precise role of DENND10 within the CCC/Retriever complex re

mains unclear, its depletion has been shown to impair the sorting 

of Retromer cargoes.32 Notably, these exocytic complexes are 

closely related to human neuropathies. Mutations in Retromer 

subunits cause late-onset Parkinson’s disease33–35 or atypical 

parkinsonism,36 while mutations in Retriever, CCC, and WASH 

complexes have been linked to intellectual disability and 3C/ 

Ritscher-Schinzel syndrome.37–41 Reduced expression of Retro

mer-related proteins has also been frequently observed in Alz

heimer’s disease.42 These disease associations highlight the 

critical role of endosomal sorting complexes in the nervous 

system.

In this study, we demonstrated that DENND10 plays a crucial 

role in neurite extension using CRISPR gene editing. Quantitative 

proteomics revealed two distinct molecular processes during 

neuronal differentiation. The first involves differentiation-induced 

biochemical alterations, such as cell cycle exit and up-regulation 

of lipid biosynthesis enzymes. The second process highlights 

a pre-existing vesicular transport system modulated by 

DENND10. DENND10 deficiency did not affect the differentiation 

process per se, but suppressed the expression of multiple 

neuron-specific genes prior to differentiation. Mechanistically, 

DENND10 exerts its influence by regulating both Rab GTPases 

and the CCC/Retriever complex. These findings underscore 

the importance of DENND10 in the nervous system and provide 

a framework for the interplay between endosomal transport and 

neuronal morphogenesis.

RESULTS

DENND10 is involved in neurite extension

To this end, DENND10 had no known physiological functions yet. 

Given associations between endosomal transport and neuronal 

diseases, we decided to examine neuronal roles of DENND10 

using mouse CAD cells as a model. CAD cells are an excitable 

catecholaminergic neuronal cell line derived from the central ner

vous system.43,44 Upon serum withdrawal, these cells undergo 

differentiation and extend long neurites packed with parallel mi

crotubules and intermediate filaments.43 Their neurite terminals 

are abundant in vesicles,43 resembling the growth cones of pri

mary neurons.6 CAD cells have been widely used in the literature 

to investigate neuronal differentiation,45 neurite outgrowth,46

transport within neurites,47,48 and neuronal degeneration.49

Therefore, they offer a valuable model for studying the role of 

DENND10 in neurite growth during neuronal differentiation.

To downregulate the expression of Dennd10, we employed 

lentivirus-mediated CRISPR/Cas9 gene editing in CAD cells. 

Since Dennd10 has multiple splicing isoforms, a dual-guide 

RNA strategy was used to target Exon_1, which is present in 

all splicing isoforms and contains the start codon. Two indepen

dent clonal lines, designated sgDennd10_No1 and sgDennd10_ 

No2, were established, both exhibiting nearly undetectable 

Dennd10 mRNA expression (Figure 1A). The edited genomic 

region was confirmed by Sanger sequencing (Figure 1B). 

In sgDennd10_No1, a large deletion encompassing most of 

Exon_1 was observed, whereas sgDennd10_No2 showed 

disruption of the 5′ splicing donor site of the subsequent intron 

(Figure 1B). It should be added that low levels of peptides 

from the C-terminal DENND10 sequence were detected in 

sgDennd10_No2 by mass spectrometry (see below, Table S1), 

likely due to truncated protein expression from cryptic alternative 

splicing events, a phenomenon observed in approximately 50% 

of CRISPR-edited cells.50 Thus, these two clones represented 

Dennd10 knockout or hypomorphic cells and were used in sub

sequent experiments.

Interestingly, neurites of differentiated CAD cells infected with 

the non-targeting control vector (NC) were long and thick, 

whereas those of the sgDennd10 cells were significantly shorter 

and thinner (Figure 1C). On average, neurite lengths in differenti

ated sgDennd10_No1 and No2 cells were approximately 34% 

and 24% of those in NC cells, respectively (Figures 1C and 

1D). A similar reduction in neurite length was observed with 

(C) Representative images of NC and sgDennd10 CAD cells after differentiation. Top: phase-contrast microscope. Middle and bottom: Cells were transfected 

with Citrine (Cit) or Cit-DENND10 plasmids and imaged using a fluorescence microscope. Scale bar: 15 μm 

(D) Quantification of neurite length in (C). The longest neurite was measured for each cell. From left to right: n = 208, 218, 207, 189, 220, and 192 cells, respectively, 

from six independent experiments. 

(E) Quantification of neurite number per cell in (C). From left to right: n = 191, 200, 162, 170, 204, and 189 cells, respectively, from six independent experiments. 

Significance in (D) and (E) was determined by one-way ANOVA followed by post hoc multiple-comparison tests. **, p < 0.01; ****, p < 0.0001; ns, non-significant. 

(F) TUBB3 staining in NC and sgDennd10 by immunofluorescence. Scale bars, 15 μm.
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two independent plasmid-based short hairpin RNA (shRNA) con

structs targeting Dennd10 (Figures S1A–S1C). The number of 

neurites did not significantly change in either sgDennd10 

(Figure 1E) or Dennd10-shRNA cells (Figure S1D), suggesting 

that DENND10 was not essential for the initiation of neuritogen

esis. Consistent with the neurite shortening phenotype in 

Dennd10-deficient neurons, TUBB3, a neuron-specific cytoskel

etal protein required for neurite extension,51 was predominantly 

localized to the neurites in NC cells but was mainly confined to 

the soma in sgDennd10 cells (Figure 1F). Importantly, re-intro

ducing exogenous Citrine-DENND10 protein rescued the neurite 

shortening defect in sgDennd10 cells (Figures 1C and 1D). 

Compared to cells expressing Citrine alone, sgDennd10 cells 

with Citrine-DENND10 expression exhibited significantly longer 

neurites (p < 0.0001), comparable to those in NC cells, confirm

ing that the neurite shortening defect was indeed caused by 

the loss of DENND10 function. Notably, overexpression of 

DENND10 proteins also increased neurite lengths by ∼20% in 

NC cells (Figure 1D), consistently with a positive regulatory role 

of DENND10 in neurite extension. Together, these results indi

cate that DENND10 is required for proper neurite outgrowth.

Changes in proteomic landscape during neurite 

outgrowth

To systematically investigate the effects of Dennd10 deficiency 

on neurite outgrowth, we conducted Tandem Mass Tag 

(TMT)-based quantitative mass spectrometry on NC and 

sgDennd10_No2 cells, both in non-differentiated (denoted as 

NC.Non_diff and sgD10.Non_diff) and differentiated (denoted 

as NC.diff and sgD10.diff) states. Three biological replicates 

were used for each condition, totaling 12 samples. Each sample 

was labeled with a unique TMT-16plex mass tag, which allows 

parallel multiplexing and accurate comparison across sam

ples.52 In total, 6997 proteins were identified, of which 6910 pro

teins were quantifiable (Table S1). Principal component analysis 

(PCA) was used to visualize the overall data structure (Figure 2A). 

The first principal component (PC1) displayed a strong correla

tion with the genotypes (NC vs. sgDennd10), while the second 

principal component (PC2) was associated with the differentia

tion condition (Non-diff vs. diff), separating the samples into 

four distinct clusters. Intriguingly, these clusters formed a rect

angle-like shape on the PCA plot. The edges representing 

Dennd10 deficiency-related changes (Edge 1 and 2 in Figure 2A) 

were nearly orthogonal to those representing differentiation- 

related changes (Edge 3 and 4 in Figure 2A), suggesting that 

two distinct processes were involved in neurite outgrowth. 

Fold changes (FCs) for all quantifiable proteins were calculated 

along each edge. Consistently with the PCA plot, FCs along 

Edges 1 and 2 closely aligned with the diagonal line (y = x) 

(Figure 2B), suggesting similar effects of Dennd10 deficiency in 

both non-differentiated and differentiated cells. A comparable 

pattern was observed for FCs along Edges 3 and 4 (Figure 2C), 

indicating that differentiation induced consistent changes in 

both sgDennd10 and NC cells.

Given the experimental design, we employed a two-way 

ANOVA model (∼ Genotype + Differentiation + Genotype: Differ

entiation) to simultaneously assess the effects of Dennd10 defi

ciency (Genotype), neuronal differentiation (Differentiation), and 

their potential interactions. Differentially expressed proteins 

(DEPs) were determined between the two genotypes (NC vs. 

sgDennd10) and across differentiation states (Non-diff vs. diff). 

After adjustment for multiple comparisons, we identified 4046 

proteins that were significantly up- or downregulated (FDR 

<0.05) for the Genotype factor, 3683 proteins significantly 

altered for the Differentiation factor, and 139 proteins that ex

hibited significant interaction effects between Genotype and Dif

ferentiation (Table S1). We further focused on DEPs with FC 

greater than 1.3, which resulted in 363 DEPs for Genotype and 

181 DEPs for Differentiation (Table S2). Volcano plots and heat

maps illustrating these DEPs are displayed in Figure S2.

To gain insights into the biological changes during neuronal dif

ferentiation, the list of DEPs for Differentiation was examined for 

enrichment of gene ontology terms (Figures 2D; Table S3). Addi

tionally, we also employed the STRING database53 to visualize 

protein-protein interaction network within the list (Figure 2E). It is 

well-known that neuronal differentiation is accompanied by cell 

cycle exit.54 Consistent with this, we observed a significant 

down-regulation of proteins involved in DNA biosynthesis and 

repair (POLD1, POLD3, POLE, and POLE2) (Figures 2D and 2E). 

Also downregulated were proteins involved in protein ubiquitina

tion and neddylation (NDFIP1, UBE2C, SQSTM1, RNF149, etc.), 

cytoplasmic translation (RPS25, RPS16, RPL34, RPLP1, etc.), 

and redox responses (GPX1, TXNRD1, HMOX1, SELENOS, etc). 

Conversely, DEPs that were up-regulated after differentiation 

Figure 2. Proteomics landscape of NC and sgDennd10 cells before and after differentiation 

(A) PCA plot displaying a low-dimensional projection of all twelve samples. The four biological groups, non-differentiated NC (NC.Non_diff), non-differentiated 

sgDennd10 (sgD10.Non_diff), differentiated NC (NC.Diff), and differentiated sgDennd10 (sgD10.Diff), are well-separated, forming a near-rectangular pattern. 

(B and C) Scattering plots illustrating log-transformed protein expression fold changes (FCs) between groups. The plot in (B) compares FCs between sgDennd10 

and NC cells before and after differentiation (corresponding to Edge 1 and 2 in A). The plot in (C) compares FCs between differentiated and non-differentiated 

states in NC and sgDennd10 cells (corresponding to Edge 3 and 4 in A). Each dot represents one protein. A 2D histogram is overlaid on top to visualize protein 

density in crowded regions. 

(D) Gene Ontology (GO) enrichment analysis for biological processes downregulated (top, blue) or upregulated (bottom, red) in differentiated vs. non-differen

tiated cells. Key pathways of special interests are highlighted in red. 

(E) Protein-protein interaction network for differentially expressed proteins (DEPs) between differentiated vs. non-differentiated cells. Each node represents a 

protein, colored according to the log-transformed fold change between these states. Edges represent interactions or associations between proteins, based on 

data from the Stringdb database. 

(F) GO enrichment analysis for biological processes downregulated (top, blue) or upregulated (bottom, red) in sgDennd10 vs. NC cells. Key pathways of special 

interests are highlighted in red. 

(G) Protein-protein interaction network for DEPs between sgDennd10 and NC cells, with node colors representing log-transformed fold changes between these 

groups.
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were primarily related to lipid metabolism, including enzymes 

for the biosynthesis of phospholipid (LPCAT3, LPIN1, and 

PNPLA8), sterol lipids (NSDHL, MSMO1, DHCR7, LSS, and 

TM7SF2) and long chain fatty acid (TECR, ACSL4, HSD17B8, 

and AACS) (Figures 2D and 2E). These findings are consistent 

with the high demand for membrane lipids during neurite 

outgrowth.6 Therefore, our proteomic data effectively captured 

key biological processes during neuronal differentiation. Impor

tantly, these biochemical changes occurred largely independently 

of DENND10, displaying similar patterns in both NC and 

sgDennd10 cells (Figure 2C), indicating that they are essential 

for neuronal differentiation but not directly related to the neurite 

shortening phenotype observed in sgDennd10 cells.

Similarly, we analyzed gene ontology terms (Figures 2F; 

Table S3) and protein interaction modules (Figure 2G) for the 

list of DEPs related to the Genotype factor. In sgDennd10 cells, 

many pathways potentially related to neuronal transport were 

significantly down-regulated (Figures 2F and 2G). These included 

proteins associated with synaptic vesicle exocytosis and recy

cling (SYN1, CHGB, STX1B, RIMS4, CPLX2, AMPH, PACSIN1, 

SNCG, SNCB, etc.), small GTPase signaling (SRC, RHOC, 

ARHGAP22, PLEKHG5, CHN1, etc.), and cytoskeleton organiza

tion during neurite extension (DBN1, MAPT, TPPP3, OLFM1, and 

TRIM46). These findings aligned with the well-established role of 

exocytosis and cytoskeletal dynamics in driving neurite 

outgrowth.55 It has been known that microtubule-based vesicle 

transport is a major source of membrane expansion during neu

rite outgrowth.6,7 Conversely, several molecular modules were 

upregulated in sgDennd10 cells, including ER-stress response 

proteins (ATF6B, DDIT3, CALR, ERO1A, P4HB, PDIA4, HSPA5, 

and HSP90B1), amino acid transporters (SLC7A5, SLC7A6, 

SLC3A2, SLC7A1, and SLC19A2), and histones (H2AX, H1-1, 

H1-2, etc.) (Figures 2F and 2G). Elevation in ER stress has also 

been observed in mouse brains with defective WASH complex, 

another endosomal sorting complex frequently associated with 

CCC and Retriever,56 indicating a disruption in protein homeosta

sis. ER stress also plays important roles in many neurodegener

ative diseases such as Alzheimer’s disease57 and Parkinson’s 

disease.58 Importantly, these Dennd10 deficiency-related alter

ations were present in both non-differentiated and differentiated 

CAD cells, underscoring the role of DENND10 in modulating a 

network of vesicular transport pathways poised for proper 

neuronal morphogenesis even before differentiation.

Lastly, our two-way ANOVA model also identified some pro

teins that were statistically significant for the interaction term 

‘‘Genotype: Differentiation’’ (Figure S3A; Table S3). These are 

proteins that exhibited distinct responses during differentiation 

in NC and sgDennd10 cells (i.e., off-diagonal in Figures 2B and 

2C), contributing to the slight deviation from a perfect rectan

gular pattern in the PCA plot (Figure 2A). Gene ontology analysis 

revealed that this group of proteins was enriched for terms 

related to neuronal projection development (STMN2, STMN3, 

NPY, LRP12) (Figure S3B and S3C; Table S4), which is consis

tent with the observed differences in neurite length between 

NC and sgDennd10 cells.

Taken together, our proteomics dataset suggests that two 

distinct and largely orthogonal processes are involved in neurite 

extension. This two-process model resonates with earlier 

research which showed that de novo phospholipid synthesis in 

sprouting neurons occurs mainly in the soma (cell body), followed 

by an active export of newly synthesized membrane components 

into neurite tips, where membrane insertion typically takes 

place.6,59 In this context, the two processes for neurite outgrowth 

revealed in our data could be interpreted as a proximal ‘‘soma’’ 

component (lipid synthesis and cell cycle exit) and a distal ‘‘neu

rite’’ component (neuronal transport and cytoskeleton track).

DENND10 regulates developmental competence for 

neurite outgrowth

Next, we validated our proteomic findings in both sgDennd10 

lines with independent low-throughput methodology. The near 

orthogonal pattern observed in the PCA plot (Figure 2A) indicates 

that sgDennd10 experienced changes in protein level profiles 

similar to those of NC cells during differentiation (comparing 

Edge 3 and Edge 4, also see Figure 2C). To further validate this 

observation, we examined signaling pathways involved in differ

entiation in both sgDennd10 and NC cells. Differentiation of CAD 

cells was initiated by serum starvation, a process predicted to 

activate PKA signaling while attenuating Akt signaling pathways. 

PKA is a well-known critical regulator for neuronal differentia

tion,60 while AKT is a master regulator of cell survival, growth, 

and proliferation.61 We assessed PKA activities using an antibody 

that recognizes phosphorylated PKA substrate motif (RRXS*/ 

T*).62 As expected, the phosphorylation of most PKA substrates 

was increased in differentiated NC cells (Figures 3A and 3B). 

In contrast, phosphorylation of Akt decreased in NC cells, reflect

ing the absence of growth factors during serum withdrawal 

(Figures 3A and 3B). Consistent with the proteomics results, 

similar changes in the phosphorylation patterns of PKA sub

strates and Akt in sgDennd10 cells were observed (Figure 3B). 

This suggests that differentiation signals remained largely intact 

in sgDennd10 cells, indicating that the neurite shortening 

Figure 3. Dennd10 deficiency impairs neurite growth competence 

(A) PKA and Akt signaling responses remained unaffected in sgDennd10 cells compared to NC cells during differentiation. Western blot analysis of phos

phorylation levels of PKA substrates and Akt (Ser473), along with total Akt and actin protein levels, was performed in NC and sgDennd10 cells before and after 

differentiation. 

(B) Quantification of phosphorylation levels of PKA substrates and Akt during differentiation in (A), expressed as percentages relative to corresponding pre- 

differentiation levels. The intensity of phosphorylated Akt was normalized to total Akt levels. For phosphorylated PKA substrates, the band at ∼75kD, representing 

the highest intensity, was used as a proxy for the overall phosphorylation pattern and normalized to actin. Data are presented as mean ± SD (n = 3). Significance 

was determined by one-way ANOVA followed by post hoc multiple-comparison tests. ns, non-significant. 

(C–H) Dennd10 deficiency reduced levels of multiple neuron-related proteins before and after differentiation. Protein levels of TUBB3 (C and D), CHGB (E and F), 

and SYN-1 (G and H) were measured by Western blotting and quantified. Quantitation of protein levels was first normalized to GAPDH or actin and expressed as a 

percentage of undifferentiated NC cells. Data are presented as mean ± SD (n = 3). Significance was determined by one-way ANOVA followed by post hoc 

multiple-comparison tests. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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associated with Dennd10 deficiency was not due to a disruption 

of these signaling pathways during differentiation.

Another important implication from the PCA plot (Figure 2A) is 

that Dennd10 deficiency leads to similar changes in both non- 

differentiated and differentiated cells (comparing Edge 1 and 

Edge 2, also see Figure 2B). To confirm this observation, we 

selected three representative neuron-specific proteins, TUBB3, 

CHGB, and SYN1 (Synapsin-1), from the mass spectrometry re

sults (Table S1) and examined their expression in CAD cells. 

TUBB3 is a cytoskeleton component implicated in neurite exten

sion and regeneration,51 CHGB serves as a master regulator of 

secretion in neurosecretory tissues,63 and SYN-1 is an abundant 

synaptic vesicle-associated protein.64 Consistent with our 

proteomic data, Western blotting revealed that these proteins 

were significantly reduced in sgDennd10 CAD cells, regardless 

of their differentiation status (Figures 3C–3H). A similar trend 

was also observed for tyrosine hydroxylase (TH), the key enzyme 

in the biosynthesis of the neurotransmitter dopamine (Figures S4A 

A B

C D

E F

Figure 4. Rab27a and Rab27b mediate the 

effect of Dennd10 deficiency on neurite 

length in CAD cells 

(A and B) Immunofluorescence images showing the 

localization of endogenous Rab27a and Rab27b 

(green) in differentiated NC and sgDennd10 cells. 

Cell outlines were stained with TRITC-Phalloidin 

(red). Scale bars, 25 μm. Notably, neurite tip locali

zation of Rab27 (arrowheads) was observed in both 

long and short neurites in NC cells. 

(C and D) Quantification of Rab27a and Rab27b 

localization at neurite tips in (A and B). The per

centage of cells displaying Rab27a/Rab27 b at 

neurite tips was calculated from three indepen

dent experiments. Data are presented as 

mean ± SD (n = 3). Significance was determined 

by one-way ANOVA followed by post hoc multi

ple-comparison tests. ****, p < 0.0001. 

(E) Cit-Rab27aQL and Cit-Rab27bQL mutants were 

transfected into NC and sgDennd10 cells, followed 

by differentiation for 48 h. The Rab27 GTP-locked 

mutants rescued the neurite shortening caused by 

Dennd10 deficiency. Scale bars, 15 μm 

(F) Quantification of neurite lengths in (E). From left to 

right: n = 205, 220, 228, 223, 220, 199, 236, 226, and 

240 cells, respectively, from six independent ex

periments. Significance was determined by one- 

way ANOVA followed by post hoc multiple-com

parison tests. ns, non-significant; ****, p < 0.0001.

and S4B). Together, these results strongly 

suggest that DENND10 plays an important 

role in maintaining a pre-existing vesicular 

transport system that is critical for devel

opmental competence of neurite exten

sion prior to neuronal differentiation.

Rab27 activation is impaired in 

Dennd10-deficient neurons

We next investigated molecular mecha

nisms through which DENND10 influ

ences neurite growth. Our previous study 

showed that DENND10 interacts with Rab27a and Rab27b in a 

nucleotide-dependent manner.24 Rab27 is known to be critical 

for anterograde transport within neurites and synaptic vesicle 

exocytosis.65,66 These functions overlap significantly with the 

downregulated pathways observed in sgDennd10 cells 

(Figure 2F), leading us to investigate the relevance of Rab27 in 

mediating DENND10’s role in neurite outgrowth in CAD cells. 

First, we examined whether the activation state of Rab27 affects 

its subcellular localization. Citrine-tagged nucleotide-locked 

Rab27 mutants were introduced into CAD cells. Strikingly, The 

GDP-locked Rab27a-TN and Rab27b-TN mutants exhibited uni

form diffusion throughout the cytoplasm, whereas the GTP- 

locked Rab27a-QL and Rab27b-QL mutants were enriched 

at the tip of neurites (Figure S5A), suggesting that active 

Rab27 accumulates at neurite tips, the main sites of membrane 

addition in developing neurons.6 Subsequently, we assessed the 

localization of endogenous wild-type Rab27a and Rab27b in 

both NC and sgDennd10 cells using immunofluorescence 
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(Figures 4A–4D). In NC cells, Rab27a and Rab27b were often 

concentrated at neurite tips. However, in sgDennd10 cells, their 

localization in neurite tips was markedly reduced (Figures 4A– 

4D), strongly suggesting that Dennd10 deficiency diminishes 

Rab27a and Rab27b activation and impairs their transport into 

neurites in CAD cells.

Next, we examined whether constitutively active Rab27-QL 

mutants could reverse the neurite shortening observed in 

sgDennd10 cells. These mutants are expected to bypass the 

requirement for GEFs such as DENND10. Citrine-tagged 

Rab27a-QL or Rab27b-QL mutants were transfected into NC 

and sgDennd10 cells (Figures 4E and 4F). We found that the 

expression of either Rab27a-QL or Rab27b-QL mutant signifi

cantly extended neurite lengths in both sgDennd10 cell lines 

(Figure 4F). In contrast, no significant enhancement was observed 

in NC cells, likely due to a ceiling effect for Rab27 activation under 

normal conditions. Additionally, the number of neurites increased 

to varying degrees upon expression of Rab27-QL mutants 

(Figure S5B), with Rab27b-QL in sgDennd10 cells showing statis

tically significant increases, indicating that Rab27-GTP could 

enhance the initiation of neuritogenesis. Taken together, these 

findings suggest that Rab GTPase signaling related to neurite 

outgrowth is downstream of DENND10 in neurite outgrowth.

A B

C

D E

Figure 5. Neurite shortening in Dennd10- 

deficient cells could be rescued by CCDC22 

(A) DENND10 co-localizes with CCDC22 in CAD 

cells. CAD cells were co-transfected with mCherry- 

DENND10 (red) and Citrine-CCDC22 (green), per

meabilized with 1% saponin to remove cytosolic 

proteins, and then fixed. Two insets show magni

fied views of the soma and neurite tip region, 

respectively. Scale bars, 15 μm 

(B) CAD cells were transfected with plasmids 

expressing shRNAs targeting mouse Ccdc22 

(Ccdc22-sh1 and Ccdc22-sh2) or a non-targeting 

control (shNC). After 24 h, cells were differentiated 

for another 48 h before fixation and imaging. Scale 

bars, 15 μm 

(C) Quantification of neurite length in (B). The 

longest neurite was measured for each cell. From 

left to right: n = 81, 86, and 94 cells, respectively, 

from three independent experiments. 

(D) Citrine or Citrine-CCDC22 plasmids were 

transfected into NC and sgDennd10 cells followed 

by differentiation for 48h. Scale bars, 15 μm 

(E) Quantitation of neurite length in (D). From left to 

right: n = 231, 203, 214, 226, 218, and 196 cells, 

respectively, from six independent experiments. 

Significance in (C) and (E) was determined by one- 

way ANOVA followed by post hoc multiple-com

parisons test. ns, non-significant; ****, p < 0.0001.

Dennd10 deficiency could be 

rescued by CCC complex subunit 

CCDC22

To further investigate the mechanism 

of DENND10, we performed a screen 

for DENND10-interacting proteins using 

immunoprecipitation (IP). HEK293T cells 

were transfected with 3x-FLAG-tagged 

DENND10, and IP was carried out with anti-FLAG beads. Pro

teins co-purifing with DENND10 were identified by mass spec

trometry and adjusted to the background control IP (Figure S6A; 

Table S4). Notably, many of the co-purified proteins were 

involved in endosome recycling, including CCDC22, CCDC93, 

COMMD3/8/9/10 (components of the CCC complex), and 

Vps35L (a subunit of the Retriever complex) (Figure S6A). 

This result confirmed several recent studies that identified 

DENND10 as an integral subunit of the CCC/Retriever com

plex.25–27 CCDC22 was the most abundant protein in our IP 

(Figure S6A; Table S4). We further validated this interaction, 

showing that 3x-FLAG DENND10 co-precipitated with Citrine- 

tagged CCDC22, but not Citrine alone (Figure S6B). Additionally, 

in HeLa cells, mCherry-tagged DENND10 co-localized with 

Citrine-tagged CCDC22 on cytoplasmic vesicles, a subset of 

which were positive for endosomal marker CD63 (Figure S6C). 

In CAD cells, co-localization between Citrine-CCDC22 and 

mCherry-DENND10 could be observed in the soma, neurites, 

and neurite tips (Figure 5A). These findings demonstrate that 

DENND10 associates specifically and reproducibly with the 

CCC/Retriever endosomal complexes.

Missense mutations in CCDC22 have been associated with in

tellectual disability.37,38 Previous studies reported that CCDC22 
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interacts with CAMSAP2, a microtubule-organizing protein 

involved in dendrite development,25 suggesting a potential role 

for CCDC22 in neurite outgrowth. To explore this hypothesis, 

two independent shRNA constructs were used to knock down 

Ccdc22 expression in wildtype CAD cells (Figure S7A). Both con

structs significantly reduced neurite length to 47% and 43%, 

respectively (Figures 5B and 5C). While the number of neurites 

tended to decrease in Ccdc22-deficient cells, the change did 

not reach statistical significance (Figure S7B), indicating that 

CCDC22 is not essential for the initiation of neuritogenesis.

Given the high specificity of DENND10’s association with the 

CCC/Retriever complex, it is reasonable to propose that 

DENND10 deficiency causes dysregulation within the CCC/ 

Retriever complex, although the exact nature of this defect re

mains unclear. To explore the functional relationship between 

DENND10 and CCDC22, we employed a dosage suppression 

strategy67 by overexpressing Citrine-CCDC22 or Citrine in NC 

and sgDennd10 cells (Figures 5D and 5E). Remarkably, Citrine- 

CCDC22 significantly enhanced neurite outgrowth in both 

sgDennd10 cell lines (Figure 5E), suggesting that the partially 

defective CCC/Retriever in sgDennd10 cells was compensated 

by the additional copies of CCDC22 proteins. While the number 

of neurites increased slightly after CCDC22 expression, this 

change did not reach statistical significance (Figure S7C). Note 

that CCDC22 did not significantly enhance neurite length in NC 

A

B C D

Figure 6. Loss of Dennd10 or Ccdc22 re

sults in shortened dendrites and impaired 

axon development 

(A) Primary cortical neurons were transfected with 

plasmids co-expressing GFP and shRNAs tar

geting Dennd10 or Ccdc22, or a non-targeting 

control (shNC). Cells were replated and grown for 

2 days before fixation and staining with rabbit anti- 

Map2 (dendrites, red) and mouse anti-Tau (axon 

marker, blue). Map2 and Tau were visualized using 

Alexa 555 donkey anti-rabbit and Alexa 647 goat 

anti-mouse secondary antibodies, respectively. 

Transfected neurons were identified by green GFP 

fluorescence. Scale bars, 15 μm 

(B and C) Quantitation of mean dendrite length 

(B) and the number of primary dendrites (C) in 

transfected neurons. From left to right: n = 29, 34, 

46, 38, and 41 neurons, respectively, from three 

independent experiments. 

(D) Quantitation of the percentage of neurons with 

defined axons in transfected neurons. Data are 

presented as mean ± SD (n = 3 independent ex

periments). Significance in (B–D) was determined 

by one-way ANOVA followed by post hoc multiple- 

comparison tests. ns, non-significant; *, p < 0.05; 

**, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

cells (Figure 5E), likely due to a ceiling ef

fect for CCDC22 function under normal 

conditions.

To further investigate whether CCDC22 

functions downstream of DENND10 in 

promoting neurite outgrowth, we overex

pressed mCherry-DENND10 in wildtype 

CAD cells in the presence of Ccdc22 shRNA or non-targeting 

control shNC (Figures S8A–S8C). In cells transfected with shNC 

plasmids, mCherry-DENND10 overexpression resulted in a 

∼19% increase in neurite length compared to mCherry control 

(Figure S8B), consistent with the data in Figure 1D. In contrast, 

when Ccdc22 was knocked down, this effect was largely abol

ished, with no significant difference in neurite length observed be

tween mCherry-DENND10 and mCherry expression (Figure S8B). 

Together, these findings strongly suggest that, in addition to Rab 

GTPases, CCDC22 also acts downstream of DENND10 to support 

neurite outgrowth.

DENND10 and CCDC22 are important for neurite 

development in primary neurons

Since neurites in CAD cells are not polarized into dendrites 

and axons, we next investigated the role of DENND10 and 

CCDC22 using primary neurons. To do this, plasmids co-ex

pressing GFP and shRNA targeting Dennd10 or Ccdc22 were 

introduced into mouse primary cortical neurons (Figure 6A). Den

drites and axons were identified by staining with antibodies 

against Map2 and Tau, respectively. Consistent with our obser

vations in CAD cells, neurons transfected with either Dennd10 

or Ccdc22 shRNA constructs developed shorter dendrites 

(Figure 6B), while the number of primary dendrites remained un

changed (Figure 6C). Notably, only 14%–26% of neurons 
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transfected with the Dennd10 or Ccdc22 shRNA constructs 

developed a single dominant Tau+ axon after 2 days in culture, 

compared to ∼88% of neurons transfected with the non-target

ing control plasmid (shNC) (Figure 6D), suggesting impaired or 

delayed axon development in Dennd10-and Ccdc22-deficient 

neurons. These results suggest that both DENND10 and 

CCDC22 are critical for neurite growth and development in vivo.

DISCUSSION

Endosomal transport has been linked to a variety of neurological 

diseases.1 In this study, we identified DENND10, an endosomal 

protein, as a key regulator of developmental competence of neu

rite extension. Our results demonstrate that DENND10 plays a 

crucial role in a pre-existing neuronal transport system prior to 

differentiation, without significantly altering the biochemical pro

cesses of differentiation such as lipid synthesis. Rab GTPase 

signaling and CCC complex subunit CCDC22 are downstream 

of DENND10 for neurite growth. These findings shed light on 

the molecular mechanisms through which the endosomal trans

port system shapes neuronal morphogenesis and could provide 

insights into the etiology of membrane transport-related neuro

logical diseases.

One of the most intriguing findings from our proteomic analysis 

is the identification of two distinct processes driving neurite 

growth. On the one hand, differentiation treatment halts cell cy

cle and promotes lipid biosynthesis, producing surplus mem

brane material, as represented by Edge 3 and Edge 4 in the 

PCA plot (Figure 2A). On the other hand, a pre-existing mem

brane transport system regulated by DENND10, as represented 

by Edge 1 and Edge 2 in the PCA plot, is also critical for proper 

neurite morphogenesis. Our data showed that these two pro

cesses are largely orthogonal, suggesting that differentiation- 

induced biochemical changes, such as lipid biosynthesis, could 

be uncoupled from the DENND10-modulated transport system. 

First, differentiation treatment induces similar changes in 

Dennd10-deficient cells and NC cells. Protein expression FCs 

during differentiation remained mostly similar between NC and 

sgDennd10 cells (Figure 2C). Likewise, changes in the PKA 

and Akt signaling pathways were comparable between NC and 

sgDennd10 cells (Figure 3A). Second, Dennd10 deficiency re

sults in similar alterations in non-differentiated and differentiated 

CAD cells (Figure 2B). Multiple proteins involved in vesicle 

exocytosis and cytoskeleton organization, such as TUBB3, 

CHGB, and SYN-1, were decreased in both conditions 

(Figures 3C–3H). It can be hypothesized that DENND10-medi

ated membrane transport machinery helps to deliver membrane 

cargoes and newly synthesized lipids during neuronal differenti

ation, ensuring the precise deposition of these materials in the 

growing neurite tip. Thus, while Dennd10 deficiency did not 

affect the differentiation signaling per se, it impaired develop

mental competence for neurite outgrowth even in the pre-differ

entiation phase.

Upregulation of a broad array of lipid biosynthesis enzymes 

was readily observed in differentiated CAD cells in our proteomic 

dataset (Figure 2D). Membrane expansion during neurite 

outgrowth likely necessitates the de novo synthesis of mem

brane lipids.68 It has been shown that disruption in phospholipid 

synthesis leads to defective dendrite growth and maintenance in 

fruit flies.69 A decrease in malonyl-CoA, the precursor of fatty 

acid biosynthesis, results in impaired axonal growth and 

reduced accumulation of late endolysosomes in axon termi

nals.70 Remarkably, a human-specific allele of the TKTL1 gene, 

which promotes the synthesis of specific membrane lipids, has 

been linked to increased neocortical neurogenesis in the human 

lineage compared to Neanderthals.71 Beyond providing struc

tural support, some lipid metabolites may also serve signaling 

roles. For instance, a previous RNA-seq analysis on CAD differ

entiation identified an up-regulation of Acss2 mRNA, which pro

duces a nuclear pool of acetyl-CoA and promotes histone acet

ylation, facilitating the expression of neuron-specific genes.45

These results highlight the importance of lipid metabolism in 

neuronal development. It is worth mentioning that the up-regula

tion of ACSS2 protein was also observed in our proteomic data

set (Table S3). Therefore, our comprehensive proteomic dataset 

represents a valuable resource for investigating key lipid meta

bolic proteins involved in neuronal morphogenesis.

DENN domains are best known for their GEF activities toward 

Rab proteins, which are key regulators of endosomal trafficking. 

Rab11 and Rab35, two small GTPases found on recycling endo

somes, promote neurite outgrowth and axonal elongation.7,13

Conversely, loss-of-function mutations or down-regulation of 

Rab5, Rab4, Rab35, Rab33a or Rab10 result in impaired 

axonal growth.13 In this study, we demonstrated that the 

localization of Rab27a/Rab27 b at neurite tips was greatly 

diminished in Dennd10-deficient CAD cells, and that constitu

tively active Rab27-QL mutants could rescue neurite growth in 

sgDennd10 neurons. This indicates that Rab27 is downstream 

of DENND10 function in CAD cells. We noted that, in 

sgDennd10_No2 cells, Rab27-QL mutants did not fully restore 

neurite lengths to NC levels, which may be due to several rea

sons. First, Rab activation typically requires precise spatiotem

poral regulation, which may not be fully recapitulated by consti

tutively active mutants. Second, other factors, such as the CCC 

complex and additional Rab proteins, could also function down

stream of DENND10. Last but not least, sgDennd10_No2 cells 

contain some amount of truncated Dennd10 protein resulting 

from alternative splicing (Table S2), which could act in a domi

nant-negative manner to limit complete rescue. It is also 

important to recognize that the role of Rab27 in neurite growth 

could be context-dependent. Paradoxically, a genome-wide 

screening identified Rab27 and Rab3 as negative regulators of 

neuronal regeneration.72 In this case, the growth cone (neurite 

tip) has been replaced by synaptic terminals in mature neurons6

and Rab27 inhibition was thought to divert membrane recycling 

from synaptic traffic to neurite extension.

Consistent with findings from other groups,25–27 our study 

demonstrated that DENND10 interacts with CCC/Retriever 

complex with high specificity. The role of DENND10 in this 

complex remains unknown. Interestingly, it was reported that 

DENND10/FAM45A knockout in HeLa cells did not affect the 

trafficking of integrin β1, a typical Retriever cargo, but instead 

perturbed cargo recycling of the related Retromer complex.32

Another study indeed identified DENND10/FAM45A following 

the IP of the Retromer subunit.36 Therefore, it is likely that 

DENND10 plays a role in the assembly and orchestration 
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among these multi-protein complexes such as Retromer and 

Retriever.

We showed that both Rab proteins and CCDC22 are down

stream of the DENND10 pathway. Currently, it is not clear how 

the potential GEF activity of DENND10 is coordinated with its 

role in the CCC/Retriever complexes. Some hints may be drawn 

from the regulation of the Retromer complex, the most well-stud

ied recycling coat complex. Endosomal recruitment of the Retro

mer requires Rab5 and Rab7.73 TBC1D5, a GTPase-activating 

protein (GAP) for Rab7, is a sub-stoichiometric component of 

the Retromer, linking endosomal recruitment of the Retromer 

with the maturation of the endosomes.29 It is conceivable that 

the presence of DENND10 in the CCC/Retriever could integrate 

cargo recycling with the positioning or maturation of the endo

somes. Notably, the putative Rab binding surface of DENND10 

seems to overlap with its binding surface for CCDC22/ 

CCDC93,25–27 suggesting potential competition or a ‘‘hand- 

over’’ mechanism. This region is inherently flexible and exhibits 

high conformational heterogeneity, suggesting its potential role 

as a regulatory site.25 Future studies will aim to elucidate specific 

roles of DENND10 and its potential GEF activity within the endo

somal recycling pathway.

In summary, our findings highlight the significant role of 

DENND10 in promoting developmental competence of neurite 

outgrowth by influencing Rab GTPases and the CCC complex. 

These findings shed light on the interplay between membrane 

transport and neuronal morphogenesis, offering valuable in

sights into the etiology of membrane transport-related neurolog

ical diseases. Importantly, these results raise important consid

erations regarding the timing of therapeutic interventions for 

neurological disorders associated with disruptions in membrane 

transport pathways.

Limitations of the study

The GEF activity of DENND10 for Rabs or other small GTPases 

remains to be fully characterized. While DENND10 interacts 

with Rab27 in a nucleotide-dependent manner in vitro,24 we 

could not rule out the possibility that its influence on Rab27 acti

vation may be indirect, potentially mediated by a signaling 

cascade involving other small GTPases. Furthermore, the pre

cise mechanisms by which DENND10 functions within the 

CCC complex warrant additional investigation.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

TUBB3 Beyotime Cat # AT809; Clone Tuj1; RRID:AB_2893434

Rab27a Proteintech Cat # 17817-1-AP; RRID:AB_2176728

Rab27b Proteintech Cat # 13412-1-AP; RRID:AB_2176732

CD63 BD Biosciences Cat # 556019; RRID:AB_396297

Map2 Cell Signaling Technology Cat # 8707T; Clone D5G1; RRID:AB_2722660

Tau EMD Millipore Cat # MAB3420; Clone PC1C6; RRID:AB_10947848

Alexa Fluor 555 donkey anti-mouse IgG Beyotime Cat# A0460; RRID:AB_2890133

Alexa Fluor 555 donkey anti-rabbit IgG Beyotime Cat# A0453; RRID:AB_2890132

Alexa Fluor 488 goat anti-rabbit IgG Beyotime Cat# A0423; RRID:AB_2891323

Alexa Fluor 647 goat anti-mouse IgG Beyotime Cat# A0473; RRID:AB_2891322

phospho-PKA Substrates Cell Signaling Technology Cat# 9624; RRID:AB_331817

Akt Ruiying Cat# RLT0178; RRID:AB_2814756

phosphor-Akt (Ser473) Ruiying Cat# RLP0006; RRID:AB_2814755

CHGB Proteintech Cat# 14968-1-AP; RRID:AB_2081138

SYN-1 Ruiying RLT4483; RRID:AB_3683540

TH Proteintech Cat# 25859-1-AP; RRID:AB_2716568

GAPDH Ruiying RLM3029; RRID: AB_3683541

actin Ruiying RLT0099; RRID:AB_2885029

FLAG Beyotime AF0036; RRID: AB_3683542

GFP/Citrine Proteintech Cat# 50430-2-AP; RRID:AB_11042881

Chemicals, peptides, and recombinant proteins

DMEM/F12 Invitrogen Cat# C11330500BT

fetal bovine Serum Sijiqing Cat# BC-002

Penicillin/Streptomycin/L-Glutamine HyClone Cat# SV30082.01

0.25% Trypsin-EDTA Gibco Cat# 25200056

GlutaMAX Gibco Cat# 35050061

penicillin–streptomycin Gibco Cat# 15140122

poly-D-lysine Sigma Cat# P6407

Neurobasal medium Gibco Cat# 21103049

B27 Gibco Cat# 17504044

PEI Max Polysciences Inc Cat# 24765

Lipofectamine 2000 Invitrogen Cat# 11668030

TRITC Phalloidin Solarbio Cat# CA1610

Deposited data

Raw mass spectrometry proteomics data This paper ProteomeXchange Consortium: PXD038623

Experimental models: Cell lines

Mouse: CAD cells Laboratory of Dr. Kristen Verhey ECACC: 08100805; RRID:CVCL_0199

Human: HeLa cells Laboratory of Dr. Lois Weisman ATCC: CCL-2; RRID:CVCL_0030

Human: HEK293T cells Laboratory of Dr. Lois Weisman ATCC: CRL-3216; RRID:CVCL_0063

Experimental models: Organisms/strains

C57BL/6J SLAC Laboratory Animal Company 

(Shanghai, China)

RRID:IMSR_JAX:000664

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Mouse CAD cells43 (RRID: CVCL_0199) were cultured in DMEM/F12 medium (Invitrogen, Cat. No. C11330500BT, Waltham, Massa

chusetts, USA) supplemented with 10% fetal bovine Serum (FBS, Sijiqing, BC-002, Hangzhou, China) and 1x Penicillin/ 

Streptomycin/L-Glutamine (HyClone, SV30082.01, Logan, Utah, USA) at 37◦C in a 5% carbon dioxide incubator. Neuronal differen

tiation of CAD cells was initiated by serum deprivation. Human HeLa (ATCC No. CCL-2) and HEK293T (ATCC No. CRL-3216) cells 

were cultured in DMEM medium (Invitrogen, C11965500BT) supplemented as above.

Primary cortical neurons

All animal protocols were approved by the Animal Care and Use Committee at Soochow University (202410A0190). Pregnant C57BL/ 

6J female mice were purchased from SLAC Laboratory Animal Company (Shanghai, China). Brains from E18 embryos were isolated 

aseptically and meninges were removed. Cortices were dissected out by forceps and digested with 0.25% Trypsin-EDTA (Gibco, 

25200056) for 12 min with occasional inversion. The trypsin solution was removed by pipetting and resuspended in DMEM/F12 me

dium with 10% FBS, 1% GlutaMAX (Gibco, 35050061), and 1% penicillin–streptomycin (Gibco, 15140122) to end the digestion. The 

cell suspension was filtered through a sterile 40 μm cell strainer (Biosharp, BS-40-XBS) and plated on six-well tissue culture dishes 

precoated with 20 ng/mL poly-D-lysine (Sigma, P6407) at 1.5 × 106 cells per well. After 4 h, the medium was replaced with Neuro

basal medium (Gibco, 21103049) supplemented with 2% B27 (Gibco, 17504044), 1% GlutaMAX, and 1% penicillin–streptomycin in a 

5% CO2 incubator at 37◦C.

METHOD DETAILS

Plasmids

The following plasmids, 3xFLAG-DENND10, mCherry-DENND10, Cit-Rab27a-Q78L, Cit-Rab27b-Q78L, Cit-Rab27a-T23N, Cit- 

Rab27b-T23N were described in a previous study.24 The human CCDC22 gene was amplified from cDNA using the following primers: 

5′-CCG CAA GCT TCG ATG GAG GAG GCG GAC CG-3′ and 5′- CCG CGG ATC CTC AGG CCT CCC GGA CCC-3′ and cloned 

into HindIII/BamHI digested pCitrine-C1. The shRNA knockdown pGPU6/GFP/Neo plasmids were purchased from GenePharma 

(Suzhou, China), which co-express the GFP protein to allow simultaneous assessment of neuron morphology after transfection. 

The following shRNA targeting sequences were used: mouse Dennd10 sh1: GCA ACAGA CCA GAC CTC TAT G; mouse Dennd10 

sh2: GCG ATT TCC ACC CGC AAC AGA; mouse Ccdc22 sh1: GGA AAC CGA GTG CCG ACA AAG; mouse Ccdc22 sh2: GCT GCC 

CTG CAT GAG AAT TGC; non-targeting control sequence: GTT CTC CGA ACG TGT CAC GT.

Transfection in cell lines

Transfection experiments in CAD, HeLa, and HEK293T cells were performed with PEI Max (Polysciences Inc., 24765, Warrington, PA, 

USA). Briefly, transfection mixes were prepared according to the manufacturer’s instruction at the ratio of 1:4 (μg DNA: μl PEI Max) 

in Opti-MEM medium and added to cells in the absence of serum and antibiotics. After 4 h, cells were returned to normal medium for 

24-48 h to allow the expression of proteins of interest. For imaging Cit-CCDC22 and mCherry-DENND10, cells were briefly treated 

with 0.1% saponin for 1 min to decrease cytosolic signals before fixation.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for quantitative PCR and 

cloning. See Table S5

This paper N/A

Recombinant DNA

pGPU6/GFP/Neo GenePharma Cat #C01001

TOPO Blunt vector Aidlab CV17

Software and algorithms

ImageJ 1.53n Schneider et al.74 https://imagej.nih.gov/ij/

NeuroJ v1.4.3 Meijering et al.75 https://imagescience.org/ 

meijering/software/neuronj/

R v4.0.3 R Consortium https://www.r-project.org/

Cytoscape v3.8.0 Cytoscape Consortium https://cytoscape.org/download.html

GraphPad Prism 9 GraphPad https://www.graphpad.com/
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Transfection in primary neurons

Primary cortical neurons were transfected with Lipofectamine 2000 (Invitrogen, 11668030) according to the manufacturer’s instruc

tion at 2.5 μg DNA and 8 μL Lipofectamine per well in a six-well format on the 2nd day after initial plating. The transfection mix was 

replaced with normal medium after 2 h. Neurons were replated at 24 h post-transfection by gentle digestion with 0.125% Trypsin- 

EDTA solution for 30 s and re-seeded onto coverslips coated with poly-D-lysine. Neurons were then cultured for two days before 

fixation and immunofluorescence experiments.

CRIPSR-mediated gene editing

Two sgRNAs targeting the first exon of mouse Dennd10 gene were designed using the web tool CHOPCHOP76: 5′-AAG TCC CGT 

CCC TTC CGG CA-3′ and 5′-CGG AGT CGG GCT GAT CGG TG-3’. The same sequences have been used to knockout mouse 

Dennd10 genes successfully in a previous study.77 A short DNA fragment containing the guide RNA scaffold sequence78 and U6 pro

moter (Table S5) was synthesized at Synbio Technologies (Suzhou, China). After PCR amplification that added the two sgRNA se

quences (Table S5) at the ends, the fragment was cloned into LentiCRISPR v2 vector79 digested with BsmBI. Lentiviral particles were 

produced in HEK293T cells by co-transfection of the recombinant LentiCRISPR v2 plasmid with two packaging plasmids, pMD2.G 

and psPAX2, at 4:2:3. The pMD2.G plasmid expresses VSV-G envelop proteins for pseudotyping, while psPAX2 expresses Gag, Pol, 

Rev, and Tat proteins for packaging. Viral-like particles were collected at 36 to 72 h and used to transduce CAD cells. After 24 h, CAD 

cells were selected with 2 μg/mL puromycin for 5–7 days. Clonal cell lines were obtained with serial dilution and screened by qPCR for 

low Dennd10 gene expression. To examine the gene editing sites, genomic DNA was extracted, PCR amplified with the following 

primers: 5′-AGC GTA GAA AGG CTG CAA GA-3′and 5′-CCC AAG TCT AGC CTC TCC CT-3′, cloned into the TOPO Blunt vector 

(Aidlab, CV17, Beijing, China) and sequenced.

Neurite outgrowth

CAD cells were plated in six-well plates at 3 × 105 cells per well. To enhance neurite visualization, cells at 50–60% confluency were 

transfected with Citrine or Citrine-tagged vector using PEI Max. For each well, 1 μg DNA and 4 μL PEI Max were mixed in 500 μL of 

Opti-MEM medium and applied for 4 h in the absence of serum and antibiotics. Afterward, the medium was replaced with standard 

growth medium. When transfected CAD cells reached 80% confluency, they were differentiated by switching to medium without FBS 

for 36–48 h. Cells were washed with PBS, fixed with 3.7% PFA for 15 min, and imaged on a Leica SP8 confocal microscope. Around 

6–12 random fields were taken for each experiment. To quantify neurite outgrowth, the longest neurite of each cell was traced with 

ImageJ.74 The number of neurites per cell was counted manually.

For primary neurons, dendrites and axons were labeled with rabbit anti-Map2 and mouse anti-Tau antibodies, respectively. 

Dendrite length and number were measured with the NeuroJ plugin v1.4.375 of ImageJ.

TMT based proteomics

NC and sgDennd10_No2 CAD cells were grown to 80% confluency in the undifferentiated state, or differentiated for 48 h as indicated 

above. These undifferentiated and differentiated CAD cells were washed with PBS, scraped off the plates, and flash-frozen in liquid 

N2. Samples were lysed in 8 M urea and 1% protease inhibitors by sonication, and centrifuged at 12,000 g for 10 min at 4◦C to remove 

cell debris. Protein concentration was determined with the BCA kit. Equal masses of proteins from each sample were precipitated 

with cold acetone at − 20◦C. After drying, the pellet was resuspended in 200 mM TEAB, reduced in 5 mM DTT for 30 min at 56◦C, 

followed by alkylation with 11 mM IAA for 15 min in the dark. Proteins were digested with trypsin at a ratio of 1:50 (m/m) overnight. 

The resultant peptides were desalted with a Strata X C18 column, vacuum dried, resuspended in 0.5M TEAB, and labeled with the 

TMT-16plex kit according to the manufacturer’s instructions. Labeled peptides were fractionated with reverse-phase HPLC (Agilent 

300Extend-C18) on a gradient of 8%–32% acetonitrile (pH 9). Fractions were further separated with EASY-nLC 1200 ultra-high per

formance liquid phase system (mobile phase A: 0.1% formic acid, 2% acetonitrile; mobile phase B: 0.1% formic acid, 90% aceto

nitrile). The following gradient was used at a flow rate of 500.00 nL/min: 0–4 min, 7%–11% B; 4–53 min, 11%–32% B; 53–57 min, 

32%–80% B; 57–60 min, 80% B. The peptides were ionized by an NSI ion source at 2.3 kV and analyzed with the Orbitrap Exploris 

480 mass spectrometer. The scan range was set at 400–1200 m/z with a resolution of 60, 000.00. MS/MS scan was performed with a 

DDA workflow (starting at 100 m/z, resolution at 45, 000.00). The following parameters were used: automatic gain control at 100; in

tensity threshold at 5E4 ions/s; maximum injection time at 50 ms; dynamic exclusion time at 30s. MS/MS data was searched using PD 

2.4 against the Mus_musculus_10090 database (17045 sequences). The following settings were used: enzyme digestion, Trypsin 

(Full); number of missed cleavage sites, 2; minimum length, 7 amino acid residues; maximum number of modification, 5; mass toler

ance for precursor ions, 10.0 ppm for first search and 5 ppm for main search; mass tolerance of fragment ions, 0.02 Da; quantitative 

method, TMT-16plex; FDR of both protein identification and PSM identification; 1%. The mass spectrometry analysis was performed 

by the PTM Biolab Inc (Hangzhou, China).

Bioinformatics data analysis of proteomics

The analysis of the proteomic dataset was performed in R (Version 4.0.3). To identify differentially expressed proteins (DEPs), two- 

way ANOVA was performed using the ‘‘lm’’ function in base R for every quantifiable protein with the following formula: ‘‘∼Genotype + 

Differentiation + Genotype: Differentiation’’. Raw p values were adjusted for multi-comparison with the false discovery rate (FDR) 
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method using the ‘‘p.adjust’’ function. Scatterplots, bar plots, and volcano plots were made with the ggplot2 package. To visualize 

the over-crowded region in the scatterplots, 2D histograms were drawn using the ‘‘stat_bin2d’’ function in ggplot2. PCA was calcu

lated with the ‘‘prcomp’’ function in base R. Heatmaps were drawn using the pheatmap package. Pathway enrichment was carried 

out on lists of DEPs using the enrichR package,80 in which the "GO_Biological_Process_2021" library was specified as the ontology 

database to search. Lists of DEPs were also used as the input for the STRING database53 to visualize interactions/associations 

among these proteins. The resultant interaction network was then imported into the Cytoscape 3.8.0 software,81 in which protein 

nodes were colored by their respective fold changes.

Immunoprecipitation

To screen for DENND10 interacting proteins, HEK293T cells were transfected with 3xFLAG-DENND10/FAM45A24 or empty 

pcDNA3.1 vector for 24 h. Proteins were extracted by triturating with a syringe needle (1.4 by 13 mm) about 20 times in the lysis buffer 

(10 mM HEPES at pH 8.0, 100 mM NaCl, 1 mM EDTA, and 1X protease inhibitor cocktail). Cell lysates were spun down at 20, 000 g for 

20 min at 4◦C. Protein concentrations of the supernatant were measured by BCA assay and adjusted to the same level. Equal 

amounts of the supernatant were incubated with anti-FLAG M2 affinity gel (Sigma A2220) overnight at 4◦C on a rotator. The gel beads 

were spun down at 2, 000 g for 3 min at 4◦C and washed with the washing buffer (50% HEPES lysis buffer, 50% PBS, and 0.1% Triton 

X-100) for three times. Proteins were eluted from the beads by heating in non-reducing Laemmli buffer at 95◦C for 5 min.

To identify proteins that co-precipitated with DENND10, samples were run into the separating gel of SDS-PAGE for 1.5 cm and then 

gel slices were cut out for mass spectrometry analysis by PTM Biolab Inc (Hangzhou, China). Gel pieces were dehydrated with 100% 

acetonitrile, reduced with 10 mM dithiothreitol, alkylated with 55 mM iodoacetamide, and digested with trypsin at 37◦C overnight. Pep

tides were separated by a home-made reversed-phase analytical column on an EASY-nLC 1000 UPLC system, ionized at 2.0 kV, and 

analyzed with the Q Exactive Plus (Thermo Scientific) mass spectrometer. The following parameters were used: m/z scan range at 

350 to 1800; precursor resolution at 70, 000; fragment peptide resolution at 17, 500, and automatic gain control at 5E4. The resulting 

MS/MS spectra were searched against SwissProt Homo sapiens database (20422 sequences) with Proteome Discoverer 1.3.

For assessing the interaction between DENND10 and CCDC22, 3xFLAG-DENND10 was co-transfected with Citrine-CCDC22 or 

pCitrine-C1 vector into HEK293T cells, immunoprecipitated as above and immunoblotted with rabbit anti-FLAG (Beyotime, AF0036) 

and anti-GFP/Citrine (Proteintech, 50430-2-AP).

Immunofluorescence

CAD cells were seeded on coverslips situated in six-well plates at 3 × 105 cells per well, grown until ∼80% confluency, and differentiated 

as above for 36–48 h. Differentiated cells were washed with PBS, and fixed with 3.7% PFA for 15 min at room temperature. Permeabi

lization was performed by incubation in 0.1% Triton X-100 for 5 min to allow antibody entry into cells. Nonspecific binding was blocked 

by 2% normal goat serum (Solarbio, SL038, Beijing, China) or normal donkey serum (Solarbio, SL4) for 1 h. Coverslips were then incu

bated with primary antibodies diluted at 1:200 in the blocking solution at 4◦C overnight, followed by incubation with fluorescent second

ary antibodies (1:400) at room temperature for 1 h, and then incubation with 0.1 μg/mL DAPI/PBS for 5 min to stain the nuclei. Finally, 

coverslips were mounted with SlowFade Diamond Antifade Mountant with DAPI (Invitrogen, S36968) and imaged on a Leica SP8 

confocal microscope. The following primary antibodies were used: TUBB3 (Beyotime, AT809, Clone Tuj1, Shanghai, China), Rab27a 

(Proteintech, 17817-1-AP), Rab27b (Proteintech, 13412-1-AP), CD63 (BD Biosciences, 556019), Map2 (Cell Signaling Technology, 

Clone D5G1, 8707T, Danvers, MA, USA), Tau (EMD Millipore, Clone PC1C6, MAB3420). The following secondary antibodies were 

used: Alexa Fluor 555 donkey anti-mouse IgG (Beyotime, A0460), Alexa Fluor 555 donkey anti-rabbit IgG (Beyotime, A0453), Alexa Fluor 

488 goat anti-rabbit IgG (Beyotime, A0423), and Alexa Fluor 647 goat anti-mouse IgG (Beyotime, A0473).

In order to quantify neurite tip localization of Rab27a and Rab27b, cells were stained in 100nM TRITC Phalloidin (Solarbio, CA1610) 

for 30min in the dark before mounting for visualizing cell outlines. Six to eight random fields were imaged per coverslip with a 63×

objective (N.A. = 1.4). Neurons were categorized into two classes: tip and non-tip localization of Rab27a or Rab27b. The percentage 

of neurons with Rab27a/Rab27b localization at neurite tips was calculated for each independent experiment.

qRT-PCR

Quantitative reverse transcription PCR (qRT-PCR) was used to measure the expression of Dennd10 and Ccdc22 genes. Total RNA 

was prepared with Total RNA Extractor (Sangon, SK1312, Shanghai, China) from non-differentiated and differentiated CAD cells. One 

microgram RNA was reverse-transcribed with Primescript RT master mix (Takara, RR036A, Otsu, Japan). The resulting cDNA was 

amplified with TB Green Premix Ex Taq II (Takara, RR820A, Japan) in an ABI 7500 Real-Time PCR System (Applied Biosystems, Bed

ford, MA, USA). The Rpl32 gene was used as the internal control. The following primers were used: Dennd10-F: GTT GTG GCA ATG 

GAC ACC CA; Dennd10-R: GGC TGT CGT GGA AGG ATA ACA; Ccdc22-F: GAC TCT GCG AGC TTT CAC CA; Ccdc22-R: GCT CAC 

TGG GAT AGA GGA AGT; Rpl32-F: TTA AGC GAA ACT GGC GGA AAC; Rpl32-R: TTG TTG CTC CCA TAA CCG ATG. The 2− ΔΔCt 

method was used to calculate relative gene expression.

Western blotting

Cells were scraped into the lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 1 mM PMSF, 10 mM NaF, 1 mM 

Na3VO4, and 1x proteinase inhibitor cocktail), rocked for 1 h at 4◦C and cleared by centrifugation at 14, 000 rpm for 10 min. Proteins 
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were separated on SDS-PAGE and transferred to PVDF membranes. Blocking was performed by incubation with 5% non-fat milk/ 

0.1% Tween 20/TBS. The following primary antibodies were used at 1: 2000 for immunoblotting: phospho-PKA Substrates (Cell 

Signaling Technology, Clone 100G7E, #9624), total Akt (Ruiying, RLT0178, Suzhou, China), phosphor-Akt (Ser473) (Ruiying, 

RLP0006), TUBB3 (Beyotime, AT809), CHGB (Proteintech, 14968-1-AP), SYN-1 (Ruiying, RLT4483), TH (Proteintech, 25859-1- 

AP), GAPDH (Ruiying, RLM3029), and actin (Ruiying, RLT0099). After incubation with corresponding HRP-conjugated secondary an

tibodies, the blot was developed with the Immobilon Western Chemiluminescent HRP Substrate (Merck, WBKLS0050, Darmstadt, 

Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Statistical analysis and data plotting were carried out in GraphPad Prism 9. Data are presented as mean ± SD. Statistical tests and 

exact values of n-numbers are described in the figure legends. Statistical Significance for comparisons among more than three 

groups was determined using ANOVA followed by post hoc multiple-comparison tests. Neurite lengths and numbers were displayed 

with violin plots to show individual points. A value of p < 0.05 was considered statistically significant.
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