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Introduction 
The goal of this work is to identify therapeutic entry points for the Autism Spectrum Disorder 
caused by haploinsufficiency of the SHANK3 gene, also known as Phelan-McDermid Syndrome.  
The experimental system we are using is a cell-based high-throughput screen to identify genetic 
modifiers of SHANK3 protein stability. Utilizing engineered cells expressing a GFP-tagged 
SHANK3 and a second fluorescent reporter (DsRed) as an internal control, we disrupt the 
expression of genes of the druggable genome to identify those that when suppressed lead to 
increased SHANK3 protein abundance. Those candidate hits that can be confirmed by a 
secondary method will then be further tested in primary cortical neurons from mice for 
validation. The best candidates that are validated in our secondary screen will then ultimately be 
tested in a genetic interaction experiment for increasing Shank3 abundance in mice 
haploinsufficient for Shank3. 

Keywords 
Autism, SHANK3, flow cytometry, primary neurons, druggable genome 

Accomplishments 
The major goals of the project are 

1. Perform a cell based screen for genetic modifiers of SHANK3
2. Bioinformatic prioritization of candidates and confirmation of direct interaction
3. In vivo confirmation of candidate genetic modifiers of SHANK3

Since the beginning of the project, significant progress has been made toward accomplishing the 
major goals. All sub-libraries of the druggable genome (kinase/phosphatase, G-protein coupled 
receptors and ubiquitin) have been screened against the DsRed-ires-EGFP:Shank3 cell line, and 
the cells with the top 10% and bottom 10% GFP to DsRed ratios sorted from the bulk cells. Four 
replicates of each sub-library were performed. We isolated genomic DNA from all of these 12 
replicate experiments. The indexing PCRs were completed for each replicate. The PCR libraries 
were sent for next generation sequencing and bioinformatics analysis has been performed to 
identify genes which when depleted result in a significant increase in the ratio of GFP:DsRed 
(thus an increase in SHANK3 abundance after normalizing to transcriptional effects on the 
reporter transgene). 

Quality control of the next generation sequencing was performed for each sub-library to confirm 
adequate sequencing coverage. Quality control included evaluating each PCR generated library 
for total reads, mapped reads and sequence coverage. Each PCR library was then compared to 
the others within a sub-library of the druggable genome guides by principal component analysis 
to determine if the PCR libraries grouped together. The sequencing quality control for each sub-
library: kinases and phosphatases (Table I), G-protein coupled receptors (Table II) and Ubiquitin 
related proteins (Table III) are below. Overall, the sequence quality and coverage for the sorted 
cells was excellent. 
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Table I: Quality Control for Kinase/Phosphatase Library 

Table II: Quality Control for G-protein Coupled Receptor Library 
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We next performed principal component analysis for each sub-library to determine degree of 
concordance among the low GFP/DsRed, high GFP/DsRed and bulk (base) libraries. The graphs 
for principal component analysis for each sub-library: kinases and phosphatases (Figure 1), G-
protein couple receptors (Figure 2) and Ubiquitin related proteins (Figure 3) are below. Overall, 
there was excellent concordance among the replicates. 

Table III: Quality Control for Ubiquitin-related Protein Library 

Figure 1: Principal Component Analysis for Kinase/Phosphatase Library 
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Figure 2: Principal Component Analysis for G-protein Coupled Receptor Library 

Figure 3: Principal Component Analysis for Ubiquitin-related Protein Library 
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We then analyzed the fold change in the ratio of GFP:Shank3/DsRed first guide by guide, then 
combining the guides to give a fold change in the ratio gene by gene. We have focused on those 
genes which when knocked down cause an increase in GFP:Shank3 abundance (High-Positive). 
We then ranked the genes beginning with those with the smallest false discovery rate (FDR) 
value. We chose to use FDR for our statistical analysis because it is better suited to the multiple 
comparisons we are making. Table IV lists the kinases/phosphatases with increased GFP:Shank3 
expression and a FDR<0.01. Table V lists primary hits from the GPCR sub-library with an FDR 
< 0.05 and Table VI are the top 25 ubiquitin related genes from the primary screen with an 
FDR<<0.01 

Table IV: Kinases and Phosphatases 

Table V: GPCRs 

Table VI: Ubiquitin-related Genes 
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We have started our validation of primary hits from the screen. For each primary hit gene, we 
obtain three independent siRNAs targeting the human gene. We then transfect these siRNAs 
back to the engineered cell line expressing DsRed-ires-EGFP:Shank3 and perform flow analysis 
to validate increased expression of EGFP:Shank3. To ensure the increase in EGFP:Shank3 
abundance is not due to an effect on only EGFP, we also transfect the same siRNAs into a 
control cell line expressing DsRed-ires-EGFP (negative control). We have completed flow 
cytometry validation of genes encoding all three sub-libraries for which siRNAs are available. 
Secondary screening for GPCRs identified from the primary screen failed to identify any genes 
which when inhibited significantly increase Shank3 abundance. Thus, for the remainder of this 
report, we will focus on hits from the kinase/phosphatase and ubiquitin libraries. 

Kinases/Phosphatases 
We began by validating primary hits from the kinase/phosphatase sub-library. From this 
experiment, the most consistently robust increase in EGFP:Shank3 abundance occurred with 
depletion of Casein Kinase I alpha (CSNK1A1) and Casein Kinase II beta (CSNK2B). The 
siRNAs targeting these genes did not result in a significant increase in EGFP expression in the 
negative control cell line (DsRed-ires-EGFP). Additionally, our positive control (GFP siRNA) 
effectively depleted both EGFP (negative control line) and EGFP:Shank3 (test line). 

For those genes that validate by flow cytometry, we then perform Western blotting from the 
same cell line. We have completed evaluation of CSNK1A1 depletion in EGFP:Shank3 cells by 
Western blotting (Figure 5). Similar to our flow cytometry results, we see a significant increase 
in the abundance of EGFP:Shank3 when CSNK1A1 is depleted.  

Figure 4: Flow cytometry validation of primary kinase and phosphatase hits 
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To further validate Casein Kinase I alpha as a regulator of Shank3 protein stability, we utilized a 
small molecule inhibitor of Casein Kinase I, D4476. D4476 is a cell-permeable, high affinity 
allosteric inhibitor of Casein Kinase I (Figure 6A). Previous studies have determined that in cells 
in culture, D4476 linearly inhibits CKI alpha from 5 to 40uM. We thus tested whether D4476 
could increase Shank3 abundance in cultured cells. Daoy cells expressing either our reporter 
construct (DsRed-ires-EGFP:Shank3) or our negative control line (DsRed-ires-EGFP) were 
treated for 24 to 72 hours with 5 to 40 micromolar of D4476 or with vehicle. Cells then 
underwent flow cytometry as for siRNA knockdown of CK1a. We found that at 30 and 40 
micromolar of D4476, Shank3 abundance was significantly increased as determined by 

measuring EGFP to DsRed 
ratios (Figures 6B-D). In 
contrast, for the negative 
control line, all concentrations 
of D4476 and all durations of 
treatment with D4476 resulting 
in significant decreases of 
EGFP to DsRed ratios. This 
confirms that the change in the 
EGFP to DsRed ratio in our 
reporter line is due to an effect 
on Shank3 and not on EGFP. 
Intriguingly, lower 
concentrations of D4476 (5-20 
micromolar at 24 and 48 hours 
of treatment duration) cause a 

significant reduction in EGFP:DsRed by flow cytometry. The reason for this difference 
compared with longer duration of treatment is currently unclear but warrants further 
investigation. 

Figure 5: Western blot verification of CSNK1A 

Figure 6: D4476 increases Shank3 abundance 
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Next, we will deplete Casein Kinase I alpha in mouse cortical neurons to confirm its regulation 
of Shank3 in vivo. We have obtained three lentivirus plasmids (Transomic.com) that target 
Csnk1A1 as well as a scrambled control. We generated lentivirus from these plasmids and 
infected mouse HT22 cells with these four plasmids. After selection for infected cells with 
puromycin, we isolated RNA from all four infections and measured abundance of Csnk1A1 
mRNA by quantitative Polymerase Chain Reaction (qPCR). We determined that all three 
significantly deplete Csnk1A1 from 51-78% in this assay. We are now poised to confirm that 
depletion of Csnk1A1 in mouse neurons leads to increased Shank3 levels. 

In order to determine if Casein Kinase I and Casein Kinase II directly interact with and 
phosphorylate Shank3, we have performed biochemical phosphorylation and interaction 
experiments beginning with Casein Kinase II. First, we biochemically purified bacterially 
expressed fragments of Shank3 to use as a substrate for Casein Kinase II. We then performed in 
vitro phosphorylation assays with the recombinant Shank3 fragments and enzymatically active 
Casein Kinase II. The products of these assays then underwent mass spectrometry to identify 
which residues are phosphorylated by Casein Kinase II in vitro. Not all phosphorylation events 
that can occur in vitro occur in vivo. To determine which phosphorylation events are 
physiologically relevant, we mapped the in vitro phospho-sites back to the in vivo phospho-sites 
we previously identified from mouse brain (Figure 7A). We have identified S375 and S1134 as 
phosphorylation sites for Casein Kinase II.  

In order to further confirm that Casein Kinase II directly interacts with Shank3, we have 
performed in vivo immunoprecipitation against EGFP from brains of mice expressing the 
transgenic EGFP-tagged Shank3. Following immunoprecipitation, we then blotted against a 
subunit of Casein Kinase II, Csnk2A1 that forms part of the tetramer to make the active enzyme 
by binding to Csnk2B. We found that by immunoprecipitation, Shank3 and Casein Kinase II do 
form a complex in mouse brain (Figure 7B). 

Ubiquitin-related proteins 
From our primary screen of the ubiquitin sub-library, we identified numerous ubiquitin-related 
proteins that raise Shank3 abundance. We investigated whether any of these ubiquitin-related 
proteins form a complex that could act in concert to regulate Shank3 protein stability (Figure 8). 
From the primary screen, we identified multiple core proteasomal subunits (PSMD 2, 4, 7) as 
potential negative regulators of Shank3 protein stability. Additionally, we identified a 

Figure 7: CSNK2A1 and Shank3 form a protein complex 
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FBox/NEDD8/Cullin complex as potentially 
critical for Shank3 stability. In addition to these 
negative regulators of Shank3 stability (increased 
Shank3 abundance with their depletion), we also 

identified positive regulators of Shank3 stability 
(green in Figure 8). These discoveries could be 
critical in understanding the complex regulation of 
Shank3 protein stability. 

Next, we performed a secondary validation of 
primary hits from the ubiquitin-related gRNA 
library by siRNA knockdown in our reporter 
(DsRed-ires-EGFP:Shank3) and negative control 

(DsRed-ires-EGFP) cell lines for those genes 
which commercial siRNAs are available 
(Figure 9). We were able to validate several of 
our hits including members of the core 
proteasome machinery (PSMD2, PSMD4 and 
PSMD7 which when inhibited resulted in the 
greatest increase in Shank3. For many of the 
ubiquitin-related proteins, we could not 
purchase pre-designed siRNAs and will need to 
design these ourselves. 

In conclusion, we have successfully completed 
a CRISPR/Cas9 cell-based screen for genetic 
modifiers of Shank3 protein stability. From this 
primary screen, we have identified multiple 
candidate hits, genes which when inhibited 
increase Shank3 abundance. From these hits, 
we performed a secondary validation screen 
using siRNA to deplete the hits and again 
measure Shank3 abundance in our reporter cell 
line as well as a negative control cell line to 
control for hits that regulate EGFP and not 
Shank3. We found approximately 10% of our 
primary hits resulted in significant (>10%) 
increase in Shank3 abundance in our secondary 
screen.  
We focused on two kinases for further 
validation, Casein Kinase I and Casein Kinase 
II. In particular, for Casein Kinase I, we found
that a small molecule inhibitor, D4476, can also
robustly increase Shank3 abundance. We are
now poised to further investigate the impact of

Figure 8: Ubiquitin-related proteins 
regulating Shank3 

Figure 9: SiRNA validation of Ubiquitin-
related proteins regulating Shank3 
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inhibition of this kinase in cultured neurons and whole animals (mice). We have also identified a 
number of ubiquitin-related proteins that positively and negatively regulate Shank3 protein 
stability. Investigating the interplay between the kinases and ubiquitin-related proteins in 
regulated Shank3 stability is critical for understanding the mechanisms of Shank3 protein 
stability regulation.  
In this grant period, we have focused exclusively on those proteins which when inhibited 
increase Shank3 abundance (negative regulators). Investigating positive regulators or those 
proteins which when inhibited lead to reduced Shank3 abundance will lead to better 
understanding of Shank3 regulatory mechanisms. 

Disseminating results: The preliminary results from this study were presented at Neuroscience 
2019 in Chicago, IL. 

Impact 
There is nothing to report yet. 

Changes/Problems 
No major changes to the main objectives or approaches have occurred.  
The COVID-19 pandemic significantly impacted our progress in the last half of our final year of 
this award. BCM severely limited access to research laboratories from March until May to allow 
only for maintenance of equipment. Since May of 2020, BCM began slowly reopening 
laboratories for limited research activities until this summer when full access was again allowed; 
however, this was at the end of the project period. Because of this, we did not fully reach all of 
the ambitious milestones we had aimed to achieve. Nevertheless, we did succeed in completing 
the primary screen, validate multiple hits with a secondary screen, identify a small molecule 
inhibitor of one of our hits that increases Shank3 abundance and biochemically verify that one of 
the kinases that we identified as a regulator of Shank3 physically binds and phosphorylates it. 
Thus, this pilot award has provided us the opportunity to develop the preliminary data necessary 
to apply for a NIH grant to take our work to an in vivo system.  

Products 
Nothing to report. 

Participants and other collaborating organizations 
Jimmy Holder, MD/PhD: no change 
Lunhui Lin, PhD: no change 

Other organizations: Nothing to report. 

Special Reporting Requirements 
Nothing to report. 

Appendices 
Nothing to report. 


