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Abstract 

Down syndrome (DS) is a complex neurodevelopmental disorder caused by the trisomy 

of chromosome 21. DS is the largest genetic cause of intellectual disability, which occurs in 

varying severity among affected individuals. It is associated with a variety of developmental and 

cognitive defects, including reduced brain size, impaired synaptic function, and altered neuronal 

morphology. A number of genes have been identified to play critical roles in the development 

and maintenance of neuronal morphology, and alterations in the expression of some of these 

genes are implicated in the morphological changes observed in DS. Knocking out or altering 

their expression leads to significant changes in dendritic length, spine density, and branching 

complexity, providing further evidence for their role in DS pathophysiology. Specifically, Down 

syndrome cell adhesion molecule (DSCAM) is located on chromosome 21 and known to regulate 

neuronal development and synaptic connectivity. Recent advances in stem cell technology have 

enabled the generation of human induced pluripotent stem cell (hiPSC)-derived neurons, 

providing a powerful tool for studying the genetic mechanisms underlying DS pathophysiology. 

Herein, morphological changes in DS human induced pluripotent stem cell (hiPSC)-derived 

neurons are quantified, and the contribution of DSCAM to these changes is examined. In this 

study, we use hiPSCs from an individual with DS and isogenic control hiPSCs and differentiate 

them into glutamatergic cortical neurons. First, we find that there are morphological changes in 

developing Down syndrome hiPSC-derived glutamatergic neurons, as compared to isogenic 

control neurons. We also find that there is an increased expression of DSCAM in DS neurons. 

Next, a siRNA knockdown of the human DSCAM gene was performed, to reduce levels of 

DSCAM to those found in isogenic control neurons, but the knockdown was unsuccessful. 

Overall, this study highlights the importance of studying the genetic mechanisms underlying DS 



 

 

pathophysiology using hiPSC-derived neurons. This paper also reviews recent studies 

investigating other genes responsible for such neuronal alterations. The identification and 

investigation of candidate genes involved in altered neuronal morphogenesis in DS may lead to 

the development of novel therapies for this disorder. Our findings suggest that targeting DSCAM 

may be a potential therapeutic approach for improving neuronal morphology in DS. 

 

Introduction 

Down syndrome 

Down syndrome (DS), or trisomy 21, is a neurodevelopmental disorder caused by an 

extra copy of chromosome 21 and characterized by many phenotypes that impact various organ 

systems. Intellectual disability is a ubiquitous phenotype of DS. Moreover, DS is the most 

common genetic cause of intellectual disability (ID), although it varies in severity between 

individuals (Chiotto et al., 2019). Of interest to the experiments described herein are 

neuroanatomical abnormalities in the cerebral cortex that alter the cognitive profile of an affected 

individual. Understanding the ID associated with DS is dependent on gaining knowledge about 

the underlying mechanisms and morphologies that result in improper development and 

anomalous brain function. 

The cerebral cortex of the brain is known to be responsible for higher-level processes of 

the human brain, such as learning, reasoning, and problem-solving.  Therefore, the disruption of 

its development can contribute to ID (Juric-Sekhar et al., 2019).  Alterations that have been 

identified in the DS cortex include reduced volume, lower neuron density, and altered dendritic 

spines (Contestabile et al., 2010). Moreover, the ID associated with DS has been linked to the 

developmental deficit of reduced cortical volume (Bletsch et al., 2018).   



 

 

It is also well-established that brain connectivity is altered in DS. Brain connectivity is 

the pattern of synaptic links between neurons, associating various anatomically segregated brain 

regions. The development of neuronal processes, such as dendrites, axons, and axonal branches, 

directly determine how neuronal networks receive and process information. Some 

neuropathologies that occur in neurodevelopmental disorders include changes in the complex 

morphology of the dendritic tree (Martínez-Cerdeño, 2017) and axonal elongation (Lasser et al., 

2018). Consistently altered subcellular dendritic patterning has been observed in murine and 

human models of DS (Benavides-Piccione et al., 2004; Takashima et al., 1989), which 

demonstrates a need to further investigate the molecular mechanisms that drive this aberrant 

growth. 

Relevant to DS, disrupted connectivity within the cerebral cortex has been found to result 

in functional anomalies which may underlie ID (Pujol et al., 2015; Xu et al., 2020). Neural and 

synaptic plasticity is the ability of neurons to continually change the strength of connections in 

response to activity. The development of such connections between neurons is also altered in DS 

(Martínez Cué and Dierssen, 2020) which provides further insight regarding the intellectual 

disability phenotype of this disorder. Changes in plasticity are often caused by alterations present 

in the dendritic spines of neurons (Newpher and Ehlers, 2009) and is dependent on an adjustment 

of the balance of excitatory and inhibitory (E/I) synapses (Carcea & Froemke, 2013; Froemke, 

2015). Increased inhibition (and consequential E/I imbalance) has been linked to DS-associated 

cognitive deficits in mouse models (Mitra et al., 2012). Glutamate is the most abundant 

excitatory neurotransmitter in the brain, playing a crucial role in learning and memory, which are 

also major functions of the cerebral cortex. The aforementioned developmental differences in DS 

neuronal morphology are prominent in excitatory cortical neurons, which are important to brain 



 

 

cognition and known to be relevant in DS (Takashima et al., 1981; Falsafi et al., 2016). Thus, our 

studies herein focus on alterations at the cellular level in glutamatergic cortical neurons during 

brain development. 

 

Growth cones and cellular cues 

Developing neurons extend out multiple processes, the longest of which eventually 

develops into the axon. The axon uses electrochemical communication to send information to 

other neurons. However, before neurons can communicate, they must find their synaptic 

partners. This process occurs during development and requires that the axon be guided to its 

synaptic target. Growth cones contain both microfilaments and microtubules (Buck and Zheng, 

2002) and are found at the end of extending axons. Growth cones have numerous finger-like 

protrusions, termed filopodia, which have receptors for extrinsic guidance cues. Guidance cue 

signaling through these receptors results in repulsion or attraction, causing the axon to extend 

toward or away from a given direction. Such steering is caused by intracellular signaling 

cascades and local translation of proteins that ultimately regulate microfilaments and/or other 

cytoskeletal proteins (Wang et al., 2016; Dent et al., 2011).  

Netrin-1 is a laminin-like protein that has been studied for its role in axonal guidance 

(Guthrie 1997). Current findings show that as a chemotropic factor, increasing concentrations of 

netrin-1 may modulate the recruitment of receptors and intracellular pathways relevant to axon 

extension (Boyer and Gupton 2018). Multiple netrin receptors have been identified in 

vertebrates, including DCC (deleted in colorectal cancer), neogenin, the UNC5 protein family 

(Moore et al., 2007), and DSCAM (Ly et al., 2008). These receptors are known to interact with 



 

 

various other receptors and intracellular signaling molecules to mediate the growth cone 

response to netrin-1.  

Down syndrome cell adhesion molecule (DSCAM) is a transmembrane receptor from the 

immunoglobulin superfamily found in vertebrates (Yamakawa et al., 1998). Human DSCAM is 

located within the critical region of chromosome 21, which has been associated with the ID 

phenotype of DS (Pritchard and Kola, 1999). DSCAM overexpression has been confirmed in the 

brains of murine models of DS and humans with DS; furthermore, the dysregulation of DSCAM 

has been linked to ID (Jia et al., 2011; Saito et al., 2000). DSCAM is known to be expressed in 

the central nervous system and serves a crucial role in its development (Montesinos, 2014). It is 

also widely expressed in both adult mouse brains and adult human brains (Barlow et al., 2001; 

Yamakawa et al., 1998). Furthermore, DSCAM is expressed in commissural axons, acting as a 

receptor required for netrin-1-dependent axonal extension (Ly et al., 2008; Liu et. al, 2009). 

However, netrin-1 is a bifunctional guidance cue and thus can also mediate repulsion through a 

DSCAM/UNC5 complex (Purohit et al., 2012). DSCAM also mediates cell-cell interactions by 

promoting cell adhesion through an extracellular domain that forms either homophilic or 

heterophilic interactions with other proteins (Purohit et al., 2012; Figure 1).  

 



 

 

 

Figure 1. Homophilic and heterophilic interactions of DSCAM. Adapted from Schmucker & Chen, 2009. 

As there is a growing body of knowledge surrounding DSCAM’s role as a netrin-1 

receptor and a cell adhesion molecule, it is of interest to increase our understanding of its 

functions in axon growth and guidance. For example, netrin-1, acting through DCC, induces the 

local translation of Dscam mRNA within mouse hippocampal growth cones. Furthermore, 

overexpression of DSCAM protein within mouse hippocampal growth cones results in reduced 

axon length (Jain and Welshhans, 2016). These findings provide the basis for our investigations 

of whether increased DSCAM contributes to the reduced connectivity that occurs in Down 

syndrome.  

 

The human induced pluripotent stem cell model 

Human induced pluripotent stem cells (hiPSCs) are a powerful model to study disease-

related molecular mechanisms that can drive various outcomes at the genotypic and phenotypic 

levels. hiPSCs are created by obtaining somatic cells and forcing ectopic expression of 

transcription factors specific to pluripotency; this reprograms the somatic cells to a pluripotent 

stem cell state (Takahashi et al. 2007). By following specific protocols, hiPSCs can then be 



 

 

induced to differentiate into nearly any cell type within the human body. Of relevance to this 

study, creating hiPSCs from individuals with Down syndrome can be used to study the altered 

neural development. They can also be used to examine how changes in gene expression lead to 

altered neural development by affecting extrinsic cues and intracellular signaling. Importantly, 

hiPSCs can also be used to study potential genetic rescue mechanisms (Wu et al., 2022). Apart 

from this, they are also valuable in designing and testing the efficacy of various drugs and 

treatments for DS (Lee et al., 2020). 

hiPSC models are particularly useful in studies where functional tissues are not 

accessible, such as the human brain. Using an hiPSC model can also alleviate some of the 

discrepancies that manifest in using murine or other vertebrate models to study the features of 

DS, as there are physiological differences between animal models and their human counterparts. 

For example, rodents share large syntenic regions with human Hsa21, but do not share the 

complex cognitive phenotypes of humans with DS (Lee et al., 2020). As hiPSCs are 

developmentally immature, they can be followed through the process of maturation to replicate 

what may be observed in vivo. However, these are 2D cultures and as such, they do not replace 

the need for organoid or animal models. This is because 2D cultures cannot accurately replicate 

microenvironment interactions which are integral to holistically understanding the progression of 

neurodevelopmental disorders.  

hiPSCs can also be used to generate organoid models of DS, which have been studied to 

try to improve our understanding of how embryonic brain development is altered in DS. For 

example, hiPSC-derived organoids have been found to support findings of reduced cortical 

volume in DS individuals (Li et al., 2022). They have also been used to study other molecular 



 

 

pathways and gene expression, as well as generate models of pathogenesis (Tang et al., 2021; Xu 

et al., 2019; Bansal et al., 2022). 

 

Treatment and rescue mechanisms in Down syndrome 

Down syndrome mouse and hiPSC models are being used to study how abnormal cellular 

and molecular mechanisms of neurons can be rescued. Many potential mechanisms, including 

genetic corrections and molecular inhibitors, have been identified to try to reverse or minimize 

the effects of this chromosome triplication and related genes implicated in Down syndrome. 

Experiments targeting increased expression of the APP gene in mice have demonstrated rescue 

effects on endosomal phenotypes that may lead to inflammatory responses characteristic of DS 

and the associated pathogenesis of Alzheimer’s disease (Chen et al., 2020). Furthermore, 

harnessing the power of XIST expression (and consequent wrapping and silencing of the extra 

chromosome 21) has been used to correct triplication dosages in neural stem cells (Czermiński 

and Lawrence, 2020).  

One of the genes known to be overexpressed in Down syndrome is DYRK1A (Dowjat et 

al., 2006), which has been identified as a promising target for rescuing various brain defects 

(Feki and Hibaoui, 2018). Two studies have examined using epigallocatechin-3-gallate (EGCG), 

a naturally occurring polyphenol found in green tea, for its extensive effects on reversing many 

of the damaging effects of the DYRK1A gene (Guedj et al., 2009; De Toma et al., 2019). EGCG 

treatment was found to inhibit DYRK1A activity, increase tau phosphorylation, and rescue 

cognitive defects in mice. Additionally, behavioral deficits associated with DS were rescued in a 

mouse model using fluoxetine, which increased neurogenesis (Clark et al., 2006). Fluoxetine is a 

selective serotonin reuptake inhibitor that increases availability of the neurotransmitter serotonin 



 

 

in the brain, which has been studied for its potential to improve cognitive function in mice with 

Down syndrome (Bianchi et al., 2010). 

Other examples of modulation include the use of siRNAs (as studied in Ly et al., 2008) or 

CRISPR-Cas9 (as studied in Tang et al., 2021) to knockdown DSCAM expression. The effects 

of DSCAM overexpression on other genes, which may contribute to morphological changes, has 

also been studied. For example, DSCAM triplication in DS has been found to deregulate PAK1 

and its phosphorylated form, p-PAK1 in mice (Pérez-Núñez et al., 2016). This was observed to 

lead to altered morphology, including a decrease in dendrite length and branching, as well as a 

decrease in the number and length of axons. PAK1 is a gene found downstream from DSCAM 

which is known to regulate the neuronal cytoskeleton and dendrite morphology (Pan et al., 

2015). This finding was then applied to Down syndrome-iPSC derived cerebral organoid models 

in Tang et al., 2021. This study found that reduced neurogenesis in Down syndrome cerebral 

organoids was rescued by the use of a small molecule inhibitor, FRAX486, to inhibit PAK1. 

This thesis focuses on defining how developing neuronal morphology is altered in human 

iPSC-derived glutamatergic neurons. Human iPSC-derived glutamatergic neurons were used 

because glutamatergic neurons are altered and contribute to the changes in cognitive function 

that occur in Down syndrome. Herein, it is also examined whether the morphological 

abnormalities of Down syndrome neurons can be rescued by reducing the overexpression of 

DSCAM. Using RNA interference, hiPSC-derived glutamatergic cortical neurons were treated 

with DSCAM siRNA and the effects on various neuronal morphologies were analyzed.  

 



 

 

Materials and methods 

Cell culture  

Two lines of hiPSCs were maintained at the University of South Carolina for the 

following experiments. These were derived from cryopreserved samples of the UWWC1-DS1 

(or DS1, Down syndrome) and UWWC1-DS2U (or DS2U, control) hiPSC lines (WiCell) which 

were preserved in mFrESR™ serum-free cryopreservation media. The cells were incubated at 

37ºC with 5% CO2 and cultured in mTeSR™ (Stem Cell Technologies). The cell culture protocol 

used was originally developed by Shi et al., 2012 and modified by Volpato et al., 2018. The 

modified protocol is used for neuronal differentiation. 

Revival: Cryopreserved samples were partially thawed. Using a micropipette, the 

contents of one preserved tube (from one line) were added, dropwise, to a 15 mL centrifuge tube. 

11 mL of chilled mTeSR™ media (StemCell Technologies) was slowly added to wash the cells. 

This mixture was centrifuged at 200 rpm for 5 minutes. Supernatant was removed, and the cell 

pellet was combined with 1.5 mL of fresh mTeSR™. The pellet was then plated into Matrigel-

coated 6-well cell culture dishes (Corning). About 0.5 mL of the pellet and mTeSR mixture was 

added dropwise to a single well, resulting in three wells used per line. This was repeated for the 

second line of cells. Both cell lines were cultured in the same 6-well dish and then moved to 

separate plates as maintenance and splitting progressed. Media was changed after 2 days of 

growth.  

Maintenance: The hiPSC lines required scraping and media change every day after the 

2-day period following revival. To maintain, any developing differentiation and large colonies 

were scraped regularly, standing media was aspirated, and replaced with 2 mL of mTeSR™ 

daily. 



 

 

Passaging and splitting: Cells were passaged about every 7 to 8 days. Before beginning, 

Matrigel-coated dishes were prepared. 1 mL of GCDR (Stem Cell Technologies) was added to 

the wells and aspirated after 6 minutes. 1 mL of mTeSR™ was added and cells were scraped 

using a lifter. For passaging, the contents of two wells were plated onto the new dishes using a 

micropipette at 50-70 µL/well, depending on original confluency of the wells. When splitting, 

the contents of one well were divided into two. Media was replaced 48 hours after passaging or 

splitting. 

Differentiation: Cells are ready after passaging a few times, reaching about 80-90% 

confluency. To passage for differentiation, 1 mL of dPBS was added to each well after removing 

old media. This was immediately aspirated off and incubated with 1 mL of GCDR for 5 minutes 

at room temperature. After aspirating off the GCDR, 1 mL of mTeSR™ plus Y-27632 (ROCK 

inhibitor, Sigma-Aldrich) was added. 2 wells were scraped, combined, and added to one well on 

a Matrigel-coated dish. 

Neural induction: 24 hours after passaging for differentiation, the cells were checked for 

100% confluency. Once confirmed, the cells are washed with PBS and introduced to 2 mL of 

neuronal induction media (NIM) for 12 days. This NIM was made every five days by combining 

25 mL of neuronal maintenance media (NMM), 25 µL of Dorsomorphin, and 25 µL of 

SB431542 (an inhibitor of the TGF-β/Activin/NODAL pathway). 

Neuronal stage: After hiPSCs have been passaged through the intermediate stage (day 12 

of NIM), the cells are added into neural maintenance media (NMM), which contains DMEM:F12 

plus glutamax, among other nutrients and components for growth and maintenance. This is done 

by adding 200 µL of Dispase directly into the media and incubating at 37ºC for 3 minutes. Using 

a micropipette, the cells are removed while keeping the sheet as intact as possible. The sheet was 



 

 

added to a 15 mL centrifuge tube containing 10 mL of fresh NIM. The mixture was allowed to 

settle for a few minutes, after which the supernatant was discarded. 4 mL of fresh NIM was 

added to the tube slowly, being careful not to break up the large clumps. Two pre-coated laminin 

wells were filled with 2 mL each. The cells were incubated overnight at 37ºC to reattach, and the 

media was changed to NMM plus FGF2 the next day (made by adding 4 µL of FGF2 aliquot in 

20 mL of NMM). This FGF2 treatment was continued for 4 days, with media refreshed at 48 

hour intervals. After 4 days of NMM plus FGF2 treatment, if neuronal rosettes start to meet or a 

neural crest begins to appear, the cells are split into two wells using the same Dispase protocol as 

above.  

Passaging to single cells: At about day 25 after induction, neurons on the outer rim of 

the rosettes become visible and are ready to be passaged to single cells. Cells are first washed 

with PBS after removing media, and then dissociated with 0.5 mL of accutase per well. Cells 

were incubated at 37ºC for 5 minutes. To detach, the cells were pipetted up and down, and then 

added into a 50 mL centrifuge tube containing 10 mL of neural maintenance media. Cells were 

centrifuged at 400g for 5 minutes, washed with fresh NMM, and resuspended in 2 mL of fresh 

NMM. The cells were transferred to laminin-coated wells. The media was replaced the day after 

plating, and then in 48 hour intervals. At this point, the cells could be passaged and split at 90-

100% confluency, approximately every few days, until ready for final plating.  

Gene knockdown using DSCAM siRNA: For gene knockdown, pre-designed human 

DSCAM Accell siRNA and non-targeting control siRNA (NTC) were obtained from 

Dharmacon. These siRNA solutions were added to NMM. The cells were incubated with either 1 

µL of the human DSCAM siRNA or the siRNA NTC for 96 hours in vitro. 



 

 

Final plating: At about day 35 after neural induction, the cells were at a high confluency 

and ready for final plating. Cells were washed using 2 mL of PBS per well. 0.5 mL of accutase 

was added per well and allowed to incubate for 5 minutes at 37ºC. After gently pipetting the cells 

to detach, they were added into 10mL of NMM. This was centrifuged for 5 minutes at 400g and 

resuspended in NMM. Cells were then counted using a hemocytometer and Trypan blue. Cells 

were plated onto PLL and laminin-coated coverslips (Carolina Biologics) in a 12-well plate, at 

about 10,000-15,000 cells per coverslip. Media was replaced the day after plating, and then at 48 

hour intervals. 

Immunocytochemistry 

Fixation: Cells were fixed onto the coverslips by adding fresh 4% paraformaldehyde 

with sucrose (in PBS) for 17 minutes. Coverslips were washed three times using PBS + 5mM 

MgCl2, incubating for 5 minutes at room temperature. 

Immunostaining The coverslips were placed in TBS50 for 5 minutes, then permeabilized 

in 0.3% TBS50/Triton X-100 for 5 minutes and placed in IF buffer for 5 minutes. Coverslips 

were blocked in blocking buffer for 1 to 2 hours. Coverslips were then incubated cell side down 

on a drop of primary antibody (in IF buffer), which could be incubated overnight at 4ºC or 1 hour 

at room temperature. Four 5-minute washes with IF buffer were performed. Coverslips were then 

incubated cell side down upon a drop of secondary antibody (in IF buffer). Four more 5-minute 

washes of IF buffer were performed. The coverslips were rinsed briefly in 1X PBS two times. 

Then, after a brief rinse in DEPC water, the coverslips were carefully blotted dry and mounted 

on a drop of mounting media (stored at -20ºC) upon a microscope slide. The slide was dried 

overnight at room temperature in a cool, dry place. The following primary antibodies were used: 

mouse anti-TRA-1-60 (1:500; Abcam), rat anti-CTIP2 (1:500; Abcam), rabbit anti-DSCAM 



 

 

(1:500; Sigma) and mouse anti-TUBB3 (1:1000; DSHB). The following secondary antibodies 

were used: donkey anti-mouse 488 (1:1000; Invitrogen), donkey anti-rat Cy3 (1:500; Jackson 

Immuno), DAPI (1:1000; Sigma), goat anti-rabbit Alexa 488 (1:1000; Thermo Fisher Scientific), 

and goat anti-mouse Alexa 568 (1:1000; Thermo Fisher Scientific). 

Image acquisition  

Slides were imaged using a Nikon Ti2E inverted microscope and a Hamamatsu Orca 

Fusion camera in stitched images at 20x with 15% overlay. Fluorescence intensity and other 

cellular attributes were measured using the DIC, TxRed (for TUBB3), and FITC (for DSCAM) 

channels. Morphological attributes and fluorescence were analyzed using ImageJ. Data was 

recorded, averaged, and normalized to the control group in Microsoft Excel. Graphs and 

statistical analysis were performed in GraphPad Prism.  

 

Results 

All experiments herein were performed using two hiPSC lines: one created from an individual 

with Down syndrome and an isogenic control line. This experiment is an n of 1 differentiation. 

Therefore, no statistical analyses were performed on the data, other than normalization to the 

control sham group. The results should be considered in the context of no replications and 

suggests future replicative experiments need to be completed. 

Determination of cortical glutamatergic neuronal identity via CTIP2 

Coup-TF interacting protein 2, or CTIP2 (also known as Bcl11b), is known to be 

expressed in a subset of layer V neurons in the cerebral cortex along with other markers of 

glutamatergic markers, such as VGLUT1 (Alcamo et al., 2008; Lai et al., 2008; Franco et al., 



 

 

2011).  Therefore, it is used as a marker of cortical glutamatergic neuronal identity. TRA-1-60 is 

a cell surface antigen expressed on induced pluripotent stem cells and is commonly used as a 

marker of pluripotency, as it is lost as differentiation proceeeds (Schopperle & DeWolf, 2007). 

We performed immunocytochemistry on these hiPSC lines for CTIP2 and TRA-1-60 and found 

that these cells expressed the appropriate markers at each developmental stage (Figure 2). 

Before differentiation, hiPSCs expressed TRA-1-60; whereas after neuronal differentiation, 

hiPSC-derived neurons expressed CTIP2. 

 

Figure 2. The hiPSC lines used express pluripotency and neuronal markers at appropriate stages. A) hiPSC 

colonies were stained for TRA-1-60. Scale bars, 50μm. Brightness and contrast were adjusted to optimize visibility. 



 

 

B) hiPSC-derived neurons were stained for CTIP2 . Scale bars, 50μm. Brightness and contrast were adjusted to 

optimize visibility. 

 

DSCAM is overexpressed in Down syndrome hiPSC-derived neurons 

DSCAM has been found to be overexpressed in various DS samples, including post-

mortem human tissue samples, murine models, and some neuronal cell lines (Saito et al., 2000; 

Jia et al., 2011; Pérez-Núñez et al., 2016). Therefore, we sought to examine the same in herein. 

In this experiment, Control and DS neurons were used in the following groups: no treatment 

(Sham), scrambled siRNA, and DSCAM siRNA. We then quantified DSCAM expression by 

performing immunocytochemistry, which stained cell samples for the DSCAM protein (see 

Methods and Materials). DSCAM was significantly increased in the soma of DS hiPSC-derived 

neurons, as compared to the isogenic control neurons (Figure 3; Sham Control vs. Sham Down 

syndrome).  DSCAM expression was also increased in DS hiPSC-derived neurons treated with 

scrambled siRNA as compared to control hiPSC-derived neurons treated with scrambled siRNA 

(Figure 3). Thus, this experiment further validates that DSCAM is overexpressed in DS and 

establishes the hiPSC model as suitable to study for the development of therapeutics and target 

mechanisms related to DSCAM. 

However, we were unable to knockdown DSCAM using siRNAs in the DS neurons. 

There was not a significant reduction in DSCAM expression in the DSCAM siRNA-treated DS 

hiPSC-derived neurons as compared to their Sham and scrambled counterparts (Figure 3). This 

suggests that the knockdown was not successful.  



 

 

 

Figure 3. DSCAM protein expression is increased in DS hiPSC-derived neurons. A) Neurons were stained for 

DSCAM, and fluorescence in the soma was quantified. Scale bars, 20μm. Brightness and contrast were adjusted to 

optimize visibility.  B) Quantification of DSCAM normalized to control. DSCAM expression is increased in DS 

neurons. For DS neurons treated with DSCAM siRNA, DSCAM expression is not different when compared to 



 

 

DSCAM siRNA group, suggesting knockdown was not successful. Control Sham, n = 39 neurons; Control 

Scrambled siRNA, n = 48 neurons; DS Sham n = 60 neurons; DS scrambled siRNA, n = 60 neurons; DS DSCAM 

siRNA, n = 60 neurons.  

 

Morphological deficits observed in Down syndrome hiPSC-derived neurons 

Because DSCAM overexpression has been linked to morphological alterations in other 

models, the effect of DSCAM on such attributes was observed between the two cell lines. There 

were observed differences in axon length and overall neurite length  between DS and control 

neurons. The axon length and overall neurite length was increased in DS neurons (Figure 4A, B, 

and C), as compared to Control neurons. Some DS neurons also exhibited increased branching 

in their axons compared to control neurons (Figure 3A), but quantification did not show any 

difference (Figure 4E). The development of a prominent axon and increased branching can be 

used as a general indicator of excitatory neuron development (Shi et al., 2012). These results 

suggest that Down syndrome, and potentially DSCAM overexpression, may be linked to 

morphological deficits.  

The soma area and dendritic morphology of the neurons were also analyzed. The mean soma 

area is very slightly reduced in the DS lines (Figure 4D).  Dendritic morphology (length and 

number) was not different between the lines (Figure 4F and 4G). We were unable to make any 

conclusions about the DS neurons treated with DSCAM siRNA in relation to these morphology 

parameters because the knockdown was unsuccessful (Figure 4B). 



 

 

 



 

 

Figure 4. A) Neurons were stained for β-tubulin. Axon length, number of axon branches, number of dendrites, total 

dendrite length, total neurite length, and soma area were quantified. Scale bars, 20 μm. Brightness and contrast were 

adjusted to optimize visibility. B-C) Down syndrome hiPSC-derived neurons have longer axons and total neurite 

length. D) Mean soma area is slightly reduced in Down syndrome hiPSC-derived neurons. E-G) There was no 

difference in axon branching, dendrite length, and number of dendrites between the hiPSC-derived control and DS 

neurons.  Control Sham, n = 39 neurons; Control Scrambled siRNA, n = 48 neurons; DS Sham n = 60 neurons; DS 

scrambled siRNA, n = 60 neurons; DS DSCAM siRNA, n = 60 neurons. 

 

DSCAM may regulate morphology via TUBB3 

We also examined the expression levels of β-tubulin III (TUBB3), which is a protein 

primarily expressed in neurons and plays an important role in the development and maintenance 

of neuronal structures and function. It is a major constituent of microtubules, which are 

cytoskeletal structures that provide stability and shape to the neuron and are essential for a 

variety of functions, including axon guidance (Tischfield et al., 2010). It is a common neuronal 

marker. After staining for TUBB3 using immunocytochemistry, it was found that TUBB3 

expression is increased in DS neurons (DSCAM siRNA, scrambled siRNA and Sham groups; 

Figure 5). However, it was also upregulated in Control neurons treated with scrambled siRNA. 

This makes the results difficult to interpret because we would expect that the Control 

neuron/Sham group would be the same as the Control neuron/scrambled siRNA group. This 

suggests that the scrambled siRNA may be having an effect on TUBB3 expression; this means 

that it is not possible to make a conclusion about the Down syndrome neurons based on this data. 



 

 

 

Figure 5. TUBB3 protein is expressed in higher amounts in control neurons treated with scrambled siRNA and all 

DS hiPSC-derived neurons., as compared to sham control neurons. A) Neurons were stained for β-tubulin, and 

fluorescence in the soma was quantified.  Scale bars, 20μm. Brightness and contrast were adjusted to optimize 

visibility.  B) Quantification of TUBB3 normalized to control. TUBB3 expression levels are higher in control 



 

 

neurons treated with scrambled siRNA and all DS hiPSC-derived neurons, as compared to sham control neurons.  

Control Sham, n = 39 neurons; Control Scrambled siRNA, n = 48 neurons; DS Sham n = 60 neurons; DS scrambled 

siRNA, n = 60 neurons; DS DSCAM siRNA, n = 60 neurons. 

 

Discussion 

DSCAM in Down syndrome 

Down syndrome (DS), or trisomy 21, is a genetic neurodevelopmental disorder characterized 

by the presence of an additional copy of all or part of human chromosome 21 (HSA21). One of 

the genes present on this chromosome is DSCAM (Down syndrome cell adhesion molecule), 

which is crucial to various developmental processes. These include neuronal growth, growth 

cone formation, and synaptic function (Zhu et al., 2011). DSCAM is overexpressed in 

postmortem tissue and murine models (Saito et al., 2000; Jia et al., 2011; Pérez-Núñez et al., 

2016).  

Down syndrome is also the largest cause of genetic-related intellectual disability (ID). The 

overexpression of DSCAM is being studied as a potential target for the development of 

therapeutic interventions, as it has effects on cognitive function and can ultimately impact 

intellectual disability. DSCAM is one of many genes implicated with the triplication of HSA21, 

the smallest human autosomal chromosome. The long (q) arm of the chromosome has been 

completely sequenced by Hattori et al. in 2000, but the shorter (p) arm is still in the process of 

being sequenced (Patterson, 2009). The function of all the possible genes and gene models is not 

completely known. Even with those whose functions have been identified, the mechanisms by 

which the phenotype of intellectual disability arises are not well understood. There are many 

confounding variables, as Down syndrome also presents across a spectrum of severity, making it 



 

 

harder to determine the effect of gene dosage, alternative splicing, and other mechanisms that 

make an individual’s genotype and phenotype unique to their condition.  

DSCAM, specifically, has been linked with abnormalities in synapse formation and 

maturation  (Sachse et al., 2019). Synaptic alterations are often the culprit in the development 

and progression of cognitive deficits in neurodevelopmental disorders such as Down syndrome. 

DSCAM has also been found to affect dendritic morphology, which is a crucial component of 

synaptic plasticity and connectivity (Maynard & Stein, 2012). DSCAM has effects on 

downstream pathways and is associated with changes in gene expression patterns and cell 

signaling pathways that are directly affected in neurodevelopment. These could contribute to the 

impairments common to individuals with DS, including intellectual disability. Thus, DSCAM is 

a good gene of interest to target in developing treatments because it is widely known to be 

overexpressed, and impacts mechanisms known to potentially contribute to ID. Herein, we find 

that DSCAM expression is increased in Down syndrome hiPSC-derived cortical neurons (Figure 

3). This is important, as it establishes this particular cell line as a viable and effective model that 

can be used to develop treatments and study pathophysiology and underlying molecular 

mechanisms related to DSCAM. However, we were surprised to find that our treatment with 

DSCAM siRNA was unsuccessful and did not result in a knockdown in DSCAM protein 

expression, as observed by unchanged levels of DSCAM between the DS Scrambled siRNA and 

Sham groups as compared to the DS DSCAM siRNA group (Figure 3). It may also be 

considered that compensatory mechanisms may be maintaining high DSCAM protein levels, 

such as alternative splicing, post-transcriptional modifications, or differences in cellular 

metabolism and other factors that may affect the efficacy of siRNA knockdowns. Nevertheless, 

increased DSCAM and TUBB3 expression in these cell lines verify previous results in neurons 



 

 

derived from other Down syndrome iPSC lines (Manasi Agrawal, unpublished results), and 

establishes that this line is an effective model that can be used to study these gene expression 

pathways. 

 

Synaptic deficits and morphology rescue 

It has previously been established that DSCAM overexpression leads to altered synaptic 

formation and neurite growth. A variety of papers have observed a relationship between the 

overexpression of DSCAM and altered dendritic arborization, as well as the gene’s influence on 

synaptic density, specificity, and plasticity in a Drosophila model (Yamagata et al., 2003; Chen 

et al., 2006). The current experiment supported the generalization that a change in neuronal 

morphology is influenced by the expression of DSCAM. DS neurons showed increased axon 

length and total neurite length relative to the control group. These changes may be attributed to 

fluctuating levels of microtubules present in the growing neuron’s cytoskeleton. 

Cortical neurogenesis among individuals with Down syndrome is generally 

downregulated, and there is also a slower differentiation rate of neurons (Contestabile et al., 

2007; Guidi et al., 2008). This mechanism contributes to the DS-associated cognitive defects and 

neurological complications (Korenberg et al., 1994; Lott & Dierssen, 2010). Neurons in earlier 

stages of differentiation exhibit shorter axon length and less branching, as previously mentioned 

(Shi et al., 2012). Therefore, we find it puzzling that we had longer axons and neurite length in 

the current experiment. This also leads to another identifiable limitation of this experiment. The 

small sample size may have hindered the ability to draw a significant conclusion from the limited 

pattern present. Specifically, it was difficult to identify isolated pyramidal neurons in the control 

line, leading to a lesser number of neurons to analyze, which may have had an effect on the data.  



 

 

It is also worth noting that creating and maintaining hiPSC lines can be a challenging, resource-

intensive, and time-consuming process, which limits the number of samples available for 

research. Additionally, there may be inherent variability between lines, as DS presents with high 

inter-individual variability, meaning that individuals with DS exhibit a large spectrum of 

phenotypes.  

TUBB3, or beta tubulin 3, is a protein expressed primarily in neurons. It is involved in 

the formation and stabilization of microtubules in the axon, as well as dendrite development and 

maintenance (Radwitz et al., 2022). Therefore, there is a correlation between morphological 

attributes of neurites and the expression of TUBB3 in these hiPSC-derived neurons. There is 

limited research on the direct interaction between DSCAM and TUBB3. The indirect impact of 

DSCAM overexpression on microtubule dynamics may be causing a compensatory effect of 

TUBB3. For example, a paper by Simmons et al. suggests that DSCAM and TUBB3 interactions 

regulate dendrite and axon arborization. This interaction may be important for establishing 

connectivity and synaptic plasticity, which may be integral to understanding DS-associated 

cognitive defects (Simmons et al., 2017). The question still remains: to what extent can knocking 

down DSCAM (and thereby modulation of TUBB3 expression) rescue intellectual disability? 

 

DSCAM siRNA knockdown and other mechanisms 

DSCAM has a crucial role in the development of the nervous system, including neural 

development, synaptic connectivity, and axon guidance, as previously described  (Yamakawa et 

al., 1998). It has specifically been shown to be important in dendrite arborization and spine 

formation in cortical pyramidal neurons, such as those studied in this experiment (Maynard & 

Stein, 2012). In addition to this, DSCAM has been implicated in several other cellular processes 



 

 

in the developing brain. For example, DSCAM has been shown to play a role in cell survival, 

proliferation, and migration (Mitsogiannis et al., 2020). DSCAM has also been implicated in 

other diseases and disorders, such as autism spectrum disorder and Alzheimer's disease, 

highlighting the importance of this gene in Down syndrome and beyond (Viard et al., 2022). 

Therefore, it is a promising target for therapy development. 

One potential approach is using small interfering RNA molecules, or siRNAs, to “knock 

down” the DSCAM gene. siRNAs target and degrade messenger RNA (mRNA), leading to 

decreased expression of a desired protein (Haiyong 2018). This technique is very useful, as it has 

a high specificity and potency to almost any gene of interest (Semizarov et al., 2003). siRNAs 

are synthesized relatively quickly and inexpensively. However, a major limitation of this 

mechanism is the chance of unintended off-target effects, which can have unknown 

consequences and serve as a confounding variable in models (Sudbery et al., 2010). This is why 

using a scrambled control siRNA alongside a sham group is important. The scrambled control 

siRNA is used by researchers to distinguish between effects of knockdown and the 

aforementioned off-target effects. A scrambled control is typically a treatment of siRNA that 

does not target any specific gene or using a treatment that has no known biological effect. The 

scrambled control siRNA can be compared to the specific siRNA knockdown (e.g. DSCAM) to 

ensure the validity and reliability of the results and enables researchers to draw accurate 

conclusions about the role of the target gene. One more limitation of siRNAs is their variable 

efficacy, which depends on the target gene and the cell type they are used in. In the case of 

DSCAM, siRNA knockdown may be an effective approach due to the high expression of 

DSCAM in neurons. However, it is important to consider the potential for off-target effects and 

alternative mechanisms for targeting DSCAM, as well. For example, in this experiment, siRNA 



 

 

knockdown was not successful, therefore it cannot be established based on its results alone that 

siRNAs are the most effective treatment.  

Although the siRNA knockdown was unsuccessful, there are still various avenues for 

further exploration. This may include testing the efficacy of other siRNAs to target different 

regions of the DSCAM gene. The particular siRNA may not be as effective on this cell line, as 

individual variability impacts gene expression as well. Additionally, alternatives include 

examining alternative mechanisms, such as CRISPR-Cas9, antisense oligonucleotides, or small 

inhibitory molecules. These are other targeting mechanisms which have been studied in the 

context of controlling gene expression across a wide variety of disorders and diseases and could 

be used to examine the disease phenotype in DS, and more specifically, in the DS1 / DS2U 

hiPSC cell lines. 

CRISPR-Cas9 (Hsu et al., 2014) is a new, evolving technique for genome editing which 

is used to target and cut specific DNA sequences within a gene, generating the “knockout” or 

“knockdown” of a gene. It is a highly favored gene editing tool in recent times for its high 

specificity and precision, but also has certain shortcomings. Its limitations include the potential 

for off-target effects and the difficulty of delivering Cas9 protein and guide RNA to more 

specialized cell types. Antisense oligonucleotides can also be utilized as another technique to 

knockdown genes. They are short synthetic molecules of genetic material, either DNA or RNA, 

which hybridize with complementary sequences to interfere with function. The power of these 

oligonucleotides has been used successfully in several preclinical and clinical research settings. 

This technique is often not as efficient and can vary in its design and delivery in particular 

tissues and cells. Lastly, small molecules are yet another potential approach for targeting specific 

genes of interest. They are designed to inhibit protein function or interfere with gene expression 



 

 

through inhibition or destruction of transcript sequences, destabilizing mRNA, and translation of 

the protein. This technique is most useful when targeting genes that are more difficult to access 

using other techniques. Much like other techniques, this one also has its limitations. It requires 

careful optimization of molecular properties and delivery method, as there is a potential of 

toxicity and off-target effects. These techniques are relevant to not only DSCAM, but also 

various other genes implicated in this neurodevelopmental disorder. 

 

Other genes implicated in the DS intellectual disability phenotype 

Identification and understanding of the genes present on HSA21 and their roles in 

neurodevelopmental processes is crucial in advancing an understanding of DS itself and the 

development of effective treatments. Intellectual disability is one of the most prominent, but not 

the only, effect of altered gene expression in DS. Individuals with Down syndrome have distinct 

physical features (small head, flat facial profile, almond-shaped eyes, etc.), higher risk of 

developing medical conditions (including Alzheimer’s disease, congenital heart defects, 

respiratory infections, hearing and vision problems, and more), delays in development (not just 

intellectually, but also in motor skills, speech, and language). The severity and impact of these 

comorbidities varies but are all associated with the triplication of HSA21. The genes studied 

herein, DSCAM and TUBB3, must be studied in context of the entire disorder, as they interact 

with other genes and proteins to produce a personal phenotype for each individual with the 

syndrome. TUBB3 is located on chromosome 16, which is not triplicated in DS, but expression 

of this gene is upregulated in DS neurons. There are about 225 protein-coding genes located on 

chromosome 21 and triplicated in individuals with Down syndrome. Overall, this triplication of 

chromosome 21 in individuals with Down syndrome is thought to result in genome-wide 



 

 

dysregulation. Some of these genes interact with DSCAM and TUBB3, which were found to be 

upregulated in hiPSC-derived glutamatergic neurons from individuals with Down syndrome. 

 Anywhere between 40 to 60 percent of individuals with Down syndrome develop 

Alzheimer’s disease in later life (Salehi et al., 2016). Amyloid beta precursor protein (APP) is a 

transmembrane protein involved in the formation of amyloid beta plaques, pathological 

hallmarks of Alzheimer’s disease (Zheng & Koo, 2011). The APP gene is of interest, as 

individuals with Down syndrome have three copies of APP and therefore an elevated expression, 

which may be related to their increased risk of developing Alzheimer’s (Salehi et al., 2016). APP 

has also been shown to interact with DSCAM in regulating axon guidance and synaptic function. 

There is currently limited research to demonstrate that APP may regulate the expression and 

function of DSCAM, and potentially affect its role in synapse formation and axon guidance. 

Although studies suggest that APP and DSCAM have a related expression pattern (Jia et al., 

2017), it is still largely unknown how exactly DSCAM overexpression relates to APP and 

Alzheimer’s. Therefore, this is a potential avenue hinting towards future studies, especially in 

hiPSC models, as much of the existing literature revolves around murine models. One study 

found that APP deficiency led to decreased spine number and dendritic branching, and impaired 

synaptic function (Tyan et al., 2012), suggesting that APP might also be contributing to this. 

APP may be the most widely studied gene in Down syndrome pathology, and therefore it is 

important to examine its interactions with DSCAM and its greater implications for neuronal 

morphology. 

 Dual-specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A) is a protein 

kinase also known to be overexpressed in individuals with DS. It is involved in several cellular 

processes, including cell cycle regulation, learning, and memory. It is also crucial to neural 



 

 

development and interacts with DSCAM to regulate this process (Sachse et al., 2019). Disruption 

of DYRK1A has also been linked to autism spectrum disorder (ASD) and has been speculated to 

be important in other neurological disorders as well (Earl et al., 2017). A recent study by Viard et 

al., 2022 found that the intracellular domain of DSCAM binds DLGs, (multimeric scaffolds 

comprising receptors), ion channels and associated signaling proteins, or DYRK1A. This binding 

forms a distinct complex, which the researchers coined as the “DSCAM-DYRK1A interaction 

domain.” The pathways that are affected by DYRK1A triplication impairs are not completely 

understood, but the discovery of this interaction domain suggests that DYRK1A and DSCAM 

have a complex link to not only Down syndrome, but also other neurological diseases with a 

genetic component. The studies mentioned in the introduction by Guedj et al. (2009) and De 

Toma et al. (2019) investigated the potential therapeutic benefits for targeting the DYRK1A-

DSCAM pathway with epigallocatechin gallate (EGCG), a natural compound found in green tea. 

The studies found that the treatment reduced the overexpression of DYRK1A and improved 

cognitive function in mice. Overexpression of DYRK1A has been linked to cognitive deficits 

and other features of Down syndrome. Additionally, one study found that inhibition of DYRK1A 

led to a lack of differentiation in human embryonic stem cells (Bellmaine et al., 2017). This is 

interesting when compared to the findings of this experiment, as the triplication of DYRK1A in 

the DS line may have resulted in premature differentiation. However, this is not conclusive, as 

individual gene interactions are highly variable between individuals and also between cell lines. 

Therefore, the DYRK1A and DSCAM interaction is relevant to studying cognitive deficits in 

relation to neuronal morphology in DS. 

 Super oxidase dismutase 1 (SOD1) is an antioxidant enzyme that protects cells from 

oxidative stress by catalyzing the conversion of superoxide radicals into hydrogen peroxide and 



 

 

molecular oxygen (Xu et al., 2022). However, the relationship between SOD1 and oxidative 

stress is not always linear and has been demonstrated to be complex. In some cases, 

overexpression of SOD1 decreases oxidative stress (Dimayuga et al., 2007). In other studies, 

knockdown of SOD1 leads to an observed increase in oxidative stress (Xu et al., 2022). 

However, an overexpression of SOD1 has been linked to increased cellular oxidative stress and 

pathology of DS (Nabarra et al., 1996; Lee et al., 2001). Overexpression of SOD1 has been 

linked to learning and memory deficits (Shin et al., 2004), which suggests it may have a role to 

play in cognitive defects present in disorders like Down syndrome. SOD1 has been demonstrated 

to be upregulated in DS brains (Brooksbank & Balázs, 1983). Another study found that in 

animals with SOD1 mutations, DCC expression is also altered (Liu et al., 2020). As DCC is a 

DSCAM-interacting gene, it could be affected in SOD1 mutants and may be a potential 

opportunity for further research. Irregularities in TUBB3 are known to disrupt netrin signaling 

(Shao et al., 2019), hinting towards a relationship between all of these components of neural 

development. One study generated motor neurons from hiPSCs and observed that mutations in 

SOD1 caused significant differences in cell morphology (Dash et al., 2022). Although this was 

not studied in the context of Down syndrome, this may suggest that studying the effects of 

altered SOD1 in DS neurons is an interesting way to observe changes in cell morphology, and 

ultimately their ability to establish strong connections. Overall, these findings establish SOD1 as 

an interesting candidate in the study of gene interactions impacting the intellectual disability 

phenotype associated with Down syndrome. 

Potassium inwardly-rectifying channel, subfamily J, member 6 (KCNJ6) is a potassium 

channel known to regulate membrane potential and neuronal excitability by regulating potassium 

flow into the cell (Horvath et al., 2018). It is triplicated in DS, and its overexpression alters 



 

 

synaptic plasticity and causes learning and memory deficits in mouse models of DS (Cooper et 

al., 2012). Rescue of deficits using fluoxetine was successful, demonstrating that gene dosage of 

KCNJ6 are relevant in these anomalies (Kleschevnikov et al., 2017). This demonstrates a 

relationship to the abnormal neurological phenotypes characteristic of DS. One paper found that 

a KCNJ6 haplotype led to an observed increase in the number of neurites, their area, and amount 

of branching  (Popova et al., 2023). This is important in the context that the experiments 

performed as the basis of this paper are studying excitatory cortical neurons. Therefore, 

alterations in potassium channels can also impact the ability of neurons to extend neurites, form 

synapses, and be stimulated for a signaling function. 

 

Interferon signaling, oxidative stress, and cellular senescence in relation to pathways 

altered in various phenotypes of Down syndrome 

Interferons are signaling proteins released in response to the detection of viruses to 

heighten antiviral defense (Kline & Kitagaki, 2006). Interferon signaling is a complex pathway 

that contributes to the innate immune system by binding to specific receptors and triggering a 

signaling cascade to express interferon-stimulated genes (ISGs). One very important ISG known 

to contribute to the weakened immune response and increased susceptibility to respiratory 

infections observed in individuals with Down syndrome is myxovirus resistance 1 (MX1), an 

interferon-inducible antiviral defense protein. It is known to be triplicated in Down syndrome 

and linked to cognitive impairment (Blank et al., 2016), presenting an interesting case for 

potential targeting mechanisms as well. MX1 interferon signaling is involved in the immune 

response and inflammatory reaction (Hadjadj et al., 2020), both of which are known to be altered 

in DS (Ram & Chinen, 2011). The increased risk of autoimmune disorders, infections, and 



 

 

cancers in individuals with DS has been suggested to be caused by dysregulation in interferon 

signaling (Chung et al., 2021). Transcriptional analysis and further research have shown that 

upregulation of IFN-related factors not encoded on chromosome 21 contribute extensively to this 

dysregulation (Krivega et al., 2021; Waugh et al., 2019). 

Correction of interferon receptor gene dosage has been shown to rescue multiple key 

phenotypes in a mouse model of trisomy 21 by increasing antiviral responses, preventing 

malformations of the heart, decreasing developmental delays, improving cognition and 

correction of craniofacial abnormalities (Waugh et al., 2022). MX1 is likely therefore involved in 

the regulation of neuronal function and plasticity. 

Oxidative stress, among other genotoxic factors, is known to impair the innate immune 

response, especially in human cells containing extra chromosomes, such as in individuals with 

DS (Krivega et al., 2021). Upregulation of interferon signaling in DS has been suggested to be a 

result of upregulated IFN-related factors and the low-grade inflammation they induce (Krivega et 

al., 2021). This increased inflammation feeds into increased oxidative stress, further illustrating a 

relationship between intellectual disability and interferon signaling in DS. Therefore, targeting 

MX1 interferon signaling could be a possible therapeutic strategy, although it may prove to be 

challenging with the numerous pathways and functions in which MX1 participates. Interferon 

signaling is thereby determined to have a major role in oxidative stress, which impacts 

neurodevelopmental cellular senescence (Frisch & MacFawn, 2020; Jin et al., 2022).  

In neurodevelopment, cellular senescence is a process in which neurons enter a stage of 

growth arrest which is irreversible and forces them to stop dividing (Klein et al., 2023). This can 

occur in embryonic development, impacting crucial stages in brain formation and other pre- and 

postnatal growth (Huang et al., 2022). Senescence is a stress response, resulting from an 



 

 

imbalance between reactive oxygen species (ROS) and antioxidant defense mechanisms. 

Increased ROS damages DNA and other macromolecules and increases neuroinflammation via 

release of cytokines and chemokines (Perluigi & Butterfield, 2011). It is associated with 

accelerated cellular aging (Hayflick & Moorhead, 1961), relating to the preexisting knowledge 

that individuals with DS experience premature aging, including that of their immune system 

(Marcovecchio et al., 2021). Therefore, it is important to consider the role of pathways in cellular 

senescence and oxidative stress when studying the etiology and pathogenesis of 

neurodevelopmental disorders with phenotypes of intellectual disability, such as Down 

syndrome. 

One interesting hypothesis regarding this proposes that despite the known detrimental 

effects of oxidative stress and cellular senescence on brain function, the brain can adapt to 

respond via compensatory mechanisms (Perluigi & Butterfield, 2011). As the developing brain 

faces greater levels of ROS and stress at the start of pathogenesis, the surviving cells learn to 

proliferate by using defense mechanisms to compensate. This proposition was supported by one 

study which examined oxidative stress in lymphocytes, a type of white blood cell crucial to 

immune response (Zana et al., 2006). This, taken with the importance of interferon signaling, 

demonstrates a need to study the effects of the microenvironment of the neurons growing in 

developing individuals with Down syndrome. One study showed that compensatory mechanisms 

may include an increased metabolic rate and activation of plasticity mechanisms (Head et al., 

2007). Genes such as APP, DYRK1A and SOD1, known to regulate neuronal growth, may also 

promote compensatory mechanisms as the cells age prematurely (Head et al., 2007), and the total 

effects of their overexpression require further understanding. 



 

 

To further support the role of interferon signaling, an upregulation of MX1 is known to 

promote the senescence-associated secretory phenotype (SASP) (Nagaraj et al., 2022), which can 

contribute to neuroinflammation and cognitive decline in association with neurodegenerative 

diseases, including DS (Martínez-Cué & Rueda, 2020). MX1 has also been shown to play a role 

in regulating cellular senescence in various cell types, including neurons. Similarly, the 

activation of pathways involved in cellular senescence can lead to changes in gene expression 

and cellular metabolism that promote survival and maintain cellular function. It has been recently 

discovered that in DS cells, genome-wide disruptions caused by the trisomy of chromosome 21 

lead to alterations in chromosome configuration, DNA accessibility in neural progenitor cells, 

and a senescence state (Meharena et al., 2022). This study establishes senescence as a potential 

target for studying rescue effects. 

The expression of SOD1 and other antioxidant enzymes may be upregulated in response 

to this stress, which can reduce the amount of ROS and protect the cells from further damage. 

However, as examined before, SOD1’s mechanism has not been studied sufficiently to determine 

that its relationship with neuron morphology and neurite extension is not a result of downstream 

effects. An increased expression of SOD1 results in greater breakdown of ROS into hydrogen 

peroxide (H2O2) and molecular oxygen (O2). However, a large accumulation of H2O2 can result 

in increased oxidative stress, further exacerbating the issue. Despite this, SOD1 is known to be 

upregulated in various tissues from individuals with DS (de Haan et al., 1995), suggesting that 

the regulation of oxidative stress is variable, and therefore may contribute to the variability in 

cognitive phenotypes observed in individuals with DS. The APP gene is also known to increase 

levels of oxidative stress via an increased accumulation of beta amyloids, but also has some 

protective effects with co-overexpression with BACE2 (Azkona et al., 2010), which is a protein 



 

 

that cleaves amyloid precursor. As mentioned before, a variety of genes known to also regulate 

neuronal growth and morphological attributes have been found contributing to this compensatory 

effect, and thereby require more research and review of the existing literature. The role of 

DSCAM is not widely understood in this context, and the knowledge of its function as a cell 

adhesion molecule, role in neurogenesis and neural development pose it as a candidate gene for 

further understanding. 

In summary, a hypothesis that can be made is that the genes we know to regulate 

neuronal development may be contributing to compensatory mechanisms that contribute to the 

variability in phenotypes observed in individuals with DS, as the cellular processes in 

neurodevelopment may better adapt some to oxidative stress and cellular senescence than others. 

A schematic of this hypothesis is illustrated below (Figure 6). Further research aimed at 

elucidating the precise mechanisms of DSCAM and its interacting genes may provide insight on 

interferon signaling, the accumulation of oxidative stress, and the proposed pathway by which 

cognitive function is determined. This would be effective to observe in murine models, hiPSCs, 

and organoid models, as each offer a different level of insight into behavioral and biochemical 

effects. 



 

 

 

Figure 6. Based on literature review, a proposed mechanism by which Down syndrome hiPSC-derived neurons may 

exhibit more complex morphologies. Compensatory mechanisms and gene interactions in response to increased 

oxidative stress and triplication of chromosome 21 may cause premature differentiation and more complex 

morphologies. Adapted from Perluigi and Butterfield, 2011. 
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