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SEARCHING FOR NOVEL LZTR1-INTERACTING PROTEIN 

RYAN RIPERT 

ABSTRACT 

 Leucine Zipper-like Transcription Regulator 1 (LZTR1) is responsible for 

encoding a member of the BTB-Kelch superfamily, which interacts with the Cullin3 

(CUL3)-based E3 ubiquitin ligase complex. Researchers have discovered mutations in 

LZTR1 in glioblastoma, schwannomatosis, and Noonan syndrome. However, the exact 

function of LZTR1 in cancer development or human growth remains unclear. A previous 

study in the Neel lab showed there was a cell-context dependent regulation of pan RAS 

(K/N/H RAS) levels by LZTR1. This thesis's main objective was to understand the 

underlying mechanisms for the above observation. The LZTR1 gene has gained 

importance in human well-being due to its essential role in cellular activities and its link 

to various diseases. Investigating the range of functions of LZTR1 and the underlying 

mechanisms will offer new perspectives on disease prevention and therapeutic 

approaches. These results provide hints for deciphering the mechanisms of RAS 

degradation and controlling the RAS/MAPK signaling pathway. 
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INTRODUCTION 

The RAS/MAPK (Rat sarcoma/Mitogen-Activated Protein Kinase) pathway 

regulates cellular processes, such as cell proliferation and survival (Yuan et al., 2020). It 

is vital in transmitting signals from the cell membrane to the nucleus in response to 

extracellular stimuli, such as growth factors and hormones (Guo et al., 2020). 

Dysregulation of the RAS/MAPK pathway is frequently observed in various cancers, 

often due to mutations in crucial pathway components. 

A critical RAS/MAPK pathway component is a non-receptor protein tyrosine 

phosphatase called SHP2. The protein tyrosine phosphatase non-receptor type 11 

(PTPN11) gene encodes for SHP2. The SHP2 protein is a critical positive RAS/MAPK 

pathway regulator. SHP2 can bind to various receptor tyrosine kinases (RTKs) and other 

signaling molecules, which allows it to regulate the RAS/MAPK pathway (Neel et al., 

2003). 

 Recently during Wei et al. (2023) CRISPR screen, a novel gene called Leucine 

Zipper-like Transcriptional Regulator 1 (LZTR1) was identified as a significant 

contributor to resistance to SHP2 inhibitors. LZTR1 is a tumor suppressor gene first 

discovered as a gene that undergoes deletion in most DiGeorge syndrome patients 

(Piotrowski et al., 2014). LZTR1 is associated with the Golgi matrix and could potentially 

regulate the function of the Golgi apparatus (Zhang et al., 2021a). The Golgi apparatus is 

responsible for the processing, sorting, and delivering proteins and plays a vital role in 

cancer (Zhang et al., 2021a).  
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Furthermore, LZTR1 has been shown to interact with Cullin-RING ubiquitin 

ligases (CRLs) (Abe et al., 2020; Bigenzahn et al., 2018; Steklov et al., 2018). CRLs are 

multi-protein complexes that function as ubiquitin ligases (Paladino et al., 2021). LZTR1 

functions as an adaptor protein in the Cullin-RING ligase 3 (CRL3) complex, which is a 

part of the ubiquitin-proteasome system (UPS) responsible for protein degradation 

(Paladino et al., 2021; Zhang et al., 2021a). LZTR1 facilitates the recruitment of specific 

substrates to the CRL3 complex, such as the RAS family of proteins (Motta et al., 2019). 

Moreover, LZTR1 regulates the RAS-MAPK signaling pathway (Zhang et al., 

2021b). Previous studies have reported that LZTR1 is responsible for the 

polyubiquitination and degradation of RAS through the ubiquitin-proteasome pathway, 

inhibiting RAS/MAPK signaling (Abe et al., 2020; Castel et al., 2019). Additionally, 

LZTR1 hinders the RAS/MAPK signaling pathway, whereas LZTR1 loss of function 

mutations lose this capability, leading to the overactivation of RAS/MAPK signaling 

(Zhang et al., 2021a). Mutations in LZTR1 have been linked to an increased risk of 

cancer. Overall, pathological LZTR1 mutations are defective in facilitating substrate 

ubiquitination by interrupting the formation of substrate-LZTR1-CUL3 complexes (Zhang 

et al., 2021a).  
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Figure 1. The proposed model for LZTR1 function in the RAS/MAPK signaling 

pathway. RAS/MAPK signaling regulates cell proliferation. (Adapted from Abe et al., 

2020) 

 

Figure 2. LZTR1 Mechanism of Action. LZTR1 indirectly regulates RAS/MAPK 

signaling, and mutations in LZTR1 or RAS-superfamily proteins lead to the 

overactivation of the RAS/MAPK signaling pathway. (Adapted from Zhang et al., 2021) 
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LZTR1 is a multifunctional protein with significant roles in several biological 

processes. Its involvement in human disease makes it a crucial target for therapeutic 

intervention. Further research into its functions could lead to a better understanding of 

cellular regulation and disease pathology. Recently, mutational analyses elucidated the 

role of pathological LZTR1 mutations in the RAS/MAPK signaling pathway, and LZTR1 

has been discovered by mass spectroscopy to interact with a RAS-related small GTPase, 

RIT1, an oncoprotein extensively involved in Noonan syndrome (NS) and cancer (Castel 

et al., 2019; Paladino et al., 2021). Castel et al. (2019) demonstrated that, under 

physiological conditions, LZTR1 stimulates RIT1 proteolysis through CUL3-mediated 

proteasomal degradation, while pathogenic mutations affecting RIT1 or LZTR1 lead to 

RIT1 upregulation and promote the overactivation of MAPK signaling. Therefore, a 

better comprehension of the mechanism would aid in elucidating the role of LZTR1 in 

pathological diseases, consequently encouraging advancement in developing innovative 

therapeutic approaches (Paladino et al., 2021).  

Genetic analysis has determined that almost all NS-associated RIT1 mutants lose 

their ability to interact with LZTR1 compared with the wild-type RIT1, leading to the 

reduction of the degradation of RIT1 mutants (Zhang et al., 2021a). Under physiological 

conditions, RIT1 is ubiquitinated by the LZTR-CUL3 complex, then degraded by the 

UPS (Zhang et al., 2021a). The UPS is a critical component for maintaining cellular 

homeostasis, and its dysregulation has been implicated in various human diseases (Park 

et al., 2020). Moreover, under pathological conditions, RIT1 avoids UPS-mediated 

degradation, thus significantly enhancing MAPK signaling in NS (Zhang et al., 2021a).  
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The involvement of LZTR1 in the ubiquitination and the progression of various 

diseases make this protein an appealing therapeutic target (Castel et al., 2019). 

Ubiquitination is a vital post-translational modification that significantly impacts the 

homeostasis of the intracellular environment, cell growth, differentiation, and other 

cellular functions. A disproportion in protein degradation mediated by ubiquitination can 

be the molecular basis for specific human diseases, such as cancers. Indeed, LZTR1 

germline and somatic mutations have been found in patients with schwannomatosis and 

glioblastoma. 

Furthermore, LZTR1 mutations have been associated with Noonan syndrome. 

Noonan syndrome is a relatively prevalent autosomal dominant or recessive inherited 

disorder depicted by congenital heart defects, intellectual disability, and elevated cancer 

risk. Noonan syndrome and related conditions are known as RASopathies, caused by 

germline mutations in genes encoding various RAS/MAPK signaling pathway 

components. Considering the direct structure-activity relationships, a deeper 

understanding of its molecular structure and determining molecular parameters 

characteristic of protein-protein interactions are crucial (Castel et al., 2019). This 

information can differentiate between various molecular states, identify the active 

conformation of the tumor suppressor capable of recruiting substrates, and predict other 

possible interactors. 
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Figure 3. Gibson Assembly. Gibson Assembly combines one or more inserts with a 

vector more efficiently DNA ligation. (Attained from Mitchell Geer) 

In this study, the LZTR1 gene and "TurboID" were cloned into a plasmid using 

Gibson Assembly, a method for molecular cloning established explicitly to join several 
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DNA fragments. This method is based on assembling overlapping DNA fragments and 

then joining them using three enzymes: a 5' exonuclease, a DNA polymerase, and a DNA 

ligase, in an isothermal reaction. It is a highly efficient, accurate, and rapid cloning and 

genetic engineering method. The Gibson Assembly protocol streamlines the cloning 

process by simultaneously assembling multiple DNA fragments in a single reaction 

without the need for restriction enzymes or ligases, making it a popular choice for 

molecular biology and synthetic biology applications. 

 

Figure 4. Plasmid Map of LZTR1 tagged with TurboID. The vector was pCW57-

MCS1-P2A-MCS2 with Blasticidin resistance. The LZTR1 insert is approximately 2.5 kb, 

and the TurboID insert is ~1 kb 
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The plasmid created from the Gibson Assembly is being used to investigate the 

protein interactions of LZTR1 using proximity labeling (PL), which enables the proteins 

that interact with LZTR1 in living cells to be observed. PL has been useful in many cell 

types to analyze the protein components (Cho, Branon, Udeshi, et al., 2020). In PL, a 

promiscuous labeling enzyme is directed by genetic fusion to a specific protein (Branon 

et al., 2018). The addition of biotin initiates the covalent tagging of endogenous proteins 

within a few nanometers of the promiscuous enzyme (Branon et al., 2018). Then, the 

biotinylated proteins are isolated using streptavidin-coated beads and characterized by 

mass spectrometry (Cho, Branon, Rajeev, et al., 2020). Biotin molecules tightly bind to 

streptavidin proteins. The high affinity and specificity of biotin for streptavidin have been 

used to isolate multiple molecules. These labeled molecules can then be identified and 

analyzed, providing insights into their interactions and localization within the cell 

(Shioya et al., 2022). Biotin labeling technology is an essential tool in molecular biology. 

Earlier PL methods (e.g., BioID) required extensive labeling time or utilized 

chemicals with low cell permeability or high toxicity (Branon et al., 2018). TurboID is a 

promiscuous mutant of biotin ligase that catalyzes PL with much greater efficiency than 

BioID and enables 10-min PL in cells with non-toxic and easily deliverable biotin 

(Branon et al., 2018). 
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Figure 5. Biotin Ligase Labeling. Biotin ligase labels only proximal endogenous 

proteins with biotin. (Adapted from Branon et al., 2017)  

TurboID is an engineered enzyme derived from the biotin ligase BirA found in 

Escherichia coli. It has been optimized for rapid and efficient labeling of proximal 

proteins. TurboID has enhanced catalytic activity, allowing it to biotinylate proteins 

within its vicinity much more rapidly than the wild-type BirA enzyme. This enables 

researchers to conduct proximity labeling experiments within shorter time frames (e.g., 

minutes to hours) than traditional methods, which might require 18–24 hours or more. 

The TurboID approach is advantageous for studying weak or transient protein-

protein interactions, which may be difficult to detect using traditional co-

immunoprecipitation or pulldown assays (Qin et al., 2021; X. Wei et al., 2023). By fusing 

the TurboID enzyme to a protein of interest, researchers can biotinylate nearby proteins 

within living cells, facilitating the identification of interaction partners and revealing 

potential functions and cellular localization of the protein of interest. 

As previously mentioned, the findings from the Neel lab have shown that loss of 

LZTR1 expression, using CRISPR-Cas9 mediated knockout, led to resistance against 

SHP2 inhibitors in multiple cell lines (W. Wei et al., 2023). In line with observations 

from Castel et al. (2019), RIT1 levels increased in all tested LZTR1 knockout (KO) cell 



10 

 

 

lines. Similarly, increased muscle RAS oncogene homolog (MRAS) levels were observed 

in almost all LZTR1-deficient lines. However, increased levels of other RAS proteins 

were cell line-dependent. For instance, in MV4-11 cells, the levels of KRAS, NRAS, and 

HRAS remained unaltered by LZTR1 KO. By contrast, in K562 cells, LZTR1 deficiency 

led to increased KRAS, HRAS, NRAS, and RAS-related (RRAS) levels, alongside the 

typical elevation of RIT1 and MRAS. These results suggest that specific RAS family 

members act as conditional substrates depending on the cell context (W. Wei et al., 

2023). The most straightforward explanation for these findings is that LZTR1/CUL3 

complexes contain additional components to be identified. The primary goal of this thesis 

is to identify novel LZTR1 interactors using the TurboID approach. 

 

Specific Aims 

I hypothesize that different LZTR1/CUL3 complexes are present in MV-411 and K562 

cell lines, leading to the differential regulation of RIT1/MRAS and 

KRAS/HRAS/NRAS/RRAS. The different complexes likely fall into one of the 

following categories: 

1. A protein is expressed in K562 cells, which is absent in MV-411 cells, that 

recruits KRAS/HRAS/NRAS/RRAS to the LZTR1/CUL3 ubiquitin ligase 

complex 

2. A protein is expressed in MV-411 cells, which is absent in K562 

cells, that prevents KRAS/HRAS/NRAS/RRAS recruitment to the LZTR1/CUL3 

ubiquitin ligase complex 
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METHODS 

PCR 

Forward and reverse primers were designed, using the Agilent QuikChange 

Primer design tool, to insert silent mutations into the Cas9 PAM recognition site. A 

sample reaction mixture was prepared following the instructions of the KOD Xtreme Hot 

Start DNA Polymerase kit. The PCR reaction mix, which included template DNA, 

forward and reverse primers, dNTPs, deionized water, 2X Xtreme Buffer, and KOD 

Xtreme Hot Start DNA Polymerase, were combined in a PCR tube. The mixture was 

vortexed and briefly centrifuged to ensure it settled at the bottom of the tube before being 

placed in a thermal cycler. 

The PCR reaction proceeded through several stages. First, the KOD Xtreme Hot 

Start DNA Polymerase was activated by heating it to 94°C for two minutes. Next, 

denaturation occurred at 98°C for ten seconds. The temperature was then lowered to the 

Lowest Primer Tm°C for thirty seconds, allowing the primers to anneal to the template 

DNA. Finally, the extension stage took place at 68°C for 1 minute per kilobase pair, 

where the KOD Xtreme Hot Start DNA Polymerase incorporated free dNTPs into the 

template DNA to create the PCR product. This process was repeated for 30 cycles, 

consisting of denaturation, annealing, and extension phases. Upon completion of the PCR 

reactions, the mixtures were cooled to 4°C. 
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Figure 6. Polymerase Chain Reaction. The DNA stranded undergoes denaturation, 

annealing, then elongation for 25–40 cycles. (Adapted from Garibyan & Avashia, 2013) 

 

Isolation of PCR products 

The GFX PCR DNA and Gel Band Purification kit isolated and purified the target 

PCR product from the PCR reaction. A 500µL volume of Capture Buffer Type 3 was 

thoroughly combined with the 50µL PCR product in a microcentrifuge tube. After 

centrifuging the mixture to gather the liquid at the tube's bottom, it was loaded onto the 

assembled GFX MicroSpin column and Collection tube. The assembly was then 
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centrifuged at 16,000 × g for 30 seconds, and the flow-through was discarded by 

emptying the collection tube. The GFX MicroSpin column was reinserted into the 

collection tube. 

Next, 500µL of Wash Buffer Type 1 was added to the GFX MicroSpin column, 

and the assembly was centrifuged at 16,000 × g for 30 seconds. The collection tube was 

discarded, and the GFX MicroSpin column was placed in a new, DNA-free 1.5 ml 

Eppendorf tube. Subsequently, 20µL of Elution Buffer Type 4 was added to the 

assembled GFX MicroSpin column and sample collection tube, followed by incubation at 

room temperature for 1 minute. Lastly, the assembly was centrifuged at 16,000 × g for 1 

minute to retrieve the plasmid. 

 

Figure 7. DNA Purification from Agarose Gels or Enzymatic Mix. A schematic 

showing the steps to DNA isolation from a lysate (Adapted from Barbosa et al., 2016) 
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 Transformation of competent bacteria  

After PCR DNA purification, the plasmid was used to transform competent cells 

for propagation and DNA extraction. A 10ng/µL plasmid concentration was added to the 

competent cells, which were then mixed and incubated on ice for 30 minutes. The cells 

were subjected to heat shock at 42°C for 45 seconds to help with plasmid DNA uptake. 

Following heat shock, the cells were placed back on the ice for a short recovery period. 

The transformed cells were allowed to recover and express the spectinomycin antibiotic 

resistance gene found on the plasmid. They were incubated in LB broth at 37°C for one 

hour to repair membranes and initiate resistance gene expression. The cells were then 

plated on a spectinomycin-selective agar plate and incubated overnight at 37°C to 

produce individual colonies.  

 

Isolation of plasmid DNA from bacteria (Miniprep) 

Several colonies were picked and grown overnight in 2mL LB broth with 

spectinomycin. Following the instructions of the Wizard® Plus SV Minipreps DNA 

Purification System kit, a bacterial lysate was prepared. Next, the bacterial lysate was 

centrifuged at maximum speed in a microcentrifuge for 10 minutes at room temperature. 

The lysate was transferred to a spin column inside a 2mL collection tube and centrifuged 

at maximum speed for 1 minute. The flow-through was discarded, and the spin column 

was returned to the collection tube. Then, 750μl of wash buffer, diluted with 95% 

ethanol, was added to the spin column, followed by another round of centrifugation. The 

washing process was repeated with 250μl of wash buffer. The collection tube was then 
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centrifuged for 2 minutes at maximum speed. 

The spin column was transferred to a sterile 1.5ml Eppendorf tube, and 100μl of 

Nuclease-Free Water was added to elute the plasmid DNA. The collection tube was 

centrifuged at maximum speed for 1 minute, and the spin column was removed. DNA 

purity and concentration were assessed using a NanoDrop, and the results were recorded. 

Finally, the plasmid DNA was sent for Sanger sequencing to confirm successful PAM 

site mutagenesis.  

Upon confirmation of the introduction of the mutation of interest, we used the 

mutant plasmid as the template DNA for all further LZTR1 PCRs. Another plasmid was 

used to obtain the TurboID insert DNA. PCR was conducted to amplify the genes of 

interest. The PCR products mixed with loading dye were loaded into the wells of a 1% 

agarose gel containing ethidium bromide, and gel electrophoresis was performed at 120V 

for 30 minutes. Then the gel was visualized under low-intensity UV light, and the desired 

DNA fragments were excised using a scalpel. PCR products were isolated and purified 

using the GFX PCR DNA and Gel Band Purification kit. 

 

Gibson assembly 

The LZTR1 and TurboID DNA fragments were employed in Gibson assembly to 

create the final expression plasmid. This reaction used the two DNA fragments, an in-

house Gibson Assembly Master Mix (including 5' exonuclease, Taq polymerase, DNA 

ligase, and dNTPs), and deionized water ("Isothermal Reaction (Gibson Assembly) 

Master Mix," 2017). After combining the DNA fragments, Gibson Assembly Master 
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Mix, and deionized water in a PCR tube, the tube was placed in a thermocycler at 50°C 

for 30 minutes. Then transformed competent E. coli with the reaction product, plated 

them on LB agar plates with ampicillin, and incubated them overnight. Positive colonies 

were inoculated into a liquid culture and grown overnight, and the plasmid DNA was 

isolated from the bacterial culture using the Wizard® Plus SV Minipreps DNA 

Purification System. 

The colonies were screened using sequencing primers and primers designed to 

bind to the two insert DNAs. DNA samples were sent for Sanger sequencing to ensure 

the collected DNA contained the inserts.  

 

Isolation of plasmid DNA from bacteria (Maxiprep) 

Once the plasmid was verified by Sanger sequencing, a Maxiprep was conducted 

to obtain enough plasmid DNA for transduction. The plasmid from the Miniprep was 

used to transform competent cells, which were then inoculated into 200 mL of LB broth 

with ampicillin and incubated overnight at 37°C with shaking at 250 rpm. The bacterial 

culture was centrifuged at 6,000 g for 15 minutes at 4°C to pellet the cells. The 

supernatant was decanted, and the bacterial pellet was resuspended in 10 mL of Buffer 

P1. Then, 10 mL of Buffer P2 was added and mixed by inverting the tube four times. The 

tube was incubated at room temperature for 5 minutes. 

After that, 10 mL of cold Buffer P3 was added and mixed by inverting the tube 

four times. The tube was placed on ice for 15 minutes and then centrifuged at 20,000 g 

for 30 minutes at 4°C to pellet the precipitate. The supernatant was carefully decanted 
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into a sterile tube. The QIAGEN-tip 500 was equilibrated by applying 10 mL of Buffer 

QBT, allowing it to pass through the tip by gravity flow. The lysate was added to the 

QIAGEN-tip 500, allowing it to enter the resin by gravity flow. The QIAGEN-tip 500 

was washed by applying 30 mL of Buffer QC, allowing it to pass through the tip by 

gravity flow. The plasmid DNA was eluted from the QIAGEN-tip 500 using 15 mL of 

Buffer QF and collected into a clean container. 

Next, 10.5 mL of room-temperature isopropanol was added to the eluted DNA, 

mixed gently, and incubated at room temperature for 5 minutes. The supernatant was 

carefully decanted, and the DNA pellet was washed with 5 mL of room temperature 70% 

ethanol. The sample was centrifuged at 15,000 g for 10 minutes at 4°C, the supernatant 

was carefully decanted, and the pellet was air-dried for 10–20 minutes. Finally, the dried 

plasmid DNA pellet was dissolved in 1 mL of nuclease-free water. 

 

Cell Culture 

Cells were maintained in 5% CO2 at 37°C in media conditions described by the 

vendor or the source laboratory and were tested monthly for mycoplasma by PCR 

(Young et al., 2010). KO cells were generated by infection with lentiviruses 

constitutively expressing Cas9 and appropriate sgRNAs. All experiments were performed 

with early passage lines within 3 min of defrosting. MV4-11 and K562 cells were 

attained from Dr. Wei Wei (NYU Grossman School of Medicine, New York, NY, USA) 

in June 2020. MV4-11 and K562 were cultured in RPMI supplemented with 10% FBS 

and 1% penicillin/streptomycin.  
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Packaging and concentration of lentiviruses 

Three million HEK 293 cells were plated onto a 10 cm cell culture dish for 

transduction. The media of the HEK cell was changed to DMEM+10% FBS. In a sterile 

Eppendorf tube, 500 µL pre-warmed OptiMEM was mixed with three plasmids: 5µg of 

the turbo-LZTR1 plasmid, 3µg psPAX2, and 2µg pMD2.G. The plasmids were mixed by 

inverting the tubes several times, and 30 µL X-tremeGENE reagent was added and 

inverted several times. Then, the mix was incubated at room temperature for 20 minutes 

and added drop-wise with a 1mL pipette to the HEK cells. The media of the HEK cell 

was changed with 1 ml fresh DMEM+10% FBS+1% P/S, and 1 ml FBS was added. The 

cells were placed in the incubator for two days. 

After 48h incubation, the supernatant was removed and filtered with a 45uM pore 

size filter to eliminate the cell debris. The filtered supernatant was mixed with a 3.5 mL 

Lenti-X concentrator and stored at 4oC overnight. The mixture was centrifuged at 1500g 

for 45 mins at 4oC to precipitate the virus. The supernatant was removed, and the virus 

pellet was resuspended in 1 mL of RPMI, aliquoted into tubes, and frozen at -80°C. 

 

Lentiviral infection and selection of cell lines 

MV4-11 and K562 cells were cultured to have 10 million cells. In a 6-well plate, 

7 million cells were placed in 2 ml media in one well, and 450 µL of the virus were 

added to MV4-11 and 50 µL to K562. Two (2) µL of 4mg/ml polybrene were added into 

each well. The plate was then centrifuged at room temperature at 1500g for one hour and 

transferred to the incubator overnight. The next day, the cells were removed and 
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resuspended in 10 ml of media in a 10 cm dish. After two days, blasticidin was added to 

select transduced cells. For MV4-11, 30 µg/ml of blasticidin were added. For K562, 500 

µg/ml of blasticidin were added. The media was refreshed with antibiotics every two 

days until day 8. Then the cells were expanded, and aliquots of cells were frozen for 

future use. 

 

TurboID expression and labeling 

Expression of TurboID fusion proteins were induced by exposing cells to 

doxycycline in biotin-free media for three days. Then, 500 uM biotin was added to the 

culture medium to label cells for 15 mins at 37°C. The labeling was stopped by washing 

cells in ice-cold PBS at least three times. The cells were pelleted into 1.5 ml Eppendorf 

tubes, the PBS was removed, and the cells were lysed immediately on ice in RIPA buffer 

with protease and phosphatase inhibitors for 15 minutes. The lysate was then centrifuged 

at 10,000 g for 10 minutes at 4°C to pellet cell debris, and 100 µL of supernatant were 

removed and boiled in 5x reducing sample buffer, labeled as the WCL sample.  

 

Isolation of biotinylated proteins 

A magnet was placed on ice, and 100 µL of streptavidin beads were added to each tube 

for the pulldown (PD) samples. Tubes containing the beads were placed onto the cold 

magnet and allowed to separate for 3 minutes. The liquid was aspirated, and the beads 

were washed twice with 1 ml of RIPA buffer without inhibitors. Fully resuspended beads 

were then placed back on the magnet. 
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The calculated volume of lysate was added to the washed beads on ice, and RIPA 

buffer with inhibitors was added to normalize the volume of the lysates with beads. The 

samples were placed in a cold room to mix end-over-end for three hours. The samples 

were placed on the magnet for 3 minutes to separate the beads. One hundred (100) µL of 

lysate were removed and boiled in a reducing sample buffer, labeled as the post-pulldown 

sample. The remaining supernatant was aspirated, and the beads were washed three times 

with 1 ml of RIPA lysis buffer, resuspended in the lysis buffer, and placed back on the 

magnet. The s buffer was aspirated, 30 µL of 2x reducing sample buffer were added, and 

the samples were boiled. The WCL and PD samples were electrophoresed on the same 

gel to assess the enrichment of the samples and to ensure that the beads were in sufficient 

excess to capture all biotinylated proteins. 

For Western blots, MV4-11 and K562 cells were placed into six-well plates at a 

concentration of 1 million cells/ml for a total volume of 2 ml. Cells were incubated 

overnight at 37C. The cells were removed from the incubator, placed on ice, and 

transferred into 5ml Eppendorf tubes and pellet at 1200 rpm for three minutes at 4oC. The 

tubes were placed on ice, and the supernatants were removed by vacuum aspiration. 

Pellets were resuspended in 1.5 ml Eppendorf tubes in 1mL cold PBS and placed on ice, 

and then centrifuged again at 1200 rpm for 3 minutes at 4oC. The tubes were placed on 

ice. The PBS was removed with an aspirator, and the cells lysed in modified RIPA buffer 

(50 mM Tris-HCl pH 8, 150 mM NaCl, 2 mM EDTA, 1% NP-40, and 0.1% SDS) 

containing 1mM of sodium beta-glycerophosphate, 2.5mM of sodium pyrophosphate, 

100 µL Antipain, 100 µL PMSF, 100 µL Na3VO4, 100 µL NaF, 10 µL Aprotinin, 10 µL 
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Leupeptin, 10 µL pepstatin. An appropriate amount of lysis buffer was used to lyse the 

cells. Lysates were incubated on ice for 15mins, centrifuged at 4oC for 30 mins, 

transferred into a new, labeled 1.5 ml Eppendorf tube, and put on ice.  

Protein concentrations were determined by Coomassie blue assay. 5X sample buffer was 

then added to each sample and mixed. Proteins were resolved by SDS-PAGE and 

transferred to nylon membranes for 2 hr at 80V at 4oC 

Western blotting 

After the transfer, membranes were washed in ultrapure water and incubated for 

1hr at a room temperature of 5% BSA in TBST. A primary antibody was added, and blots 

were incubated with shaking overnight in the cold room. The membranes were then 

quickly washed twice for 1 min and slowly washed three times for 5 min. Then, 

secondary antibodies were added (goat anti-mouse or goat anti-rabbit, as appropriate) 

both at 1:10,000 dilution in secondary antibody buffer (0.05% triton, 0.01% SDS, in 

TBS). Membranes were incubated at room temperature for one hour with shaking, then 

were quickly washed three times, followed by a slow wash three times. The membranes 

were allowed to dry in the dark and then imaged by ECF using a LICOR. 
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 RESULTS  

 

Cell line dependent upregulation of RAS family proteins upon LZTR1 knockout 

Through a CRISPR screen, Wei et al. (2023) showed that LZTR1 knockout results 

in SHP2 inhibitor resistance in multiple cancer cell lines of various tissue types. Deletion 

of LZTR1 with individual sgRNAs led to resistance against SHP2 inhibitors. Previous 

studies reported that LZTR1 enhances the turnover of RAS family members or RIT1 by 

recruiting a CUL3 ubiquitin ligase complex. Germline mutations in LZTR1 have been 

linked to some cases of Noonan syndrome. In light of the uncertainty surrounding the 

target of the LZTR1-containing ubiquitin ligase complex, RIT1 and RAS family member 

levels were examined in K562 and MV4-11 cells. In agreement with Castel et al. (2019), 

RIT1 levels increased in both tested LZTR1 KO lines. Elevated MRAS levels were also 

observed in both K562 and MV4-11 cells. 

In contrast, increased levels of other RAS proteins were cell-specific. For 

instance, in MV4-11 cells, the KRAS, NRAS, and HRAS levels remained unchanged by 

LZTR1 KO. However, in K562 cells, LZTR1 deficiency led to increased KRAS, HRAS, 

NRAS, and RRAS levels.  
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Figure 8. LZTR1 KO has cell context-dependent effects on RIT1 and RAS family 

members. RIT1 and MRAS were upregulated in both MV4-11 and K562 LZTR1 KO. 

However, only K562 LZTR1 KO upregulated HRAS, KRAS, NRAS, Pan-RAS, and 

RRAS (W. Wei et al., 2023) 

The results of Wei et al. (2023), shown in Figure 8, imply that RIT1 is a general 

substrate for LZTR1, as is MRAS, whereas other RAS family members are conditional 

substrates. The inhibition of ERK activation upon SHP2 inhibitor treatment was 

diminished in all LZTR1 KO lines. However, the effect of LZTR1 deficiency on the levels 

of RAS family members differed between K562 and MV4-11 cells. RIT1 KO 

reestablished SHP2 inhibitor sensitivity to both the LZTR1 KO cell lines. (W. Wei et al., 

2023). Wei et al. (2023) results indicate that, despite increasing multiple RAS family 
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members in LZTR1 KO K562 cells, RIT1 is the primary driver of SHP2 inhibitor 

resistance.  

 

Generation of LZTR1-TurboID fusion construct 

To investigate the differential regulation of RAS proteins upon LZTR1 KO. KO cell lines 

expressing Cas9 and the LZTR1 sgRNA were mutated using plasmids obtained by 

Gibson Assembly. An sg-resistant LZTR1 plasmid and TurboID plasmid were used as 

PCR templates for generating the inserts. The overlapping sequences on each inserts 

facilitated the fusion to the vector. Lentiviruses were generated using HEK 293T cells to 

infect MV-411 and K562 LZTR1 KO cell lines. Dox inducible plasmids were used to 

control the expression of the protein of interest, reducing the background The expression 

of targeted proteins was demonstrated with Dox treatment in these cell lines (Figures 9 & 

10). 
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Figure 9. The addition of biotin increases labeling in N-terminal TurboID-

expressing cells. Whole-cell lysates of K562 and MV4-11 cells expressing TurboID-

tagged LZTR1 proteins were analyzed via western blot in the presence of 50 μM biotin 

supplementation for 15 minutes or in the absence of biotin supplementation. Streptavidin-

HRP was used to probe for biotinylation. SHP2 was used as the loading control. 
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Figure 10. The addition of biotin had no significant effect on labeling in C-terminal 

TurboID-expressing cells. Whole-cell lysates of K562 and MV4-11 cells expressing 

TurboID-tagged LZTR1 proteins were analyzed via western blot in the presence of 50 μM 

biotin supplementation for 15 minutes or in the absence of biotin supplementation. 

Streptavidin-HRP was used to probe for biotinylation. SHP2 was used as the loading 

control. 
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When cells are tagged with TurboID, the biotin ligase fused to the protein of 

interest will biotinylate any nearby proteins. These biotinylated proteins can then be 

purified and identified by mass spectrometry. The increase of biotin labeling seen in 

TurboID-tagged cells results from the activity of the biotin ligase enzyme fused to the 

protein of interest, as shown in Figure 8. This enzyme catalyzes the covalent attachment 

of biotin to nearby proteins, increasing the amount of biotinylated proteins in the cell. 

The extent of biotinylation will depend on the expression level and localization of the 

TurboID-tagged protein, as well as the duration of the biotin labeling. Overall, the 

increase of biotin labeling seen in TurboID-tagged cells results from the biotin ligase 

activity of the TurboID fusion protein, which allows for the identification of protein 

interactors through mass spectrometry analysis.  

The expression of LZTR1 was verified by plating the cells in biotin-free media 

and dox for three days WT, KO, and TurboID cell lysates were collected and analyzed by 

western blot for LZTR1 expression. Unfortunately, the turboID labeled protein was not 

detected; only a weak signal from endogenous protein was observed. Due to a weak 

signal from endogenous protein, the next step was to investigate if TurboID fusions are 

functional by labeling them with biotin. The conditions tested were no dox and 

+dox+biotin. The N-terminal TurboID gave a much better signal upon biotinylation than 

the C-Terminal TurboID. There was little to no labeling in the C-Terminal Turbo ID. 

In the C-Terminal TurboID, K562 had an extra band around 60 kDa and above 

75, marked by the orange stars. Whereas the yellow stars mark MV4-11 additional bands 
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under 75 and 100 kDa. Although a mass spectrophotometer is needed to analyze these 

results further, it is very promising that patterns are different.  
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DISCUSSION 

Unfortunately, due to time limitations, the TurboID-tagged cells have not yet been 

analyzed by mass spectrometry to identify potential LZTR1 interactors. The findings align 

with prior research, highlighting LZTR1's role in the RAS/MEK/ERK pathway and 

offering novel insights into its mode of action. As an adaptor for CUL3 E3 ligase 

complexes, LZTR1 facilitates the degradation of target proteins. However, the target of 

the LZTR1/CUL3 complex has been debated. While initial research suggested RAS 

family members as targets, later studies proposed RIT1 as the primary substrate (Castel et 

al., 2019). 

LZTR1 knockout (KO) consistently increased the expression of RIT1 and MRAS 

in both K562 and MV4-11 cells. Intriguingly, various RAS proteins were upregulated in 

other cell lines, with K562 cells exhibiting stabilization of KRAS, HRAS, NRAS, and 

RRAS. One potential explanation for these observations is that additional components 

within the LZTR1/CUL3 complexes are yet to be discovered. However, RIT1 deletion in 

LZTR1-KO K562 cells reestablishes SHP2 inhibitor sensitivity, suggesting that although 

LZTR1 deficiency can influence other RAS family proteins in specific cells, RIT1 

stabilization is essential for SHP2 inhibitor resistance. 

Possible explanations for these findings are that an inhibitor of RAS 

ubiquitination in MV4-11 cells or a lack of positive molecule for RAS ubiquitination in 

MV4-11 cells and a presence of that molecule in K562 cells. Although this project 

mainly focused on identifying the binding partners of LZTR1, an alternative hypothesis 

would be the two cells expressed different isoforms of LZTR1. 
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The difference in labeling between N- and C-TurboID-tagged LZTR1 are most 

likely attributed to LZTR1 being unstable when tagged at the C-terminus. This finding 

might have resulted from using a 10 amino acid linker GGGSG x 2 between LZTR1 and 

TurboID, and this might not be long enough for the normal function of LZTR1. Glycine 

is also very prone to aggregation, so changing the linker sequence could improve 

expression. In the future, tests could be done to potentially reveal proteins that might be 

of interest in the proteomics screen. 

 

Figure 11. Model showing sites of action of LZTR1. LZTR1 plays an effector role in 

RAS and RIT1 degradation. (W. Wei et al., 2023) 

Additional in vivo and in vitro research is required to elucidate the hypothesized 

tissue-specific functions of different LZTR1 isoforms, their cellular localization, and their 

interacting proteins to reveal the mechanisms contributing to schwannomas and other 
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tumor pathogenesis (Piotrowski et al., 2014). The data demonstrate that LZTR1 has a 

negative regulatory role in controlling RAS function and MAPK signaling in various 

genetic diseases, such as Noonan syndrome (NS). Early detection may be more critical 

than treatment. Therefore, screening for LZTR1 mutations and using RAS inhibitors 

could potentially prevent NS occurrence after birth. Similarly, for patients with LZTR1 

mutations in glioblastoma multiforme (GBM) and other cancers, RAS pathway inhibitors 

may be an effective treatment option. Thus, a comprehensive understanding of the 

different RAS activation mechanisms may benefit patients carrying LZTR1 mutations and 

offer new therapeutic approaches. 

The knowledge of LZTR1 substrates remains incomplete. Protein interactions rely 

on their specific structures, and proteins that interact with the same partner often share 

similar domains. Identifying regions on known substrates that bind to LZTR1 can 

accelerate research and help determine interacting domains in LZTR1-mediated 

substrates. Currently, LZTR1 substrates are limited to the RAS superfamily, warranting 

further investigation into additional potential substrates. 

Although LZTR1 has traditionally been considered a ubiquitin-ligase enzyme 

rather than a phosphokinase, it regulates RAF1 phosphorylation without affecting its 

ubiquitination (Zhang et al., 2021b). LZTR1 may mediate RAF1 phosphorylation by 

inducing PPP1CB ubiquitination in complexes, or it could phosphorylate substrates 

directly (Zhang et al., 2021a). However, this has not been confirmed. Examining the 

molecular basis for determining whether LZTR1 can directly phosphorylate substrates is a 

valuable future research direction. 
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Mammalian genomes contain several genes encoding cullin proteins that form 

distinctive CRL subfamilies. Unlike other CRLs, CLR3 complexes have the unique 

feature of combining adaptor and receptor functions within a single protein, necessitating 

complex dimerization for catalytic activity. Typically, proteins that act as substrate 

receptors for CRL3 complexes possess a BTB/POZ region responsible for CUL3 binding 

and an additional domain for substrate recruitment. The process of substrate 

ubiquitination is achieved through the BTB domain, which facilitates the dimerization of 

two CRL3 complexes while concurrently engaging the substrate binding domains of both 

complexes with the substrate. 

 

Figure 12. A proposed schematic showing LZTR1 functioning in a CRL3 complex 

that down-regulates RAS-MAPK signaling. LZTR1 is a substrate receptor for a CUL3 

RING ligase (CLR3) complex regulating RAS levels. (Motta et al., 2019) 
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Moreover, LZTR1 acts as a negative regulator inhibiting RAS function and 

MAPK signaling; mutations in this protein could disrupt RAS ubiquitination, reducing 

RAS superfamily protein turnover (Zhang et al., 2021). However, there is still conflicting 

evidence regarding LZTR1's ability to bind to various members of the RAS and RRAS 

subfamilies, particularly the RIT1 and MRAS GTPases, as well as whether ubiquitination 

of these substrates results in their degradation.  

LZTR1 might become an essential focus of biomedical research. Given its 

involvement in various human disorders, LZTR1 is an attractive target for therapeutic 

interventions. Strategies could include gene therapy to replace or correct mutated LZTR1 

genes, small molecule inhibitors targeting critical components of the pathways in which 

LZTR1 is involved, and immunotherapy approaches to boost the immune system's ability 

to target cells with dysfunctional LZTR1. However, developing these therapies will 

require a deeper understanding of the molecular mechanisms underlying LZTR1 function 

and its role in disease. Additional research is necessary to understand better the biological 

function of LZTR1 and its role in the incidence of diseases and the development of 

therapies, such as LZTR1 promoters for patients with loss-of-function LZTR1 mutations. 

Several challenges must be addressed to fully understand the diverse roles of 

LZTR1 in humans. These include the need for more comprehensive studies to uncover the 

molecular mechanisms of LZTR1 function, the development of accurate animal models, 

and the identification of reliable biomarkers for early detection and disease monitoring. 

Additionally, understanding the regulation of LZTR1 expression, localization, and post-

translational modifications could provide valuable information on how its function is 



34 

 

 

controlled in different cellular contexts. Overall, the challenges to LZTR1 research 

highlight the importance of continued study and exploration of this gene's role in cellular 

processes and the need for innovative approaches to diagnosing and treating associated 

disorders.
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