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Abstract  37 
 38 
New dentate granule cells are continuously generated, and integrate into the pre-existing 39 
hippocampal network in the adult brain. How an adult-born neuron with initially simple spindle-40 
like morphology develops into a complex dentate granule cell (DGC), consisting of a single 41 
apical dendrite with further branches, remains largely unknown. Here, using retroviruses to birth-42 
date and manipulate newborn neurons, we examined initial dendritic formation, and possible 43 
underlying mechanisms. We found that GFP-expressing newborn cells began to establish a 44 
DGC-like morphology at around 7 days after birth, with a primary dendrite pointing to the 45 
molecular layer, but at this stage, with several neurites in the neurogenic zone. Interestingly, the 46 
Golgi-apparatus, an essential organelle for neurite growth and maintenance, was dynamically 47 
repositioning in the soma of newborn cells during this initial integration stage. Two weeks after 48 
birth, by when most neurites in the neurogenic zone were eliminated, a compact Golgi-apparatus 49 
was positioned exclusively at the base of the primary dendrite. We analyzed the presence of 50 
Golgi-associated genes using single-cell transcriptomes of newborn DGCs, and among Golgi-51 
related genes, found the presence of STK25 and STRAD, regulators of embryonic neuronal 52 
development. When we knocked-down either of these two proteins, we found Golgi mis-53 
localization and extensive aberrant dendrite formation. Furthermore, overexpression of a mutated 54 
form of STRAD, underlying the PMSE disorder, characterized by abnormal brain development 55 
and intractable epilepsy, caused similar defects in Golgi localization and dendrite formation in 56 
adult-born neurons. Together, our findings reveal a role for Golgi repositioning in regulating the 57 
initial integration of adult-born DGCs. 58 
 59 
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Significance statement  60 
 61 
Since the discovery of the continuous generation of new neurons in the adult hippocampus, 62 
extensive effort was directed toward understanding the functional contribution of these newborn 63 
neurons to the existing hippocampal circuit and associated behaviors, while the molecular 64 
mechanisms controlling their early morphological integration are less well understood. Dentate 65 
granule cells (DGCs) have a single, complex, apical dendrite. The events leading adult-born 66 
DGCs to transition from simple spindle-like morphology to mature dendrite morphology are 67 
largely unknown. We studied establishment of newborn DGCs dendritic pattern, and found it 68 
was mediated by a signaling-pathway regulating precise localization of the Golgi-apparatus. 69 
Furthermore, this Golgi-associated mechanism for dendrite establishment might be impaired in a 70 
human genetic epilepsy syndrome, Polyhydramnios, Megalencephaly and Symptomatic Epilepsy 71 
(PMSE). 72 
 73 
 74 
 75 
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 78 
 79 
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 81 
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 83 
Introduction  84 
 85 

New dentate granule cells are continuously generated in a laminar zone beneath the 86 
granule cell layer of the adult hippocampus  (Altman and Das, 1965; Eriksson et al., 1998; Zhao 87 
et al., 2008). Accumulating evidence, including work from our group, have revealed that within 88 
4 weeks, a newborn dentate granule cell (DGC) undergoes full morphological maturation and 89 
completes functional integration into the existing DGC circuit (Duan et al., 2007; Ge et al., 2006; 90 
Ge et al., 2007; Kumamoto et al., 2012; Overstreet Wadiche et al., 2005; Zhao et al., 2006). 91 
Newly-generated DGCs exhibit a spindle-like structure in the neurogenic zone. Within about 2 92 
weeks after birth, the surviving newborn cells develop a granule-cell-like morphology with a 93 
single primary dendrite, exhibiting a complex morphology with secondary, tertiary and further 94 
branches, pointing to the molecular layer (Esposito et al., 2005; Zhao et al., 2006). However, the 95 
establishment of the single dendrite is preceded by extensive neurite remodeling, generation 96 
followed by elimination, of neurites in the neurogenic zone. In contrast to extensive studies of 97 
subsequent dendritic branching, pruning, synapse formation and spine morphogenesis (Zhao et 98 
al., 2008), how and when a newborn neuron initially forms the mature-granule-cell-like 99 
morphology, and the underlying mechanisms, remain poorly understood. 100 

The Golgi apparatus shows dynamic localization in the soma during neuronal 101 
development and has been implicated in differential regulation of neurite growth (de Anda et al., 102 
2005; Horton et al., 2005; Ye et al., 2007), and apical and basal dendrite development in 103 
embryonic pyramidal neurons (Horton et al., 2005; Matsuki et al., 2010; Ye et al., 2007). Further 104 
evidence showed that the Golgi apparatus operates as a signaling platform organized by the 105 
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Golgi matrix proteins that enable asymmetric Golgi complex positioning (Barr and Short, 2003; 106 
Bivona et al., 2003; Rios et al., 2004; Short and Barr, 2003), to mediate cell development, 107 
migration, or polarization (Bivona et al., 2003; Kupfer and Dennert, 1984; Kupfer et al., 1982; 108 
Rios et al., 2004; Yadav et al., 2009). In developing neurons, such Golgi signaling-scaffolds 109 
might enable asymmetric Golgi subcellular localization (Kupfer and Dennert, 1984; Kupfer et 110 
al., 1982), to promote directed membrane supply (Horton et al., 2005), or serve as acentrosomal 111 
microtubule nucleation sites (Ori-McKenney et al., 2012), necessary for polarized neurite 112 
formation, growth, or maintenance. We therefore asked whether the Golgi apparatus could, 113 
through its dynamic positioning, regulate the neuritic rearrangement of newborn DGCs during 114 
the establishment of the dendritic morphology. 115 

Here, we examined dendrite formation and establishment at an early stage of adult-born 116 
DGC integration when a single dendrite is specified, and explored the underlying mechanisms. 117 
We used a retroviral labeling approach to mark and genetically manipulate newborn DGCs in the 118 
adult brain (Gu et al., 2011; Kumamoto et al., 2012). First, we analyzed dendrite establishment 119 
of newborn DGCs and determined its timeline. Interestingly, we found that during the 120 
establishment of a single dendrite, there was robust redistribution of the subcellular Golgi 121 
apparatus in newborn DGCs, which coincided with neurite remodeling. Furthermore, our 122 
analysis of single-cell transcriptomes from Doublecortin (DCX)-positive adult-born DGCs 123 
(obtained from (Gao et al., 2016)), and our immunohistochemical examinations, revealed robust 124 
expression of the polarity genes, Sps1/Ste20-related kinase-1 STK25 (also known as YSK1, 125 
Sok1) (Osada et al., 1997; Preisinger et al., 2004) and the adaptor protein STE20-related 126 
pseudokinase (STRAD) (Boudeau et al., 2004), along with the Golgi matrix protein 127 
GM130(Nakamura et al., 1995; Puthenveedu et al., 2006), crucial regulators of axon and dendrite 128 
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polarization during embryonic neuronal development in a manner that depended on Golgi 129 
localization (Matsuki et al., 2010; Preisinger et al., 2004). By manipulating these candidate 130 
Golgi-positioning genes, we found that STK25 and STRAD enabled polarized Golgi localization 131 
and played a critical role in dendrite establishment during adult-born DGC initial integration. 132 
 133 
Materials and Methods 134 
 135 
Antibodies and materials. The following antibodies were used for immunohistochemistry: anti-136 
GFP (Rockland Immunochemicals, Pottstown, PA or Aves Labs, Tigard, OR), anti-dTomato 137 
(Rockland), anti-MAP2 (Abcam, Cambridge, MA), anti-AnkG (UC Davis/NIH NeuroMab 138 
Facility), anti-GRASP65 (Abcam, Novus Biologicals, Littleton, CO, or a kind gift from Dr. V. 139 
Malhotra, Centre for Genomic Regulation, Barcelona, Spain), anti-STK25 (Novus Biologicals or 140 
Santa Cruz Biotechnology, Santa Cruz, CA), anti-STRAD (Novus Biologicals or Santa Cruz 141 
Biotechnology), anti-LKB1 (Novus Biologicals), anti-Na,K-ATPase (Developmental Studies 142 
Hybridoma Bank, DSHB, University of Iowa). Fluorescently-conjugated secondary antibodies 143 
were from Invitrogen (Carlsbad, CA) or Jackson ImmunoResearch Laboratories (West Grove, 144 
PA). The following antibodies were used for immunoprecipitation or immunoblotting: anti-GFP 145 
(Roche Diagnostics, Indianapolis, IN), anti-dTomato (Rockland), anti-β-actin (Cell Signaling 146 
Technology, Danvers, MA), anti-FLAG®M2 antibody (Sigma, St. Louis, MO), anti-STK25 147 
(Santa Cruz Biotechnology), anti-STRAD (Novus), anti-LKB1 (Acris-OriGene Technologies, 148 
Rockville, MD). HRP-conjugated secondary antibodies were from Jackson ImmunoResearch 149 
Laboratories. Doxycycline was from Sigma. 150 
  151 
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Retroviral shRNA and expression constructs and retrovirus production. For non-inducible 152 
downregulation, two specific short hairpin oligomers for STK25 (shSTK25-245 and shSTK25-153 
665) or STRAD (shSTRAD-1060 and shSTRAD-325) were prepared, and cloned into the pUEG 154 
retroviral vector previously described (Duan et al., 2007). The shRNA target sequences were 155 
selected using the RNAi Codex tool from Cold Spring Harbor Labs and verified using the web-156 
based program, siRNA at Whitehead. The shRNA sequences were cloned using the BglII and 157 
XbaI sites of pUEG, to generate pUEG-shSTK25 or pUEG-shSTRAD, under the hU6 promoter. 158 
The vector also expressed GFP under the EF1α promoter. The sequences of oligomers were the 159 
following: shSTK25-245, 5’-160 
CTCTAGAAAAAAAGCCGCATTGGCAAAGGCTCATTCAAGCTTCAATGAGCCTTTGCC161 
AATGCGGCGGATCCTCGTCCTTTCCAC-3’; shSTK25-665, 5’-162 
CTCTAGAAAAAAAGGCTCACAGACACACAAATCAACAAGCTTCTTGATTTGTGTGTC163 
TGTGAGCCGGATCCTCGTCCTTTCCAC-3’; shSTRAD-325, 5’-164 
CTCTAGAAAAAAAGAATGAGATGGTGACATTCTTGCAAGCTTCCAAGAATGTCACC165 
ATCTCATTCGGATCCTCGTCCTTTCCAC-3’; shSTRAD-1060, 5’-166 
CTCTAGAAAAAAAGAACTTTGTGGAACAGTGCCTTCAAGCTTCAAGGCACTGTTCCA167 
CAAAGTTCGGATCCTCGTCCTTTCCAC-3’. shGM130-seq1, 5’-168 
CTCTAGAAAAAAAGCGGCCATGGTGGCATTCTTTAACAAGCTTCTTAAAGAATGCCA169 
CCATGGCCTCGGATCCTCGTCCTTTCCAC-3’; shGM130-seq2, 5’-170 
CTCTAGAAAAAAAGATGAGAACATGGAGATCACCACAAGCTTCTGGTGATCTCCAT171 
GTTCTCATCGGATCCTCGTCCTTTCCAC-3’. PCR was performed on the empty pUEG 172 
plasmid with the forward oligomer pSIREN-5F BglII, 5’-GAATTGAAGATC 173 
TGGGCAGGAAGAGGGC-3’. 174 
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         For Doxycycline inducible downregulation, the pSIREN-RetroQ-TetP vector (Clontech 175 
Laboratories, Mountain View, CA) was modified by linking the tTS suppressor element to EGFP 176 
via a P2A tag, and thus EGFP was expressed constitutively under the ubiquitin promoter from 177 
the same construct. The shRNA was expressed under the Tet-on TRE mod/u6 promoter. The 178 
shRNA sequences were cloned using the BamHI and EcoRI sites of pSIREN to generate 179 
pSIREN-shSTRAD or pSIREN-shSTK25 constructs. The following shRNA oligomer pairs with 180 
BamHI and EcoRI overhangs were used: shSTK25-245, 5’- 181 
GATCCGCCGCATTGGCAAAGGCTCATTTTCAAGAGAAATGAGCCTTTGCCAATGCGG182 
TTTTTTACGCGTG-3’ and 5’-183 
AATTCACGCGTAAAAAACCGCATTGGCAAAGGCTCATTTCTCTTGAAAATGAGCCTT184 
TGCCAAGCGGCG-3’; shSTK25-665, 5’- 185 
GATCCGGCTCACAGACACACAAATCAATTCAAGAGATTGATTTGTGTGTCTGTGAGC186 
TTTTTTACGCGTG-3’ and 5’-187 
AATTCACGCGTAAAAAAGCTCACAGACACACAAATCAATCTCTTGAATTGATTTGTG188 
TGTCTGTGAGCCG-3’; shSTRAD-325, 5’- 189 
GATCCGAATGAGATGGTGACATTCTTGTTCAAGAGACAAGAATGTCACCATCTCATT190 
TTTTTTTCGCGA-3’ and 5’- 191 
AATTCTCGCGAAAAAAAAATGAGATGGTGACATTCTTGTCTCTTGAACAAGAATGTC192 
ACCATCTCATTCG-3’; shSTRAD-1060, 5’- 193 
GATCCGAACTTTGTGGAACAGTGCCTTTTCAAGAGAAAGGCACTGTTCCACAAAGTT194 
TTTTTTTCGCGA-3’      and 5’-195 
AATTCTCGCGAAAAAAAAACTTTGTGGAACAGTGCCTTTCTCTTGAAAAGGCACTGT196 
TCCACAAAGTTCG-3’. Efficiency of downregulation was examined upon co-expression of the 197 
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shRNA constructs together with the targeted STK25 or STRAD expression vectors in HEK-293 198 
cells, by immunoblotting (see below). 199 
         To generate retroviral expression constructs for mouse STK25 and STRAD, the mouse 200 
STK25 and STRAD cDNAs were synthesized from total RNA of 4-6-week-old C57BL/6 mouse 201 
brain by reverse transcription, and cloned into doxycyclin (DOX) inducible retroviral construct, 202 
pTet (Kumamoto et al., 2012). The sequence of mouse STK25 or STRAD were PCR-amplified 203 
from the cDNA, using oligonucleotide primers: STK25, 5’-ATGGCTCACCTCCGGGGCTTC-204 
3’ and 5’-TCAGCGGGTAGATGTCAGGTG-3’, corresponding to mouse STK25 205 
(NM_021537); STRAD, 5’-ATGGTGAGCAAGGGCGAGGA-3’ and 5’- 206 
TCAGAACTCCCAGTCATCCAC-3’, corresponding to mouse STRAD (NM_001252448). The 207 
STK25 and STRAD cDNAs were fused to EGFP or dTom, and cloned into the pTet vector. The 208 
STRAD mutant form STRAD-PMSE-D180, fused to dTomato was generated using standard 209 
PCR procedures. 210 
         Retroviral suspensions were prepared by co-transfection of modified replication-defective 211 
Murine Moloney Leukemia virus constructs (Ge et al., 2006; Kumamoto et al., 2012), with 212 
VSVG and GP constructs into HEK-293 cells. Viruses were concentrated from the viral 213 
supernatant by ultracentrifugation and suspended in sterile PBS for stereotaxic injections. 214 
  215 
Retroviral stereotaxic injections. Stereotaxic injections were performed in 4-6-week-old 216 
C57BL/6 wild-type mice (Charles River) per protocols approved by the Institutional Animal 217 
Care and Use Committees at Stony Brook University, and as previously described (Gu et al., 218 
2011). Following anesthesia, animals were mounted on a stereotaxic frame (Steotling), and holes 219 
were drilled in the skull at the following coordinates: Anterior dentate gyrus, measurement from 220 
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bregma: A/P= -2mm, M/L =+/-1.6mm. Posterior dentate gyrus, measurement from bregma: A/P= 221 
-3mm, M/L =+/-2.6mm. 222 

Retroviruses were injected bilaterally into the drilled sites. Ventral depth was measured 223 
by placing the needle tip on the midline between the 2 anterior drill sites, and measuring as 224 
follows: Anterior dentate gyrus: D/V= -2.5mm. Posterior Dentate gyrus: D/V= -3.2mm. For 225 
doxycycline induced expression, Doxycycline (Sigma) in 5% sucrose was administered orally 226 
via drinking water at a concentration of 2mg/ml starting at the appropriate time point, for the 227 
duration of the experiment. 228 

Retroviruses expressing GFP or dTomato, pUX-GFP or pUX-dTomato, under the 229 
ubiquitin promoter, as described previously (Ge et al., 2006; Gu et al., 2011), were used to label 230 
adult-born neurons for developmental time course analyses, and as an internal control for all 231 
genetic manipulations, in this study. 232 
  233 
Immunohistochemistry. Mice were perfused with 4% paraformaldehyde and the brains isolated, 234 
at 5, 7, 10, or 14 days post retroviral injections (dpi). Following 24 hr equilibration in 30% 235 
sucrose, the brains were coronally sectioned at the level of hippocampi and processed for 236 
immunohistochemistry. For morphological analyses, brains were sectioned on a sliding 237 
microtome at 60 μm, and processed as free-floating sections. Floating brain slices were 238 
permeabilized with 0.3% Triton x-100, blocked in 10% normal donkey serum and 0.3% Triton x-239 
100, and were incubated for 24 hr in the primary antibody at 4°C. The sections were 240 
immunostained with antibodies for GFP and dTomato (Rockland), for clear visualization of the 241 
neuritic arbor of the virus-infected cells. Golgi apparatus was labeled with antibody for the 242 
Golgi-cisternae stacking protein, GRASP65 (Abcam). For immunolabeling with the dendritic 243 
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marker MAP2 (Abcam), brains were sectioned at 30μm using cryostat (Leica, Wetzlar, 244 
Germany), mounted onto glass slides, and subjected to antigen-retrieval procedure prior to 245 
immunostaining. Slide-mounted cryosections were permeabilized with 0.3% Triton x-100, and 246 
subjected to antigen retrieval (Antigen retrieval buffer, Wako Chemicals, Richmond, VA) for 10-247 
30min, at pH 6.0, at 90-95°C. Following blocking in 10% Donkey serum and 0.6% Triton x-100, 248 
slides were incubated with MAP2-antibody, for 36 hours at 4°C, and processed for secondary 249 
antibody labeling. The slices were mounted in Fluomount G (Southern Biotech, Birmingham, 250 
AL). 251 
  252 
Image acquisition and analyses. For the analysis of the morphology of DGC neurons, brains 253 
were perfused and dissected at 5, 7, 10, and 14 dpi. For morphometric analysis, confocal images 254 
(30-6- μm-thick z-stacks) of isolated neurons were acquired with a 40x or 60x (N.A. 1.43) oil-255 
immersion objective lens, on the Fluoview FV1000 confocal microscope (Olympus, Center 256 
Valley, PA). For quantification of neurite number, 3D images of entire dendritic arbors were 257 
reconstructed from Z-series stacks of the confocal images using IMRS 7.3.1 software (Bitplane), 258 
and 3-D traces of the neuritic arbor of representative fluorescently-labeled DGCs, were 259 
generated. 2-D traces of the GRASP65 fluorescence in individual GFP-labeled DGCs, including 260 
the traces of the cell-contour and the neuritic arbor using GFP-fluorescence, were generated 261 
using ImageJ software, to examine Golgi localization. 262 
      Our quantitative analysis of neurite number included all primary neurites directly 263 
extending from the soma, oriented either to the granule cell layer, the molecular layer, or the 264 
hilus. To quantify Golgi localization, each infected neuron in 2D images was divided into 4 265 
quadrants; apical, basal and two lateral. Mean fluorescence intensity of GRASP65 of each 266 
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quadrant, relative to total GRASP65 fluorescence (% total fluorescence), was calculated, 267 
following subtraction of background GRASP65 signal (ImageJ). 268 
 STK25, STRAD, and Na,K-ATPase signals were identified and related to their neurons 269 
of origin by examining 3D, 60 μm Z-stacked images using Imaris Scientific 3D/4D Processing & 270 
Analysis Software (Bitplane). Regions of interest for each cell were defined, and 3D 271 
reconstructions of each channel were created using the mixed model rendering function. 272 
  273 
Transfection, immunoprecipitation and immunoblotting. HEK-293 cells were used for 274 
examination of biochemical associations of STK25 with the STRAD/LKB1/MO25 complex and 275 
GM130, and the effects of STRAD-PMSE-D180 expression on these associations. These cells 276 
were also used to examine efficiency of shRNA-mediated downregulation. For these biochemical 277 
examinations, GFP- or dTom-fused STK25 or STRAD were cloned into the mammalian 278 
expression vector pCDNA3. For these studies, we also generated expression constructs for 279 
mouse LKB1 or GM130 with the following primers: LKB1, 5’-280 
ATGGTGAGCAAGGGCGAGGA-3’ and 5’-TCAGCGGGTAGATGTCAGGTG-3’, 281 
corresponding to mouse LKB1 (NM_011492); GM130, 5’- ATGTGGCCCCCCCGCTTCCCC-282 
3’ and 5’-TTATACAACCATGATCTTCACCTCGTCGTTCTC-3’, corresponding to mouse 283 
GM130 (NM_133852). The LKB1 was fused to EGFP or dTom, and the GM130 was fused to 284 
the Flag-sequence. For these biochemical examinations, we also used rat constructs for LKB1, 285 
STRAD, or MO25, cloned into pCDNA3, as previously described (Shelly et al., 2007). 286 

HEK-293 cells were grown in DMEM medium supplemented with 10% FBS, and were 287 
transfected with 2 μg of plasmid DNA using calcium-phosphate method. Efficiency of 288 
downregulation was verified by co-transfection of the shRNA constructs together with the 289 
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targeted expression constructs, and cells were either treated with doxycycline, or left untreated. 290 
48 hr after transfection, the cells were lysed and processed for immunoblotting or 291 
immunoprecipitation. 292 
      For immunoprecipitation, 1~2μg of primary antibody with 20μl of protein G agarose 293 
beads (Roche) were added to the cell lysate and incubated under constant agitation for 4-16 hr, at 294 
4°C. Immunoblotting was performed using standard detection techniques. Quantification of the 295 
biochemical associations or the efficiency of shRNA-mediated down-regulation were performed 296 
using ImageJ software. 297 
  298 
Statistics and data analysis. Process number, and western blot data, were quantified with 299 
Microsoft Excel ot MATLAB (MathWorks) Students two tailed, unpaired t-test, Kolmogorov-300 
Smirnov test, or Chi-Square test were used to determine statistical significance at a p value 301 
<0.05. Transcriptome data was obtained from (Gao et al., 2016) and was analyzed with 302 
Microsoft Excel. Gene expression patterns were represented by heat maps generated using 303 
MATLAB (MathWorks). 304 
 305 
Results 306 
The establishment of the dendritic pattern of adult-born DGCs is associated with Golgi 307 
repositioning  308 

A mature dentate granule cell (DGC) exhibits a single dendrite, with multiple secondary, 309 
tertiary and further branches in the molecular layer, forming a laminar activity input layer 310 
(Dudek and Sutula, 2007). One would expect that during dendritic integration into an existing 311 
network, the newborn DGCs would undergo extensive morphological changes. However, in 312 
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contrast to the well-studied dendritic pruning and spine formation, the initial morphological 313 
establishment of young adult-born DGCs and the underlying mechanisms, remain poorly 314 
understood. In this study, we examined dendritic morphological establishment of adult-born 315 
DGCs and possible underlying mechanisms. 316 

We first examined dendrite formation in newborn DGCs during their initial integration. 317 
We used a retroviral approach to label dividing neural progenitors and their progeny, to follow 318 
their maturation over a 2-week period (Gu et al., 2011; Kumamoto et al., 2012) (Fig. 1A). 319 
Qualitative analysis of typical images of GFP-expressing neurons and samples of reconstructed 320 
cells (Fig. 1B) at 7, 10, and 14 days post injection (dpi), revealed that between 7 and 10 dpi, 321 
immature neurons formed multiple neurites oriented to the hilus or the granule cell layer. By 10 322 
dpi, most cells also formed a primary neurite pointing to the molecular layer, which was likely to 323 
become the apical dendrite. By 14 dpi, cells had undergone substantial remodeling of their 324 
neurites and only the primary dendrite, together with one or two thin hilar neurites, remained 325 
(Fig. 1B). Quantification of the total number of neurites in each cell (Fig. 1C, left), and 326 
cumulative distribution of the percentage of cells with varying number of neurites (Fig. 1C, 327 
right), revealed a higher number of neurites per cell at 7 and 10 dpi, compared to 14 dpi. 328 
Furthermore, quantification of the percentage of cells with more than two neurites (Fig. 1C, 329 
middle), showed that approximately 64% and 73% of neurons at 7 and 10 dpi, respectively, had 330 
more than two neurites, compared to only 40% at 14 dpi. The quantitative analysis included all 331 
primary neurites directly extending from the soma, oriented either to the GCL, the molecular 332 
layer, or the hilus. Thus, newborn DGCs form multiple neurites by 7 dpi, most of which are 333 
eliminated by 14 dpi. The morphology displayed at 14 dpi is comparable to the fully mature 334 
morphology observed at 28 dpi (data not shown), with only a single primary dendrite. We 335 
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conclude that the initial integration of newborn DGCs is associated with formation and 336 
elimination of extraneous neurites and generation of a single primary dendrite in the granule cell 337 
layer. 338 

Asymmetric localization of the Golgi apparatus was shown to regulate dendrite 339 
specification in developing embryonic neurons (de Anda et al., 2005; Horton et al., 2005; Jareb 340 
and Banker, 1997; Matsuki et al., 2010; Tanabe et al., 2010; Ye et al., 2007). We analyzed Golgi 341 
distribution in newborn DGCs by immunostaining GFP-retroviral labeled cells for the Golgi-342 
cisternae stacking protein GRASP65, at 5, 7, 10 and 14 dpi (Fig. 1D). Analysis of 2D traces of 343 
the Golgi in individual GFP-labeled neurons, demonstrated that at 14 dpi, a time when a single 344 
primary dendrite is specified, the Golgi was predominantly localized to the base and proximal 345 
shaft of the primary dendrite (Fig. 1E and 1F). At this stage, we did not detect GRASP65 signal 346 
in other parts of the soma. When analysis was extended to 5 and 7 dpi, we observed that the 347 
Golgi demonstrated compact, yet dynamic subcellular localization (Fig. 1D, 1E and 1F). Our 348 
analysis showed that at 5-7 dpi, the Golgi was associated with the base of a single neurite (Fig. 349 
1E and 1F; >80% cells; ‘primary’ or ‘non-primary’ neurite). At this stage, some newborn DGCs 350 
form a primary neurite in the granule cell layer which points towards the molecular layer, 351 
representing the future apical dendrite. At 5 and 7 dpi, if this primary neurite had formed, the 352 
Golgi was already preferentially localized to its base (Fig. 1E and 1F; 50% cells; ‘primary’ 353 
neurite).  By 10 dpi, the Golgi exclusively (100% cells) localized to the base of the primary 354 
neurite (Fig. 1E and 1F), like that found at 14 dpi. 355 

Taken together, our analyses showed that right after birth, newborn DGCs experience a 356 
phase of extensive neurite remodeling that is accompanied by the re-positioning of the Golgi 357 
complex to the base of the primary dendrite. This finding supports the idea that the re-positioning 358 
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of the Golgi apparatus may be involved in the dendritic establishment of newborn DGCs. 359 
 360 
Knockdown of the Golgi apparatus-related protein STK25 impaired dendrite 361 
establishment in adult-born DGCs 362 

To assess the possible role of Golgi complex localization in dendrite establishment, we 363 
analyzed single-cell transcriptomes of young adult-born DGCs (Gao et al., 2016), and found that 364 
many DCX positive DGCs expressed most known Golgi-associated genes (reviewed in; (Yadav 365 
and Linstedt, 2011)) (Fig. 2A). Particularly, we found that transcripts for the Golgi-polarity gene 366 
STK25 (Sps1/Ste20-related kinase 1, also known as YSK1, Sok1) (Osada et al., 1997; Preisinger 367 
et al., 2004) were expressed in DCX positive adult-born DGCs (Fig. 2A). We quantified the 368 
expression of STK25 in newborn DGCs in wild-type 4-6-week-old mouse hippocampus, by co-369 
immunolabeling with DCX to mark adult-born neurons. Our examination showed that nearly all 370 
DCX-positive cells express STK25 (Fig. 2B). STK25 was shown to be a crucial regulator of 371 
Golgi positioning and cell polarization during embryonic neuronal development (Matsuki et al., 372 
2010; Preisinger et al., 2004). Because our observations showed that the Golgi apparatus is 373 
preferentially repositioned to the primary dendrite early in integrating DGCs (Fig. 1D, 1E and 374 
1F), we asked whether STK25 is involved in Golgi localization and in the regulation of dendrite 375 
establishment in adult-born DGCs. 376 

To determine the role of STK25 in Golgi complex re-positioning and in dendrite 377 
establishment, we down-regulated its expression in newborn DGCs with a retroviral mouse 378 
STK25-shRNA vector (Duan et al., 2007), pUEG-shSTK25, which expressed shRNA and EGFP 379 
under separate promoters (Fig. 2C). This vector efficiently down-regulated the expression of 380 
targeted mouse STK25 co-expressed in HEK-293 cells (data not shown). High titer retrovirus for 381 



 

 17 

pUEG-shSTK25 was co-injected into the dentate gyrus of wild-type 4-6-week-old mouse 382 
hippocampus, together with dTom control virus (pUX-dTom) that served as an internal control. 383 
We immunolabeled pUEG-shSTK25-infected adult-born DGCs with antibodies against STK25, 384 
and examined the level of STK25 expression upon knock-down with pUEG-shSTK25 compared 385 
to control neighboring adult-born DGCs imunolabeled with DCX. These experiments showed 386 
efficient knock-down of STK25 expression in pUEG-shSTK25-infected neurons compared to 387 
control DCX-positive neurons (Fig. 2C). We examined Golgi localization in pUEG-shSTK25-388 
infected DGCs by GRASP65 immunostaining (Fig. 2D, 2E and 2F) at 14 dpi, a time when Golgi 389 
has exclusively repositioned to the primary dendrite and dendrite establishment is completed in 390 
control newborn DGCs (Fig. 1). Quantification of GRASP65 expression in adult-born DGCs by 391 
co-immunolabeling with DCX, showed that GRASP65 was expressed nearly in all DCX-positive 392 
adult-born DGCs (Fig. 2B). Images of adult-born DGCs were acquired using EGFP or dTom 393 
fluorescence for shRNA- or control-infected neurons, respectively. As we showed above (Fig. 394 
1D, 1E and 1F), at 14dpi the Golgi was preferentially localized to the base of the primary 395 
dendrite in control neurons. In stark contrast, in pUEG-shSTK25-infected neurons (Fig. 2D and 396 
2E), the Golgi was dispersed throughout the soma and was no longer exclusively localized to the 397 
base of the primary dendrite. To quantify the dispersion of the Golgi upon STK25 down-398 
regulation, we divided each infected neuron in the 2D projection images into 4 quadrants, apical, 399 
basal and two lateral, with the apical quadrant oriented to the molecular layer and the basal 400 
quadrant oriented to the hilus (Fig. 2F), and calculated the mean fluorescence intensity of 401 
GRASP65 in each quadrant relative to total GRASP65 fluorescence (% total fluorescence). 402 
Consistent with our observations (Fig. 2D and 2E), the quantitative analysis showed that the 403 
GRASP65 signal was largely restricted to the apical quadrant in control cells. However, in 404 
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STK25-shRNA-infected cells, the GRASP65 signal was uniformly distributed throughout the 4 405 
quadrants, indicating Golgi dispersion (Fig. 2F). To examine whether the Golgi-secretory 406 
function is affected upon STK25 knock-down and the observed Golgi dispersion, we tested the 407 
cell-surface expression of the Na,K-ATPase in adult-born DGCs infected with pUEG-shSTK25, 408 
at 14 dpi. The Na,K-ATPase, an essential, broadly expressed transport enzyme, is well studied 409 
for its ER-to-Golgi secretory trafficking and subsequent delivery to the plasma membrane 410 
(Ackermann and Geering, 1990; Jaunin et al., 1992; Tokhtaeva et al., 2010; Tokhtaeva et al., 411 
2009). When we immunolabeled DGCs infected with pUEG-shSTK25 at 14 dpi, we observed 412 
cell-surface expression of Na,K-ATPase, as found in control neurons (Fig. 2G). These findings 413 
showed that ER-to-Golgi and post-Golgi secretory trafficking is likely not affected upon STK25 414 
knock-down. 415 

Taken together, this set of experiments suggests that STK25 is essential for the 416 
asymmetric Golgi re-positioning during early DGC integration. 417 

Having shown that STK25 is necessary for Golgi positioning, we next tested whether 418 
STK25 is also required for dendrite establishment in adult-born DGCs. We analyzed 419 
reconstructed images of shRNA- or control adult-born DGCs at 14 dpi (Fig. 3A and 3B). As 420 
expected, most control neurons (75%, Fig. 3A and 3B top) at 14 dpi had two neurites, with only 421 
a single primary dendrite pointing to the molecular layer. In contrast, most neurons infected with 422 
pUEG-shSTK25 (82%, Fig. 3A and 3B top) exhibited more than two neurites that included 423 
multiple thin and few thick neurites. Quantification of the dendrite-like neurite number showed 424 
that most pUEG-shSTK25-infected cells had more than 4 neurites each, compared to only 2 425 
neurites in control (average neurite number per cell, 4.6, pUEG-shSTK25; 2.4, control; Fig. 3B, 426 
top, left). Moreover, the average percentage of cells with more than 2 neurites was 82% in 427 
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pUEG-shSTK25 DGCs compared to only ~25% in control (Fig. 3B, top, right), as confirmed by 428 
the cumulative distribution of percentage of cells with varying number of neurites in control vs 429 
pUEG-shSTK25 infected neurons (Fig. 3B, bottom). To determine whether these abnormal 430 
neurites were dendrites, we immunolabeled pUEG-shSTK25 infected DGCs with the dendritic 431 
marker MAP2 and found neurite labeling with MAP2 at their proximal end and along their 432 
length (Fig. 3C, arrows), indeed suggesting their dendritic identity. Strikingly, in pUEG-433 
shSTK25 cells, we found that each neurite showed Golgi localization at its base (Fig. 2D and 434 
2E), suggesting the role of the Golgi complex in the abnormal persistence of these neurites. 435 

To exclude confounding effects of STK25 down-regulation on early development of 436 
newborn DGCs, we examined effects of induced STK25 down-regulation 3 days after neuronal 437 
birth (3 dpi). We generated a new retroviral construct for inducible shRNA-directed knock-down 438 
(Fig. 3D), pSIREN-shSTK25, in which shRNA expression and subsequent STK25 down-439 
regulation, is doxycycline-dependent (DOX). Two shRNA sequences targeting mouse STK25 440 
(pSIREN-shSTK25-245 and -665), efficiently down-regulated the expression of targeted mouse 441 
dTom-STK25 co-expressed in HEK-293 cells upon induction with DOX, compared to cells 442 
without DOX induction, whereas control pSIREN vector had no effect (Fig. 3D). Each of the two 443 
pSIREN-shSTK25 retroviruses was injected separately into the dentate gyrus of 4-6-week-old 444 
mice, and STK25 down-regulation was induced by DOX administration at 3 dpi (Fig. 3E), a time 445 
by when neuronal differentiation has occurred, and which precedes neurite remodeling and 446 
primary dendrite establishment in adult-born DGCs. The dTomato control virus (pUX-dTom) 447 
was co-injected as internal control. We analyzed newborn DGCs at 14 dpi upon STK25 knock-448 
down induced at 3 dpi, and found that most neurons exhibited multiple neurites that extended to 449 
the granule cell layer and the hilus (Fig. 3E), a pattern like that observed with the constitutive 450 
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pUEG-shSTK25 vector (Fig. 3A and 3B), and unlike the single dendrite found in control 451 
neurons. Quantification of all primary neurites extending from the soma demonstrated that upon 452 
inducible knock-down of STK25, a great majority of neurons (84%, pSIREN-shSTK25; 40%, 453 
control) exhibited more than 2 neurites (Fig. 3F, middle), and average number of neurites in each 454 
cell increased to ~4 (Fig. 3F, left; 3.7, pSIREN-shSTK25; 2.5, control), confirmed by the 455 
cumulative distribution of percentage of cells with varying number of neurites in control vs 456 
pSIREN-shSTK25 infected neurons (Fig. 3F, right). 457 

Our data supports a critical role for STK25 in neurite remodeling during initial dendrite 458 
patterning of adult born DGCs. The mis-positioning of the Golgi-apparatus upon STK25 down-459 
regulation, together with our findings in Fig. 1 showing the potential role of the Golgi 460 
asymmetric localization in dendrite formation, suggests that STK25 might mediate dendrite 461 
establishment of adult-born DGCs by regulating Golgi re-positioning. 462 

 463 
Knockdown of the STK25 cofactor STRAD impaired dendrite establishment of adult-born 464 
DGCs 465 

STK25 was shown to associate with and act downstream of the polarity complex 466 
assembled by the adaptor protein STRAD (Matsuki et al., 2010), a key protein complex in 467 
embryonic neuronal polarization (Barnes et al., 2007; Shelly et al., 2007), in a manner that 468 
depended on Golgi localization (Matsuki et al., 2010). Indeed, in our analysis of the single-cell 469 
transcriptome data (Fig. 2A), we found that STRAD mRNA was expressed in DCX-positive 470 
cells. Quantification of the expression of STRAD in adult-born neurons by co-immunolabeling 471 
with DCX, showed that nearly all DCX-positive cells express STRAD (Fig. 4A). We therefore 472 
examined the role of STRAD in Golgi localization and dendrite establishment in adult-born 473 
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DGCs. We generated retroviral mouse STRAD-shRNA vector, pUEG-shSTRAD, and co-474 
injected into the dentate gyrus of 4-6-week-old mice, together with dTomato control virus (pUX-475 
dTom). WE confirmed that these viruses efficiently down-regulated STRAD expression in these 476 
neurons (Fig. 4B). Golgi localization was examined in infected neurons by GRASP65 477 
immunostaining, at 14 dpi (Fig. 4C and 4D). 2D traces of the Golgi in individual pUEG-478 
shSTRAD-infected cells (Fig. 4D), showed that upon STRAD down-regulation, the Golgi was 479 
highly dispersed throughout the soma, similar to that observed with STK25 down-regulation 480 
(Fig. 2D and 2E), and in contrast to the compact Golgi localization to the primary dendrite in 481 
control DGCs. Importantly, the Golgi was localized to the base of multiple abnormal neurites 482 
observed upon STRAD knock-down (Fig. 4C, 4D and 4E), as that with STK25 knock-down (Fig. 483 
2D and 2E). These findings demonstrate that both STK25 and STRAD are required for Golgi 484 
positioning during early DGC integration. 485 

We next tested the requirement of STRAD in dendrite establishment in adult-born DGCs, 486 
upon its knock-down in adult stem cells with pUEG-shSTRAD (Fig. 4E and 4F), or its knock-487 
down induced in differentiated DGCs at 3dpi with pSIREN-shSTRAD (Fig. 4G and 4H). We 488 
examined and quantified neurite number in infected neurons at 14 dpi, and found that the 489 
majority of neurons upon STRAD down-regulation exhibited multiple thin and thick primary 490 
neurites extending to the GCL and the hilus (Fig. 4E and 4G), unlike control morphology. 491 
Quantification of average total neurite number (Fig. 4F and 4H, top, left) revealed a significant 492 
increase in each cell upon STRAD down-regulation compared to control (3.3, pUEG-shSTRAD; 493 
3.5, pSIREN-shSTRAD), and an increase in the percentage of cells demonstrating more than 2 494 
neurites (Fig. 4F and 4H, top, right; 70%, pUEG-shSTRAD, 36%, control; 82%, pSIREN-495 
shSTRAD, 61% control). This was further confirmed by the cumulative distribution of 496 
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percentage of cells with varying number of neurites in pUEG-shSTRAD (Fig. 4F, bottom) or 497 
pSIREN-shSTRAD infected neurons (Fig. 4H, bottom), compared to control. Together, our 498 
findings show that STK25 and STRAD are both critical regulators of Golgi localization as well 499 
as the initial dendrite establishment in adult-born DGCs. 500 

How do STK25 and STRAD exert their regulation on Golgi complex localization? We 501 
performed co-immunoprecipitation experiments in HEK-293 cells and observed that the 502 
association between STK25 and STRAD resulted in significant stabilization of the STK25 503 
protein (Fig. 5A). Further analysis of the single cell transcriptome data showed that the Golgi 504 
matrix protein GM130, a Golgi signaling-scaffold that enables asymmetric subcellular Golgi 505 
positioning (Huang et al., 2014; Matsuki et al., 2010), was also expressed in newborn DGCs 506 
(Fig. 2A). This finding was important because, during embryonic neuronal polarization, STK25 507 
was shown to regulate Golgi localization through the recruitment of GM130 (Matsuki et al., 508 
2010; Preisinger et al., 2004). It is thus possible that STK25-GM130 mediate Golgi localization 509 
in adult-born DGCs via association with the STRAD polarity complex. Structural studies showed 510 
cooperative interactions among the STRAD polarity complex members, which include the kinase 511 
LKB1 and the adaptor protein MO25 (Boudeau et al., 2004; Zeqiraj et al., 2009). Therefore, the 512 
association of STK25 with STRAD, might stabilize a Golgi signaling complex via interaction 513 
with GM130, necessary for Golgi polarized positioning in newborn DGCs. In support, we found 514 
that GM130 associated with STRAD (Fig. 5G), and that co-expression of GM130 with either 515 
STRAD or STK25 in HEK-293 cells, resulted in significant stabilization of the GM130 protein 516 
(Fig. 5B). In support of these biochemical expression studies, our co-immunolabeling 517 
experiments of DCX-positive adult-born DGCs in 4-6-week-old mouse hippocampus showed 518 
that STK25 was predominantly found in distinct somatic structures at the base of the apical 519 
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dendrite (Fig. 5C and 5D), and that STK25 co-localized with STRAD (Fig. 5C). Furthermore, 520 
STK25 was found to co-localize with the Golgi marker GRASP65 (Fig. 5D). Together, these 521 
biochemical and immunolabeling findings showed that STK25 and STRAD form and stabilize a 522 
Golgi-signaling complex with GM130 and that the complex is localized to the Golgi. 523 

Our biochemical and immunohistochemical examinations together with the knock-down 524 
studies in adult-born DGCs, showed that STK25 and STRAD association might mediate Golgi 525 
positioning via recruitment and stabilization of the Golgi matrix protein GM130. The STK25-526 
STRAD-GM130 Golgi-complex might regulate both Golgi positioning and the initial dendritic 527 
establishment in adult-born DGCs. 528 
 529 
A STRAD mutation underlying the neurodevelopmental disorder PMSE destabilizes 530 
GM130 and disrupts Golgi positioning and initial dendrite patterning of adult-born DGCs 531 

STRAD is part of a polarity complex composed of the serine/threonine kinase LKB1 and 532 
the adaptor protein MO25 (Boudeau et al., 2004; Milburn et al., 2004). The stabilization of 533 
GM130 and STK25 upon association with STRAD (Fig. 5A and 5B) suggests that the interaction 534 
of STK25 with STRAD/MO25/LKB1 may constitute a complex necessary for asymmetric Golgi 535 
localization. In support, we found that upon co-expression with either STRAD, LKB1 or MO25, 536 
there was a substantial stabilization of the STK25 protein (data not shown). A homozygous, 537 
partial deletion in the STRADα gene, that generates a 180 C-terminal amino acid truncation of 538 
the STRAD protein (Fig. 5E), underlies the human neurodevelopmental disorder 539 
Polyhydramnios, Megalencephaly and Symptomatic Epilepsy (PMSE), characterized by epilepsy 540 
and cognitive and motor disability (Orlova et al., 2010, 2010; Puffenberger et al., 2007). The C-541 
terminal 180 amino-acid region of STRAD truncated in PMSE, is highly conserved among the 542 
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mouse, rat, and human STRADα proteins, which in structural studies (Zeqiraj et al., 2009) was 543 
shown to be important for LKB1/STRAD/MO25 complex formation. 544 

We generated the PMSE mutant form of mouse STRAD, with a truncation of the C-545 
terminal 180 amino acids, STRAD-PMSE-Δ180 (Fig. 5E), and determined its association with 546 
STK25 or GM130, as well as with MO25 or LKB1, by Co-IP upon co-expression in HEK-293 547 
cells. These experiments resulted in two crucial observations. First, the STRAD-PMSE-Δ180 548 
maintained association with STK25, but not with MO25 or LKB1 (Fig. 5F). Furthermore, 549 
although STRAD-PMSE-Δ180 interacted with STK25, this association did not result in STK25 550 
protein stabilization in contrast to STK25 stabilization upon its association with wild-type 551 
STRAD (Fig. 5F). The lack of STK25 stabilization upon association with STRAD-PMSE-Δ180 552 
likely reflects defective complex formation with MO25/LKB1 (Zeqiraj et al., 2009). 553 

What is the consequence of these impaired interactions on the association of GM130 with 554 
the STK25-STRAD complex and the resulting stabilization of GM130? Furthermore, what is the 555 
consequence of these impaired interactions on Golgi positioning? To answer these questions, 556 
first we examined the association of STRAD-PMSE-Δ180 with GM130, and found that they do 557 
not interact (Fig. 5G). Thus, the STRAD-PMSE-Δ180 maintained association only with STK25 558 
but not with any other member of the Golgi-signaling complex, including GM130. We therefore 559 
predicted that STRAD PMSE-Δ180 might act as a dominant negative form, which would 560 
interfere with GM130-STK25-STRAD-MO25-LKB1 Golgi-complex formation. This might lead 561 
to STK25-STRAD complex disassembly, GM130 destabilization, and Golgi dispersion. To test 562 
this assumption, we quantified GM130 protein level upon co-expression with STRAD-PMSE-563 
Δ180, and found a considerable decrease in GM130 level, compared to its expression alone or 564 
co-expression with WT-STRAD or STK25 (Fig. 5H). Together, these findings showed that 565 



 

 25 

expression of STRAD-PMSE-Δ180 may exert a dominant negative effect on GM130-STK25-566 
STRAD Golgi-complex formation, resulting in GM130 destabilization. 567 

The possible dissociation of the STK25 Golgi-associated complex (Fig. 5) and the 568 
destabilization of GM130 (Fig. 5H) upon expression of STRAD-PMSE-Δ180, as well as the 569 
Golgi somatic dispersion upon STRAD down-regulation (Fig. 4C and 4D), leads us to predict 570 
that expression of STRAD-PMSE-Δ180 in developing DGCs, might result in Golgi dispersion, 571 
associated with defects in DGC dendrite establishment. We generated a DOX-inducible 572 
retroviral construct (Kumamoto et al., 2012) for mouse STRAD-PMSE-Δ180 fused to dTomato 573 
or GFP (pTet-STRAD-PMSE-Δ180; Fig. 6A). First, we examined effects on Golgi positioning in 574 
pTet-STRAD-PMSE-Δ180-infected DGCs at 14 dpi by GRASP65 immunostaining (Fig. 6A and 575 
6B), upon induction of STRAD-PMSE-Δ180 expression at 5 dpi. Induction at 5 dpi was chosen 576 
because earlier induction of STRAD-PMSE-Δ180 expression likely resulted in considerable cell-577 
death (data not shown). Examination of Golgi localization in individual STRAD-PMSE-Δ180-578 
infected cells (Fig. 6A, 6B and 6C), showed that the Golgi was dispersed throughout the soma, 579 
similar to that observed with STK25 (Fig. 2D and 2E) or STRAD down-regulation (Fig. 4C and 580 
4D), and in contrast to the compact Golgi localization to the primary dendrite in control DGCs. 581 
Importantly, the Golgi was localized to the base of multiple abnormal neurites observed upon 582 
STRAD-PMSE-Δ180 over-expression (Fig. 6A and 6B), as that with STK25 or STRAD down-583 
regulation. When we immunostained adult-born DGCs infected with STRAD-PMSE-Δ180 with 584 
antibody to Na,K-ATPase at 14 dpi, we found that the transporter was expressed at the cell-585 
surface (Fig. 6D), as in control neurons, indicating that Golgi secretory trafficking is likely not 586 
affected upon STRAD-PMSE-Δ180 over-expression. These findings showed that the STRAD 587 
mutation which underlies the PMSE disorder interferes with Golgi positioning during early DGC 588 
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integration. 589 
Based on our biochemical analyses (Fig. 5F, 5G and 5H), we predicted that STRAD-590 

PMSE-Δ180 would compete in a dominant negative manner with endogenous STRAD for 591 
association with STK25 as part of the STK25-STRAD-GM130 complex, resulting in complex 592 
disassembly and its dissociation from the Golgi, with subsequent Golgi dispersion. To test this 593 
prediction, we examined the subcellular localization of STK25 in adult-born DGCs expressing 594 
STRAD-PMSE-Δ180, by immunolabeling STRAD-PMSE-Δ180-infected DGCs for STK25 at 595 
14 dpi. These analyses showed that unlike the restricted STK25 signal in control neurons, which 596 
was mostly localized to the base of the apical dendrite and co-localized with GRASP65 (Fig. 597 
5D), STK25 was dispersed in the soma of STRAD-PMSE-Δ180-infected DGCs, it indeed 598 
showed partial localization with STRAD-PMSE-Δ180, and it was no longer associated with 599 
GRASP65 (Fig. 6E), indicating its dissociation from the Golgi. These findings support the idea 600 
that expression of STRAD PMSE-Δ180 results in the dissociation of the STK25-Golgi-601 
associated complex. 602 

Next, we examined effects on neurite remodeling and dendrite establishment in DGCs at 603 
14 dpi, upon induction of STRAD-PMSE-Δ180 expression at 5 dpi. We analyzed the pTet-604 
STRAD-PMSE-Δ180-infected cells, and found severe defects in dendrite establishment (Fig. 6F 605 
and 6G), consistent with that observed with STK25 (Fig. 3) or STRAD (Fig. 4) down-regulation. 606 
Qualitative (Fig. 6F) and quantitative (Fig. 6G) examination of pTet-STRAD-PMSE-Δ180-607 
infected cells revealed severe defects in neurite elimination and formation of the single primary 608 
dendrite, with significantly higher average total number of neurites per cell upon pTet-STRAD-609 
PMSE-Δ180 overexpression, compared to control (Fig. 6G, top, left). The percentage of cells 610 
with more than two neurites was also higher upon pTet-STRAD-PMSE-Δ180 overexpression 611 
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compared to control (Fig. 6G, top, right), confirmed by the cumulative distribution of the 612 
percentage of cells exhibiting varying numbers of neurites (Fig. 6G, bottom). Importantly, the 613 
knock-down of GM130 in adult-born DGCs, resulted in Golgi dispersion (Fig. 6H and 6I) and 614 
severe defects in dendrite establishment (Fig. 6J and 6K), as with STK25 (Fig. 2 and 3) or 615 
STRAD knock-down (Fig. 4). 616 

Together, these findings showed that upon association with the STRAD protein complex, 617 
STK25 stabilized a Golgi-signaling complex via GM130 recruitment, necessary for both Golgi 618 
localization and newborn DGC initial dendrite establishment. We further showed that in adult-619 
born DGCs expressing the mutated form of STRAD found in patients afflicted by the 620 
neurodevelopmental disorder PMSE, this Golgi-signaling complex might fail to form, resulting 621 
in Golgi dispersion and severe defects in early DGC dendrite establishment. 622 
 623 
Discussion 624 

Our findings showed that asymmetric Golgi positioning regulates the formation of 625 
dendrite morphology of the adult-born DGC. Golgi-apparatus somatic repositioning, first to the 626 
base of a primary neurite pointing to the molecular layer, and subsequently to the apical dendrite, 627 
might underlie establishment of the dendrite morphology of adult-born DGCs. Mechanistically, 628 
STK25- and STRAD-mediated interactions, which stabilized a Golgi-signaling complex via 629 
GM130 association, were necessary for asymmetric Golgi positioning. Perturbation of this 630 
complex caused both Golgi dispersion and severe defects in dendrite establishment of adult-born 631 
DGCs. 632 

 633 
Single primary dendrite establishment is preceded by extensive neurite remodeling and 634 
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Golgi repositioning 635 
A significant fraction of newborn neurons in the subgranular zone of the dentate gyrus in 636 

the adult hippocampus integrate into the existing circuit (Altman and Das, 1965; Eriksson et al., 637 
1998; Zhao et al., 2008). Unlike most principal glutamatergic neurons, the mature adult-born 638 
DGC exhibits a single dendrite with complex morphology, and is devoid of basal dendrites. We 639 
showed that establishment of this dendrite morphology was preceded by extensive remodeling of 640 
dendrite-like neurites in the neurogenic zone during first two weeks of adult-born DGC 641 
integration, as supported by previous studies (Esposito et al., 2005; Zhao et al., 2006). 642 

We determined the extent and timing of early dendritic morphological changes, and 643 
identified molecular mechanisms that underlie dendrite establishment during adult-born DGC 644 
integration. Between 5-10 days of integration, these neurons formed multiple neurites oriented 645 
within the GCL or hilus. A small number of mature neurons retain these neurites, either oriented 646 
to the hilus (hilar basal dendrites) or the ML (recurrent basal dendrites) (Ribak et al., 2004; 647 
Shapiro et al., 2005), but in most cells, these extraneous neurites are eliminated, resulting in 648 
single dendrite establishment. Although the functional importance of neurite remodeling remains 649 
unknown, extraneous neurite elimination and single dendrite establishment might be crucial for 650 
newborn DGC integration. Thus, Golgi positioning mediated by the protein-complex assembled 651 
via STK25, might be crucial for early DGC integration. 652 

We showed that dendrite-like neurite elimination and primary dendrite establishment is 653 
associated with dynamic Golgi repositioning - to the base of a primary neurite pointing to the 654 
ML, once formed, and subsequently to the primary dendrite, while being excluded from other 655 
parts of the soma. Golgi repositioning was completed by 10 dpi, preceding establishment of the 656 
mature dendrite morphology. Thus, Golgi localization to the primary neurite and its exclusion 657 
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from all other neurites, might drive their elimination, leading to single dendrite establishment. In 658 
support, genetic manipulations resulting in defective Golgi positioning and its somatic 659 
dispersion, also resulted in the abnormal persistence of extraneous neurites which demonstrated 660 
aberrant Golgi positioning at their base. Golgi dispersion likely did not affect Golgi secretory 661 
function, suggesting that Golgi-mediated trafficking might be necessary for extraneous neurites 662 
maintenance. 663 

Our findings showed a strong correlation between, asymmetric Golgi positioning, neurite 664 
elimination, and single dendrite establishment in the GCL. A causal relationship between Golgi 665 
localization and dendrite patterning is supported by studies in CA1 pyramidal neurons, where 666 
Golgi localization specifies apical vs basal dendrite identities (Horton et al., 2005; Matsuki et al., 667 
2010). In these neurons, somatic Golgi-apparatus oriented to and post-Golgi secretory trafficking 668 
polarized toward the nascent apical dendrite, and the Golgi was required for its growth, 669 
maturation, and maintenance (Horton et al., 2005). In pyramidal neurons, upon Golgi 670 
localization to the apical dendrite, the Golgi is dispensable for further growth and maturation of 671 
basal dendrites, which in these neurons persist throughout life. Conversely, we showed that 672 
during early adult-born DGC integration (5-10 days), the Golgi was required for dendrite-like 673 
neurite maintenance. Thus, asymmetric Golgi localization might be selectively required for 674 
apical dendrite establishment in principal glutamatergic neurons in general, and as shown here, 675 
for single dendrite establishment in newborns DGCs. Moreover, the Golgi-complex might be 676 
differentially required for basal dendrite maintenance in these neurons. 677 

Selective Golgi-complex localization to specific dendrites differs from the distribution of 678 
other membrane-bound organelles, including endoplasmic-reticulum, endosomes, and 679 
mitochondria (Horton et al., 2005), which are found in all dendrites. In adult-born DGCs, the 680 
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Golgi might regulate extraneous neurite maintenance by directed supply of membrane 681 
components (Ye et al., 2007; Zhou et al., 2014), or by serving as acentrosomal microtubule 682 
nucleation sites (Ori-McKenney et al., 2012). 683 

 684 
STK25-STRAD-GM130 association mediates Golgi positioning and dendrite establishment 685 
 The Golgi matrix proteins can serve as scaffolds for localization of signaling 686 
determinants on Golgi membranes (Barr and Short, 2003; Short and Barr, 2003), and enable 687 
asymmetric Golgi positioning to mediate diverse cellular functions, development, migration, or 688 
polarization (Bivona et al., 2003; Kupfer and Dennert, 1984; Kupfer et al., 1982; Rios et al., 689 
2004). The Golgi matrix protein GM130, a crucial regulator of Golgi secretory trafficking (Short 690 
and Barr, 2003), acts as such scaffold for asymmetric Golgi positioning (Barr and Short, 2003; 691 
Matsuki et al., 2010; Preisinger et al., 2004; Zhou et al., 2014). Our examinations revealed robust 692 
expression of the polarity genes STK25 and STRAD, and of GM130, in DCX-positive adult-693 
born DGCs. The kinase STK25 is a crucial regulator of embryonic neuronal polarization 694 
upstream of GM130, in a manner that depended on Golgi localization (Matsuki et al., 2010). 695 
Furthermore, STK25 acts downstream of the kinase LKB1 and its cofactor STRAD, key 696 
regulators of neuronal polarization (Barnes et al., 2007; Matsuki et al., 2010; Shelly et al., 2007). 697 

Structural studies showed cooperative interactions among the STRAD/MO25/LKB1 698 
complex members (Zeqiraj et al., 2009); association of LKB1 with STRAD and MO25 resulted 699 
in their mutual stabilization and activation of LKB1 kinase-activity, necessary for neuronal 700 
polarization (Boudeau et al., 2004; Shelly et al., 2007). We showed that through association with 701 
GM130 and the STRAD/LKB1/MO25 complex, STK25 might form and stabilize a Golgi-702 
signaling complex, necessary for Golgi positioning. STK25 showed predominant localization to 703 
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the base of the primary dendrite, and co-localized with STRAD and GRASP65, indicating 704 
association with the Golgi. Furthermore, knock-down of either STK25, STRAD or GM130 in 705 
newborn DGCs, caused Golgi dispersion. Lastly, knock-down of STK25, STRAD or GM130, 706 
resulted in lack of extraneous neurite elimination associated with abnormal Golgi neuritic 707 
localization, and defects in single dendrite establishment. Although the effects of STK25-708 
STRAD-GM130 manipulations might not be exclusive to the observed effects on the fidelity of 709 
the Golgi-complex, our findings underscore the role of STK25 as a crucial regulator of dendrite 710 
establishment during early newborn DGC integration, and show that these effects might be 711 
mediated through Golgi positioning. Interestingly, STK25-STRAD were expressed in most 712 
granule neurons in the GCL of 4-6-week-old mouse hippocampus, suggesting that their 713 
expression is not restricted to the DCX-positive stage. Whether the STK25-complex is required 714 
for later dendritic integration of adult-born DGCs, and whether these effects are mediated via the 715 
Golgi-complex, remain for future investigation. 716 

 717 
STRAD truncation underlying neurodevelopmental disorder PMSE disrupts Golgi 718 
positioning and dendrite establishment 719 

The physiological significance for the elaboration of dendrite-like neurites in the 720 
immature DGC remains unknown. However, as aberrant hilar or recurrent basal dendrite 721 
formation could be involved in the pathogenesis of epilepsy in the dentate gyrus (Cho et al., 722 
2015; Dashtipour et al., 2003; Jessberger et al., 2007; Ribak and Dashtipour, 2002; Ribak et al., 723 
2000; Scharfman and McCloskey, 2009; Shapiro et al., 2005; Shapiro and Ribak, 2006; 724 
Spigelman et al., 1998; Thind et al., 2008; Walter et al., 2007), dendrite-like neurite elimination 725 
during DGC integration, and the underlying Golgi-associated mechanisms reported here, might 726 
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be crucial for hippocampal circuit formation and function. Interestingly, application of 727 
Kainic acid (Kaneko et al., 2016), used to induce epilepsy, or culturing embryonic neurons under 728 
hyperexcitable conditions (Thayer et al., 2013), caused Golgi fragmentation, suggesting a direct 729 
link between the fidelity of Golgi organization and the pathogenesis of epilepsy. 730 

A homozygous mutation in the STRAD gene generating a 180aa C-terminal truncation of 731 
the STRAD protein (Puffenberger et al., 2007), underlies the neurodevelopmental disorder 732 
Polyhydramnios, Megalencephaly and Symptomatic Epilepsy (PMSE), characterized by 733 
cognitive and motor disability and intractable epilepsy. Interestingly, down-regulation of 734 
STRAD in the embryonic cortex resulted in abnormal cortical development (Orlova et al., 2010; 735 
Parker et al., 2013), mediated by aberrant enhanced activation of mammalian-target-of-736 
rapamycin-complex-1 (mTORC1) signaling, regulator of the attenuated temporal maturation and 737 
integration of adult-born DGCs (Duan et al., 2007; Kim et al., 2009; Kim et al., 2012; Zhou et 738 
al., 2013). We showed that STRAD-PMSE-Δ180 interferes with STK25-STRAD-GM130 739 
complex activity in a dominant-negative manner. We found that STRAD-PMSE-Δ180 might 740 
disable endogenous STK25 from associating with GM130 and STRAD/MO25/LKB1 complex, 741 
resulting in GM130-STK25-STRAD Golgi-complex disassembly and Golgi dispersion. 742 
Consequently, expression of STRAD-PMSE-Δ180 in newborn DGCs, caused severe defects in 743 
extraneous neurite elimination and single dendrite establishment, like that with STK25 or 744 
STRAD knock-down. 745 

 746 
Our findings showed that asymmetric Golgi repositioning mediated via the STK25-747 

STRAD-GM130 complex, underlies dendrite establishment of adult-born DGCs during their 748 
initial integration. We further showed that STRAD-STK25-GM130 complex disassembly and 749 
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subsequent Golgi mis-positioning, might be an important causative factor in PMSE disorder. 750 
Aberrant extraneous neurite elimination during early DGC integration and the underlying 751 
mechanisms reported here, might be crucial for hippocampal circuit formation and function. The 752 
Golgi-apparatus and associated molecular determinants might therefore be targets for the 753 
prevention of abnormal brain development and circuit function, particularly the epilepsy 754 
pathology. 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
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 938 
Figure Legends 939 
Fig 1. Initial integration of adult-born DGCs is associated with Golgi re-positioning and 940 
neurite remodeling 941 
(A) Schematic depiction of the paradigm for retroviral injection of GFP-retrovirus (pUX-GFP) 942 
into dentate gyrus of wild-type 4-6-week-old mice, and examination at 5, 7, 10 or 14 dpi. 943 
(B) Top; Confocal images (60 μm Z stacks) of GFP-fluorescence of representative GFP-944 
retrovirus (pUX-GFP)-infected adult-born dentate granule cells (DGCs), at 7, 10 and 14dpi. 945 
Granule cell layer (GCL) visualized by DAPI staining. Scale bar: 10μm. Bottom; 3D traces 946 
(Imaris, Bitplane) of the neuritic arbor from confocal images of representative GFP-labeled 947 
DGCs at 7, 10 and 14 dpi. The horizontal line represents the bottom of the GCL. 948 
(C) Left; Quantification of average total number of neurites per cell at 7, 10 and 14 dpi, in GFP-949 
labeled DGCs. The quantitative analysis included all primary neurites directly extending from 950 
the soma, oriented either to the GCL, the molecular layer (ML), or the hilus (7dpi, 25 cells; 10 951 
dpi, 30 cells; 14 dpi, 31 cells; from at least 3 mice per time point; p<0.05, Students two-tailed t-952 
test, p=0.018, power=0.56). Middle; Quantification of the average percentage of GFP-labeled 953 
DGCs that had more than 2 neurites, at 7, 10 and 14 dpi. Right; Cumulative percentage plots for 954 
total number of neurites per cell at 7, 10 and 14 dpi. Same data set was used for all 955 
quantifications in (C). 956 
(D) Confocal images (60 μm Z stacks) of Golgi-labeling in representative GFP-retrovirus-957 
infected DGCs at 5, 7, 10 and 14 dpi, immunostained for the Golgi-apparatus marker GRASP65. 958 
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GCL visualized by DAPI staining. Scale bar: 10 μm. Bottom; Higher magnification images (of 959 
boxed regions in the top panel) showing Golgi localization in the soma or to the primary neurite 960 
pointing to the ML. Scale bar: 4 μm. 961 
(E) 2D traces of GRASP65 fluorescence in GFP-labeled DGCs, from confocal images of 962 
representative GFP-labeled DGCs immunostained for GRASP65, at 5, 7, 10 and 14 dpi. The cell-963 
contour and neuritic arbor were traced using GFP-fluorescence. The horizontal line marks the 964 
bottom of the GCL. Scale bar: 10 μm. 965 
(F) Quantification of percentage of cells with different intracellular Golgi localization in GFP-966 
labeled DGCs immunostained for GRASP65, at 5, 7, 10 and 14 dpi, categorized as follows: “no 967 
neurites”, localization in the soma in neurons with no visible neurites; “non-primary neurite”, 968 
localization at the base of a single neurite which is not the primary neurite pointing to the ML; 969 
“primary neurite”, localization to the base of a primary neurite pointing to the ML in neurons 970 
that might also have other neurites. These data demonstrate that during development the Golgi 971 
shows dynamic repositioning to the primary neurite which points to the ML (5 dpi, 18 cells; 7 972 
dpi, 22 cells; 10dpi, 24 cells; 14 dpi, 19 cells; from at least 3 mice per time point; Chi-Square 973 
test, comparing number of cells with or without Golgi positioning to the primary neurite at 974 
different time-points, p<0.05). 975 
 976 
Fig 2. STK25 regulates Golgi positioning during early DGC integration 977 
(A) Heatmap of fraction of DCX-positive DGCs from the mouse dentate gyrus, expressing 978 
various Golgi-associated genes, analyzed from (Gao et al., 2016) (Gene Expression Omnibus 979 
accession # GSE75901). (See B and Fig. 4A for quantification of specific proteins expression in 980 
DCX-positive adult-born DGCs). 981 
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(B) Left; Confocal images of representative adult-born DGCs from wild-type 4-6-week-old 982 
mouse hippocampus immunolabeled with DCX and STK25 or GRASP65. Co-expression was 983 
confirmed by 3-plane analysis. Scale bar: 10 μm. Right; Quantification of the average percentage 984 
of DCX-positive adult-born DGCs that express STK25 or GRASP65, determined based on co-985 
immunolabeling with DCX and either STK25 or GRASP65 (STK25, 80 cells; GRASP65, 67 986 
cells; from 4 separate mice). Nearly all DCX-positive cells express STK25 and GRASP65. 987 
(C) Top; Schematic depiction of the retroviral mouse STK25-shRNA vector, pUEG-shSTK25, 988 
with shRNA and EGFP expression under the u6 or EF1α promoters, respectively, and paradigm 989 
for co-injection of pUEG-shSTK25 (green), into dentate gyrus of 4-6-week-old wild-type mice. 990 
Examination performed at 14dpi. Bottom; Confocal images (60 μm Z stacks) of representative 991 
pUEG-shSTK25-infected DGCs (green) at 14dpi, co-immunostained for DCX and STK25, to 992 
assess STK25 down-regulation in pUEG-shSTK25-infected DGCs. Scale bar: 10 μm. Efficient 993 
down-regulation of STK25 expression was visible in pUEG-shSTK25-infected DGCs compared 994 
to neighboring control adult-born DGCs labeled with DCX. 995 
(D) Top; Paradigm for co-injection of pUEG-shSTK25 (green) together with pUX-dTomato as 996 
internal control, into dentate gyrus of 4-6-week-old wild-type mice. Examination performed at 997 
14dpi. Bottom; Confocal images (60 μm Z stacks) of Golgi labeling in representative pUEG-998 
shSTK25-infected DGCs (green) at 14dpi, immunostained for GRASP65 (grey). GCL visualized 999 
by DAPI staining. Scale bar: 20 μm. The images depict cells with abnormal neurites, with Golgi 1000 
dispersed throughout the soma and localized at the neuritic base. Higher magnification images 1001 
(of boxed regions on top) showing Golgi localization to the abnormal neurite base, shown at the 1002 
bottom. Scale bar: 4 μm. 1003 
(E) 2D traces of GRASP65 fluorescence in representative pUEG-shSTK25 or control pUX-1004 



 

 44 

dTomato expressing DGCs at 14 dpi, to illustrate Golgi localization. Scale bar: 10 μm. 1005 
(F) Quantification of GRASP65 fluorescence in individual pUEG-shSTK25 or control pUX-1006 
dTomato expressing DGCs at 14 dpi. The soma was divided into 4 quadrants, apical, basal, and 1007 
two laterals, right and left (apical quadrant, oriented to the ML; basal quadrant, oriented to the 1008 
hilus), and average percentage of total fluorescence intensity of GRASP65 fluorescence was 1009 
calculated for each quadrant (control, 11 cells; shSTK25, 9 cells; from at least 3 mice). Scale bar: 1010 
4 μm. 1011 
(G) Confocal images (60 μm Z stacks) of representative pUEG-shSTK25-infected DGCs 1012 
(presented in red, right) at 14dpi, immunostained for Na,K-ATPase (green). Neighboring adult-1013 
born DCX-positive DGCs served control (left). Scale bar: 10 μm. 3D surface reconstructions 1014 
were created using the mixed model rendering function (Imaris). Cell-surface expression of 1015 
Na,K-ATPase indicates fidelity of Golgi secretory function. 1016 
 1017 
Fig 3. STK25 regulates neurite elimination during early DGC integration 1018 
(A) Confocal images (60 μm Z stack) of representative pUEG-shSTK25 (together with pUX-1019 
dTomato) expressing DGCs, at 14 dpi (Left). Scale bar: 20 μm. Arrowheads, indicate aberrant 1020 
neurites. Right; 3D Traces of the neuritic arbor from confocal images of representative pUEG-1021 
shSTK25 or control pUX-dTomato expressing DGCs, at 14 dpi. Scale bar: 20 μm. 1022 
(B) Quantification of the average total number of neurites per cell (Top, left) in pUEG-shSTK25 1023 
or control pUX-dTom expressing DGCs, at 14 dpi, including all primary neurites directly 1024 
extending from the soma (shSTK25, 78 cells; Control, 16 cells; from 4 separate mice; Student’s 1025 
two-sided t-test, p=2.4232E-04, α=0.05); the average percentage of pUEG-shSTK25 or control 1026 
pUX-dTomato expressing DGCs with more than 2 neurites (Top, right); and cumulative 1027 
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percentage plots of total number of neurites per cell (Bottom), in pUEG-shSTK25 or control 1028 
pUX-dTomato expressing DGCs (p<0.05, p= 1.71E-04 Kolmogorov-Smirnov test). Same data 1029 
set was used for all quantifications in (B). 1030 
(C) Confocal image (30 μm Z stack) of a representative pUEG-shSTK25 expressing DGC 1031 
(green) at 14dpi, with abnormal neurites, immunolabeled with the somatodendritic marker 1032 
MAP2 (grey). Scale bar: 10 μm. At the bottom shown are higher magnification images of the 1033 
abnormal neurites (boxed regions), showing their labeling with MAP2 (arrowheads). Scale bar: 4 1034 
μm. 1035 
(D) Top; Schematic depiction of the retroviral pSIREN-ubi-GFP-P2A-tTs (pSIREN) mouse 1036 
STK25-shRNA vector, pSIREN-shSTK25, for shRNA inducible expression under the control of 1037 
tet-on-U6 promoter in doxycycline (DOX)-dependent manner, and constitutive expression of 1038 
EGFP linked via the P2A sequence to the tetracycline sensitive (Tts-S) element, under the 1039 
control of ubiquitin promoter. Bottom; Immunoblots of HEK-293 whole-cell extracts co-1040 
transfected with pSIREN-STK25 shRNA constructs (shSTK25-245 or shSTK25-665) together 1041 
with targeted mouse pCDNA3-dTom-STK25, treated with DOX or left untreated. “Control”, co-1042 
transfection with empty pSIREN vector. dTom-STK25 levels were quantified in pSIREN-STK25 1043 
shRNA transfected cells upon DOX-induction, as the fold change (±SEM, n=3, p<0.05, from left 1044 
to right, p= 3.25054E-06, p=3.87002E-06) relative to control cells without DOX treatment, 1045 
normalized to β-actin. 1046 
(E) Top; Paradigm for co-injection of pSIREN-shSTK25 (green, shSTK25-245 or shSTK25-1047 
665), together with pUX-dTomato as internal control, into dentate gyrus of 4-6-week-old mice, 1048 
with shRNA expression induced at 3dpi, and cell examination at 14dpi. Bottom; Confocal 1049 
images of representative DGCs co-expressing pSIREN-shSTK25 (green) together with control 1050 
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pUX-dTomato (red), at 14 dpi, with shRNA expression induced at 3dpi. Arrowheads, indicate 1051 
aberrant neurites. Scale bar: 20 μm. 1052 
(F) Quantification of the average total number of neurites per cell (left) (shSTK25, 80 cells; 1053 
Control, 37 cells; from 4 separate mice, with 2 additional mice without DOX treatment; 1054 
Student’s two-sided t-test, p=9.38E-07, α=0.05), average percentage of DGCs with more than 2 1055 
neurites per cell (middle), and cumulative percentage plots for total number of neurites per cell 1056 
(right) (p<0.05, p=4.63E-05 Kolmogorov Smirnov test), for pSIREN-shSTK25 or control pUX-1057 
dTomato expressing DGCs, at 14 dpi, with shRNA expression induced at 3dpi. Analysis 1058 
included all primary neurites directly extending from the soma. Same data set was used for all 1059 
analyses in (F). 1060 
 1061 
Fig 4. STRAD mediates both Golgi positioning and neurite elimination during early DGC 1062 
integration 1063 
(A) Left; Confocal images of representative adult-born DGCs from wild-type 4-6-week-old 1064 
mouse hippocampus immunolabeled with DCX together with antibody for STRAD. Scale bar: 1065 
10 μm. Co-expression was confirmed by 3-plane analysis. Right; Quantification of the average 1066 
percentage of DCX-positive adult-born DGCs expressing STRAD determined based on co-1067 
immunolabeling with DCX (STRAD, 60 cells; from 4 separate mice). These examinations 1068 
showed that nearly all DCX-positive cells express STRAD. 1069 
(B) Top; Schematic depiction of retroviral mouse STRAD-shRNA vector, pUEG-shSTRAD, and 1070 
paradigm for injection of pUEG-shSTRAD (green) into dentate gyrus of 4-6-week-old mice, and 1071 
cell examination at 14dpi. Bottom; Confocal images (60 μm Z stacks) of representative pUEG-1072 
shSTRAD-infected DGCs (green) at 14dpi, co-immunostained for DCX and STRAD, to assess 1073 
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STRAD down-regulation in pUEG-shSTRAD-infected DGCs. Scale bar: 10 μm. Efficient down-1074 
regulation of STRAD expression was visible in pUEG-shSTRAD-infected DGCs compared to 1075 
neighboring control adult-born DGCs labeled with DCX. 1076 
(C) Top; Paradigm for co-injection of pUEG-shSTRAD (green) together with pUX-dTomato as 1077 
internal control, into dentate gyrus of 4-6-week-old mice, and cell examination at 14dpi. Bottom; 1078 
Confocal images (60 μm Z stacks) of Golgi-labeling in representative pUEG-shSTRAD-infected 1079 
DGCs (green) at 14dpi, immunostained for GRASP65 (grey). GCL visualized by DAPI staining. 1080 
Scale bar: 20 μm. The images show cells with abnormal neurites, with Golgi dispersed 1081 
throughout the soma and localized at the neuritic base. Higher magnification images (of boxed 1082 
regions) showing Golgi localization to the abnormal neurite base, presented on the right. Scale 1083 
bar: 4 μm. 1084 
(D) 2-D traces of GRASP65 fluorescence in representative pUEG-shSTRAD expressing DGCs 1085 
at 14 dpi, to illustrate Golgi localization. Scale bar: 10 μm. 1086 
(E, G) Top; Paradigm for injection of pUEG-shSTRAD (E) or pSIREN-shSTRAD (G) (green), 1087 
together with pUX-dTomato (red) as internal control, into dentate gyrus of 4-6-week-old mice, 1088 
with the pSIREN-shSTRAD expression induced at 3dpi (G), and cell examination performed at 1089 
14dpi. Bottom; Confocal images and 3D traces of the neuritic arbor of representative DGCs 1090 
expressing pUEG-shSTRAD (E) or pSIREN-shSTRAD (G) (green) together with control pUX-1091 
dTomato (red), at 14 dpi. Arrowheads, indicate aberrant neurites. Scale bar: 20 μm. 1092 
(F, H) Quantification of the average total number of neurites per cell (top, left), the average 1093 
percentage of DGCs with more than 2 neurites per cell (top, right), and cumulative percentage 1094 
plots for total number of neurites per cell (bottom), for pUEG-shSTRAD (F) or pSIREN-1095 
shSTRAD (H), and control pUX-dTomato expressing DGCs, at 14 dpi, with pSIREN-shSTRAD 1096 
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expression induced at 3dpi (H). (For number of neurites; pUEG-shSTRAD, 162 cells; control, 50 1097 
cells; from 4 separate mice; Student’s two-sided t-test, p=9.38E-07, α=0.05; pSIREN-shSTRAD, 1098 
90 cells; Control, 60 cells; from 4 separate mice, with 2 additional mice without DOX treatment; 1099 
Students two-sided t-test, p= 1.10E-03, α=0.05; For cumulative percentage plots, p<0.05, 1100 
p=2.24E-04 (pUEG-shSTRAD) p=0.0019 (pSiren-shSTRAD) Kolmogorov Smirnov test). 1101 
Analysis included all primary neurites directly extending from the soma. Same data set was used 1102 
for all quantifications. 1103 
 1104 
Fig 5. STK25-STRAD complex formation and localization to the Golgi is disrupted upon 1105 
expression of STRAD-PMSE-Δ180 1106 
(A) Co-immunoprecipitation (Co-IP) of STK25 with STRAD, from HEK-293 cell lysates co-1107 
expressing dTom-STK25 together with GFP-STRAD. Whole cell extracts were subjected to 1108 
immunoprecipitation (IP) for GFP, and immunoblotting (IB) for dTom. Co-IP with normal serum 1109 
served control. Total cell-lysates were also immunoblotted for dTom or EGFP, to test dTom-1110 
STK25 or GFP-STRAD expression, and for β-actin to control for protein loading. dTom-STK25 1111 
total protein levels were quantified upon co-expression with GFP-STRAD, as fold increase 1112 
(±SEM, n=3, p<0.05, p=0.000434272) relative to control cells in which dTom-STK25 was 1113 
expressed alone, normalized to β-actin. Association between STK25 and STRAD resulted in 1114 
STK25 stabilization. 1115 
(B) Immunoblotting of HEK-293 whole cell lysates co-expressing Flag-GM130 together with 1116 
either dTom-STK25 or GFP-STRAD, for Flag, dTom, or GFP. Flag-GM130 protein levels were 1117 
quantified upon co-expression with dTom-STK25 or GFP-STRAD, as the fold increase (±SEM, 1118 
n=3, p<0.05, p=0.000626417 (Stk25), p= 8.19784E-06 (STRAD)) relative to control cells in 1119 
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which Flag-GM130 was expressed alone, normalized to β-actin. Co-expression of GM130 with 1120 
either STK25 or STRAD resulted in GM130 stabilization. 1121 
(C, D) Confocal images (60 μm Z stacks) of representative adult-born DGCs from wild-type 4-6-1122 
week-old mouse hippocampus co-immunolabeled with DCX together with antibodies for STK25 1123 
and STRAD (C), or STK25 and GRASP65 (D). Scale bar: 10 μm. STK25 co-localized with 1124 
STRAD (C), as well as with GRASP65 (D), indicting localization to the Golgi. Right; Higher 1125 
magnification image of 3D reconstructions of each channel (mixed model rendering function, 1126 
Imaris), showing co-localization between STK25 (green) and STRAD (grey) at the base of the 1127 
apical dendrite, in a DCX-positive (red) adult-born DGC (C). Scale bar: 10 μm. 1128 
(E) Schematic depiction of WT or the 180 C-terminal amino acid truncation of STRAD, which 1129 
underlies the human neurodevelopmental disorder PMSE. 1130 
(F, G) Co-IP of Δ180-STRAD compared to WT-STRAD, with STK25, MO25, and LKB1 (F), or 1131 
with GM130 (G), from HEK-293 cell lysates co-expressing GFP-Δ180-STRAD or GFP-WT-1132 
STRAD, together with, dTom-STK25, dTom-MO25, dTom-LKB1 (F), or Flag-GM130 (G). A 1133 
mutant STRAD with 100 amino acid C-terminal truncation, GFP-Δ100-STRAD, was also 1134 
examined (G). Whole cell extracts were subjected to IP to GFP (F, G), and IB for dTom (F) or 1135 
Flag (G). Co-IP with normal serum served control. Total cell-lysates were immunoblotted for 1136 
Flag, dTom, or GFP. Flag-GM130 (G) or dTom-STK25, dTom-MO25, or dTom-LKB1 (F) 1137 
levels were quantified upon their co-expression with GFP-Δ180-STRAD or GFP-WT-STRAD, 1138 
in the co-IP or total cell-lysates, as measure of their association with STRAD proteins (top) or 1139 
their stabilization (bottom), respectively, as the fold increase (±SEM, n=3-5, p<0.05) relative to 1140 
respective control, normalized to β-actin. These experiments showed that Δ180-STRAD 1141 
associated with STK25 but did not stabilize the STK25 protein, whereas Δ180-STRAD lost 1142 
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association with GM130, MO25 or LKB1, compared to WT-STRAD. 1143 
(H) Immunoblotting of HEK-293 whole cell lysates co-expressing Flag-GM130 together with 1144 
GFP-Δ180-STRAD or GFP-WT-STRAD, for Flag or GFP. dTom-STK25 and GFP-Δ100-1145 
STRAD were also included in the analysis. Flag-GM130 level was quantified upon co-1146 
expression with Δ180-STRAD compared to co-expression with WT-STRAD or STK25, as the 1147 
fold change (±SEM, n=3, p<0.05, p=8.23507E-05 (WT -STRAD), p=3.49943E-05 (STK25), p= 1148 
5.76896E-05 (Δ100-STRAD), p= 1.81666E-06 (Δ180-STRAD)) relative to control cells in 1149 
which Flag-GM130 was expressed alone, normalized to β-actin. Co-expression of GM130 with 1150 
either WT-STRAD or STK25 caused its stabilization, whereas its co-expression with Δ180-1151 
STRAD or Δ100-STRAD, caused significant decrease in GM130 level (see also Fig. 5B). 1152 
 1153 
Fig 6. Golgi positioning and neurite elimination is disrupted upon expression of STRAD-1154 
PMSE-Δ180 1155 
(A) Top; Schematic depiction of DOX-inducible retroviral construct for mouse STRAD-PMSE-1156 
Δ180 fused to dTom or GFP (pTet-STRAD-PMSE-Δ180), and paradigm for injection of pTet-1157 
STRAD-PMSE-Δ180 into dentate gyrus of 4-6-week-old mice, with STRAD-PMSE-Δ180 1158 
expression induced at 5 dpi, and cell examination at 14dpi. Bottom; Confocal images (60 μm Z 1159 
stacks) of Golgi labeling in two representative pTet-STRAD-PMSE-Δ180-infected DGCs at 1160 
14dpi, immunostained for GRASP65 (grey). Scale bar: 10 μm. The images depict STRAD-1161 
PMSE-Δ180-infected DGCs with Golgi dispersed in the soma (arrowheads) and localized at the 1162 
neuritic base. Adult-born DCX-positive DGCs served control (left). 1163 
(B) 2-D traces of GRASP65 fluorescence in representative pTet-STRAD-PMSE-Δ180 1164 
expressing DGCs at 14 dpi, to illustrate Golgi dispersion upon STRAD-PMSE-Δ180 expression. 1165 
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Scale bar: 10 μm. 1166 
(C) Quantification of GRASP65 fluorescence in each of 4 quadrants (apical, basal, and right and 1167 
left laterals) of individual STRAD-PMSE-Δ180 or control DCX-positive adult-born DGCs at 14 1168 
dpi, presented as average percentage of total fluorescence intensity of GRASP65 fluorescence in 1169 
each quadrant (control, 12 cells; STRAD-PMSE-Δ180, 13 cells; from 3 mice; Student’s two-1170 
sided t-test p = 0.1438 (apical), p = 0.003434 (basal), p = 0.012295 (lateral), α=0.05). 1171 
(D) Confocal 3D surface reconstruction images (60 μm Z stacks) of two representative pTet-1172 
STRAD-PMSE-Δ180-infected DGCs (red) at 14dpi, immunostained for Na,K-ATPase. Scale 1173 
bar: 10 μm. Cell-surface expression of Na,K-ATPase indicates fidelity of Golgi secretory 1174 
function. 1175 
(E) Top; Paradigm for injection of pTet-STRAD-PMSE-Δ180 (green) into dentate gyrus of 4-6-1176 
week-old mice, with STRAD-PMSE-Δ180 expression induced at 5 dpi, and cell examination at 1177 
14dpi. Left; High magnification 3D reconstruction image (60 μm Z stacks) of a representative 1178 
adult-born DGC expressing pTet-STRAD-PMSE-Δ180 (green), at 14 dpi, co-immunolabeled for 1179 
STK25 and GRASP65, showing loss of co-localization between STK25 and GRASP65, and both 1180 
their somatic dispersion. Scale bar: 10 μm. Right; 2D traces of STK25 fluorescence in 1181 
representative pTet-STRAD-PMSE-Δ180 or control pUX-dTomato expressing DGCs at 14 dpi, 1182 
to illustrate STK25 somatic dispersion upon pTet-STRAD-PMSE-Δ180 expression. Scale bar: 10 1183 
μm. 1184 
(F) Top; Paradigm for co-injection of pTet-STRAD-PMSE-Δ180 (red) together with pUX-EGFP 1185 
as internal control, into dentate gyrus of 4-6-week-old mice, with STRAD-PMSE-Δ180 1186 
expression induced at 5 dpi, and cell examination at 14dpi. Bottom; Confocal images (left) and 1187 
3D traces (right) of the neuritic arbor of representative DGCs co-expressing pTet-STRAD-1188 
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PMSE-Δ180 (red) together with pUX-GFP (green) as internal control, at 14 dpi. Arrowheads, 1189 
indicate aberrant neurites. Scale bar: 20 μm. 1190 
(G) Quantification of the average total number of neurites per cell (STRAD-PMSE-Δ180, 94 1191 
cells; Control, 60 cells; from 5 separate mice; Students two-sided t-test, p=2.20E-05, α=0.05) 1192 
(top, left), average percentage of DGCs with more than 2 neurites per cell (top, right), and 1193 
cumulative percentage plots for total number of neurites per cell (bottom) (p<0.05, p= 0.0012, 1194 
Kolmogorov Smirnov test), for pTet-STRAD-PMSE-Δ180 or control pUX-EGFP expressing 1195 
DGCs, at 14 dpi, with pTet-STRAD-PMSE-Δ180 expression induced at 5 dpi. Analysis included 1196 
all primary neurites directly extending from the soma. Same data set was used for all analyses in 1197 
(G). 1198 
(H) Top; Schematic depiction of retroviral mouse GM130-shRNA vector, pUEG-shSTRAD, and 1199 
paradigm for injection of pUEG-shGM130 (green) into dentate gyrus of 4-6-week-old mice, and 1200 
cell examination at 14dpi. Bottom; Confocal images (60 μm Z stacks) of Golgi-labeling in 1201 
representative pUEG-shGM130-infected DGCs (green) at 14dpi, immunostained for GRASP65 1202 
(red). DCX-positive adult-born DGCs, served control. Scale bar: 10 μm. The images show Golgi 1203 
somatic dispersion upon GM130 knock-down. 1204 
(I) 2-D traces of GRASP65 fluorescence in representative pUEG-shGM130 expressing DGCs at 1205 
14 dpi, to illustrate Golgi abnormal somatic localization. Scale bar: 10 μm. 1206 
(J) Top; Paradigm for injection of pUEG-shGM130 (green), together with pUX-dTomato as 1207 
internal control, into dentate gyrus of 4-6-week-old mice, and cell examination at 14dpi. Bottom; 1208 
Confocal images and 3D traces of the neuritic arbor of representative DGCs expressing pUEG-1209 
shGM130 (green) or control pUX-dTomato, at 14 dpi. Arrowheads, indicate aberrant neurites. 1210 
Scale bar: 10 μm. 1211 
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(K) Quantification of the average total number of neurites per cell (top, left), the average 1212 
percentage of DGCs with more than 2 neurites per cell (top, right), and cumulative percentage 1213 
plots for total number of neurites per cell (bottom), for pUEG-shGM130, and control pUX-1214 
dTomato expressing DGCs, at 14 dpi. (For number of neurites; pUEG-shGM130, 40 cells; 1215 
control, 40 cells; from 3 separate mice; Student’s two-sided t-test, p=9.38E-07, α=0.05; For 1216 
cumulative percentage plots, p<0.001, Kolmogorov Smirnov test). Analysis included all primary 1217 
neurites directly extending from the soma. Same data set was used for all analyses in (K). 1218 
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