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Abstract 
The protein tyrosine phosphatase SHP2, encoded by PTPN11, is an important regulator of 

Ras/MAPK signaling that acts downstream of receptor tyrosine kinases and other transmembrane 
receptors. Germline PTPN11 mutations cause developmental disorders such as Noonan Syndrome, 
whereas somatic mutations drive various cancers. While many pathogenic mutations enhance SHP2 
catalytic activity, others are inactivating or affect protein interactions, confounding our understanding of 
SHP2-driven disease. Here, we combine single-cell transcriptional profiling of cells expressing clinically 
diverse SHP2 variants with protein biochemistry, structural analysis, and cell biology to explain how 
pathogenic mutations dysregulate signaling. Our analyses reveal that loss of catalytic activity does not 
phenocopy SHP2 knock-out at the gene expression level, that some mechanistically distinct mutations 
have convergent phenotypic effects, and that different mutations at the same hotspot residue can yield 
divergent cell states. These findings provide a framework for understanding the connection between 
SHP2 structural perturbations, cellular outcomes, and human diseases.  
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Introduction 
SHP2, encoded by PTPN11, is a ubiquitously expressed protein tyrosine phosphatase in humans 

that functions as a signaling hub downstream of many transmembrane receptors and has critical roles in 
cell proliferation, cell differentiation, immunity, and development (Figure 1A). PTPN11 missense 
mutations drive many human diseases, including hematopoietic malignancies such as acute myeloid 
leukemia (AML), acute lymphoid leukemia (ALL), and juvenile myelomonocytic leukemia (JMML) (Figure 
1B). Association with solid tumors such as neuroblastoma, hepatocellular carcinoma, glioblastoma, and 
melanoma has also been described1–3. Germline mutations in PTPN11 underlie congenital disorders, 
including approximately 50% of cases of Noonan Syndrome (NS) cases4, and 95% of Noonan Syndrome 
with Multiple Lentigines (NSML) cases5,6 (Figure 1B). NS is characterized by facial dysmorphia, 
intellectual disability, and heart defects – in particular pulmonic stenosis4. In addition to these NS-
phenotypes, NSML patients have a high incidence of hypertrophic cardiomyopathy, electrocardiographic 
abnormalities, and hearing loss6. 

Most disease-associated functions of SHP2 have been attributed to its role in Ras/MAPK 
signaling. Indeed, both NS and NSML are categorized as “RASopathies” and share similarities with other 
syndromes caused by mutations in Ras/MAPK components. In many cancers, SHP2 mediates signal 
transduction from receptor tyrosine kinases to Ras, and several allosteric inhibitors of SHP2 have entered 
clinical trials for the treatment of receptor tyrosine kinase-driven cancers7,8. SHP2 promotes Ras/MAPK 
signaling through several mechanisms, including inhibition of Sprouty1, a negative regulator of Ras9, 
direct dephosphorylation and activation of Ras, and dephosphorylation of scaffold proteins to prevent the 
recruitment of Ras GTPase activating-proteins (RasGAPs) to signaling complexes10–12. It is noteworthy, 
however, that SHP2 functions downstream of a variety of transmembrane receptors and can activate not 
just the Ras/MAPK pathway, but also PI3 kinase signaling, JAK/STAT signaling, and immune checkpoint 
signaling (Figure 1A)13–16. 

Hundreds of SHP2 mutations are cataloged in clinical databases (Figure 1C), and these 
mutations disrupt SHP2 structure and function through diverse mechanisms17–21. SHP2 is canonically 
activated by binding to phosphoproteins, which disrupts its resting auto-inhibited state to yield an active 
enzyme (Figure 1A) 22,23. Many oncogenic mutations also disrupt auto-inhibition, leading to catalytic gain-
of-function effects17,23. By contrast, other mutations appear to act through non-catalytic mechanisms24. 
Despite extensive studies, how these molecular effects translate into disease phenotypes remains 
unclear. One emerging theme is that SHP2 mutations can alter protein-protein interactions, as seen in 
NSML-associated variants. Many NSML mutations result in low or no catalytic activity but also cause 
large conformational changes that enhance binding to MPZL1/Pzr, a driver of hypertrophic 
cardiomyopathy through the Akt and NF-κB pathways25. Our recent work suggests that many pathogenic 
mutations in SHP2 broadly reshape its protein interaction network, yet the transcriptional and signaling 
consequences of these changes remain poorly understood19,26.  

Subtle perturbations to the structure of a signaling protein, such as those caused by missense 
mutations, can propagate to changes in protein-protein interactions and proximal signaling events, which 
in turn, can alter downstream gene expression. Indeed, a previous study on the transcriptomes of cells 
expressing two SHP2 mutants that disrupt auto-inhibition found increased expression of metabolic 
proteins, highlighting the potential insights that could be gained from studying mutation-specific 
transcriptional changes27. In addition, profiling mutation-driven changes in gene expression may also 
uncover key disruptions to protein function and can be leveraged to aid our understanding of SHP2 
structure-function relationships. Here, we use single-nucleus RNA sequencing to map the transcriptional 
impact of 15 clinically and mechanistically diverse pathogenic PTPN11 mutations. We identify SHP2 
presence as a critical driver for the cellular response to epidermal growth factor (EGF) stimulation and 
demonstrate that the R138Q mutation, which prevents C-SH2 domain interactions, attenuates EGF-
driven signaling independent of catalytic activity. Further, we show that two mutations, T507K and Q510K, 
have convergent effects on the biochemical and transcriptional level, with charge of the resulting amino 
acid as a likely driver. Finally, we show that different disease-relevant substitutions at catalytic residue 
Q510 have different effects on SHP2 structure and activity, propagating to distinct transcriptional 
outcomes. By systematically profiling the transcriptional landscape of PTPN11 variants, we provide new 
insights into how SHP2 mutations alter protein function. 
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Figure 1. Biological function and pathology of SHP2. (A) SHP2 receives input from a variety of cell 
signaling pathways, and SHP2 activation by binding to phosphoproteins has a diverse array of potential 
signaling and transcriptional outcomes. (B) Pie charts showing disease-driving genes for various human 
diseases, as identified in DNA sequencing of patient cohorts4,28–33. PTPN11 mutations underlie both 
congenital disorders and cancers. (C) Positions and frequencies of missense mutations in SHP2 along 
its 593-residue sequence. Pathogenic mutations were obtained from the ClinVar dataset. Cancer-
associated mutations were obtained from the COSMIC and TCGA databases.   
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Results 
Single-cell transcriptomics identifies global transcriptional changes induced by SHP2 expression 

To profile the effects of a collection of pathogenic SHP2 mutations on gene expression networks 
alone and under mitogen stimulation, we used sci-Plex-v2 multiplex single-cell RNA sequencing34,35. We 
transfected either SHP2WT or mutant SHP2 into a SHP2 knock-out (SHP2KO) HEK 293 cell line (Figure 
2A,B and Supplementary Figure 1A). Cells were stimulated with a range of EGF concentrations or left 
unstimulated, then nuclei for each condition were harvested 24 or 96 hours post-stimulation and uniquely 
barcoded by fixation of an oligonucleotide hash. Barcoded nuclei were pooled, cDNA processed, and 
single-nuclei mRNA libraries were generated using our modified version of combinatorial indexing RNA-
seq34–38. We captured a total of 29,716 cells across two replicates with a mean of 2447 cells per SHP2 
variant and a mean coverage of 155 cells per unique combination of SHP2 variant, EGF dose, and time 
point (Supplementary Figure 1B-D).  

First, we established the effect of SHP2WT presence on gene expression, by comparing SHP2KO 
and SHP2WT cells across EGF-stimulation conditions (Figure 2C and Supplementary Table 1). We 
juxtaposed this with a comparison between SHP2KO and mock-transfected cells, as our control (Figure 
2D). Between mock-transfected cells and SHP2KO cells, we identified 114 genes as significantly 
upregulated (quasipoisson regression, > 0.25 ꞵ coefficient, < 0.05 false discovery rate (FDR)) in mock-
transfected cells, and 105 genes that were downregulated (< -0.25 ꞵ coefficient, < 0.05 FDR) (Figure 2D 
and Supplementary Figure 1E). By contrast, we identified 820 genes that were significantly upregulated 
in cells expressing SHP2WT, including PTPN11 itself (Figure 2C and Supplementary Figure 1E). These 
genes were enriched for Gene Ontology (GO) terms related to kinase signaling and cell cycle, as well as 
nuclear export and mitochondrial import (Supplementary Figure 2A and Supplementary Table 1). 
Moreover, several known EGF-response genes were also enriched, including EGR1/3, ETV4/5, JUN, 
ATF5, CCND1, and DUSP139, indicating that the mere presence of SHP2 promotes the cellular response 
to EGF-stimulation (Figure 2C and Supplementary Figure 2B). This is consistent with the observation 
that receptor tyrosine kinase-driven cancer cell lines depend on SHP2 for proliferation40. Interestingly, 
these genes remained highly expressed in SHP2WT cells compared to SHP2KO at 96 hours 
(Supplementary Figure 2C,D). 738 genes were downregulated in SHP2WT-expressing cells compared 
to SHP2KO (Figure 2C and Supplementary Table 1). Notably, we detected altered expression of genes 
related to heart development, mesenchymal stem cell (MSC) differentiation, and telencephalon 
development in SHP2KO cells, aligning with the known roles of SHP2 in cardiac pathology, MSC 
regulation, and neurodevelopment (Supplementary Figure 2E and Supplementary Table 1)41–43. 
Collectively, these findings indicate that our approach detects diverse and disease-relevant SHP2-
induced transcription in our model cell line.  
SHP2WT expression shapes the cellular response to EGF stimulation 

Next, we examined how cells lacking or expressing SHP2 differ specifically in response to EGF 
stimulation. SHP2WT-transfected cells responded more strongly to EGF stimulation at the transcriptional 
level than SHP2KO cells (Figure 2E and Supplementary Table 2), with changes in gene expression 
being largely distinct upon EGF-stimulation (Supplementary Figure 2G). Gene Set Enrichment Analysis 
(GSEA) revealed SHP2WT-dependent changes in expression of genes involved in proliferative signaling, 
such as the hallmark mTORc1 and MYC pathways (Figure 2F). We also observed an enrichment for 
genes associated with oxidative phosphorylation and mitochondrial protein degradation pathways 
(Figure 2F).  

Interestingly, several early response genes were not significantly differentially expressed as a 
function of EGF stimulation for SHP2WT-expressing cells. Rather, these genes maintain a high basal 
expression in SHP2WT cells relative to SHP2KO cells, irrespective of stimulation, suggesting that the mere 
presence of SHP2 produces some basal level of Ras/MAPK signaling (Supplementary Figure 2H and 
Supplementary Table 2). To investigate this further, we determined four unbiased EGF-responsive gene 
modules based on shared expression patterns across EGF concentrations (Figure 2G, Supplementary 
Figure 2I,J, and Supplementary Table 2). In SHP2WT cells, at any concentration of EGF, modules 1 and 
4 were upregulated and included EGF response genes (1: ETV4/7, CDK4, RHOD and PIK3R1; 4: EGR1, 
E2F4, ETF1, POLG, and BRD1) (Supplementary Table 2). By contrast, module 2 and 3, which were 
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only downregulated in EGF-stimulated SHP2WT cells, contained several tumor suppressors, such as 
NRG1, MAP3K1, CAVIN3, EPHA3/7, CTNNA1/3, and NOTCH3. This analysis reveals a broad set of 
genes co-regulated with SHP2WT, but not SHP2KO cells, and highlights the ability of SHP2 to sustain 
certain EGF signaling markers even without stimulation.  
 

 
Figure 2. Single-nucleus RNA-sequencing reveals the transcriptional effect of SHP2 expression. (A) 
Schematic overview of RNA-sequencing experiment to probe effects of SHP2 on gene expression. (B) Percentage 
of PTPN11-expressing cells in the SHP2KO population, SHP2WT-transfected cells, and mock-transfected cells, out 
of total number of cells sequenced for those respective samples. (C) Volcano plots showing SHP2-induced 
differentially expressed genes (DEGs) for SHP2KO and SHP2WT at 24 hours. Any significant (false discovery rate < 
0.05) transcript with a ꞵ coefficient of > 0.25 or <-0.25 is colored. (D) Same as (C), but for mock-transfected vs 
SHP2KO. (E) Volcano plots showing EGF-induced differentially expressed genes for SHP2KO (top) and SHP2WT 
(bottom). Any significant (false discovery rate < 0.05) transcript with a normalized ꞵ coefficient of > 0.25 or <-0.25 
is colored. (F) Gene Set Enrichment Analysis shows pathways of DEGs for SHP2WT and SHP2KO. * denotes false 
discovery rate <0.05, ** < 0.01, *** < 0.001, and **** <0.0001. (G) Four gene modules were identified between 
SHP2WT and SHP2KO. SHP2WT without EGF stimulation behaves most similar to SHP2KO. Low EGF is defined as 
12.5-50 ng/mL; high EGF is defined as 100-1000 ng/mL).  
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Pathogenic mutations in SHP2 produce unique gene expression profiles 
Having established the transcriptional profile of SHP2WT with and without EGF stimulation, we 

next examined SHP2 mutant profiles, selecting mutations linked to diverse clinical phenotypes and with 
varying effects on SHP2 structure (Figure 3A and Supplementary Table 3). Two mutations associated 
with Noonan Syndrome (NS) were included: T42A, which alters N-SH2 binding affinity and specificity19,44, 
and E139D, a C-SH2 mutation that enhances SHP2 basal catalytic activity but does not appear to affect 
SH2 binding functions18,19. Notably, the E139D mutation has also been found in syndromic JMML20. E76K, 
which significantly disrupts auto-inhibition, and T52S, which modestly affects the N-SH2 ligand-binding 
pocket, were also included as JMML mutations19,45. We included NSML mutations Y279C and T468M, 
which reduce catalytic efficiency while increasing SH2 domain accessibility5,24,46. Finally, we included the 
relatively uncharacterized ALL mutation Q510K, the R138Q mutation found in melanoma and other 
cancers, which ablates C-SH2 binding capability, and T507K, which disrupts auto-inhibition, alters 
substrate specificity, and has been observed in neuroblastoma, glioblastoma, and hepatocellular 
carcinoma1–3,19,47. 

As with SHP2WT, the mutants were expressed in SHP2KO HEK 293 cells, stimulated with a range 
of EGF concentrations, and harvested at 24 hours and 96 hours (Figure 2A and Supplementary Figure 
1A). Analysis of differentially expressed genes (DEGs) for each SHP2 variant compared with SHP2KO 
showed that overall, there is a strong correlation in gene expression changes for all SHP2 variants at 
respective time points (Figure 3B, Supplementary Figure 3A, and Supplementary Table 3). SHP2R138Q 
was the most distinct mutant at 24 hours, but even this mutant showed a high correlation of effect on 
gene expression with SHP2WT (Pearson’s ρ of 0.85). At 96 hours both SHP2R138Q and SHP2Y279C were 
most distinct (Pearson’s ρ of 0.64 and 0.59 with SHP2WT, respectively). To visualize the relationship of 
mutants to each other, we pseudo-bulked (aggregated) the gene expression profiles of cells by time point, 
SHP2 variant, EGF dose, and replicate, calculated the log2 fold-changes to unstimulated SHP2KO cells, 
and initialized a Uniform Manifold Approximation and Projection (UMAP) embedding with the resulting 
log2 fold-changes (Figure 3C). Consistent with the large number of DEGs across mutants upregulated 
and downregulated (3719 and 3761, respectively, FDR < 0.05) due to stimulation time, time point appears 
to be the largest determinant of gene expression (Figure 3C, middle panel). Within each time point, we 
observed a loose gradient of EGF dose (Figure 3C, top panels), and separation of SHP2 variants (Figure 
3C, bottom panels, and Supplementary Figure 3B).  

We next determined a common SHP2-dependent transcriptome, which we defined as genes that 
are differentially expressed compared to SHP2KO cells (β coefficient < -0.05 or >0.05, false discovery rate 
< 0.05), shared between at least 5 out of 10 SHP2 variants in our study, and not identified as a DEG for 
our transfection control (Supplementary Figure 3C,D). GSEA of this common transcriptome showed 
overlap with the previously defined gene sets associated with SHP2WT activity, signifying that different 
SHP2 mutants drive similar transcriptional programs to SHP2WT and each other (Supplementary Figure 
2A,E and Supplementary Tables 1,3).  

Next, we aimed to isolate mutation-dependent changes in transcription. We inspected the top 
differentially expressed genes between SHP2WT cells and SHP2 mutant cells. We identified between 80 
and 214 DEGs across all SHP2 mutants at 24 hours (Figure 3D). SHP2R138Q displayed the largest 
transcriptional differences compared to SHP2WT-expressing cells but was transcriptionally more similar 
to SHP2KO cells compared to all other tested SHP2 variants (Figure 3E), suggesting a possible 
hypomorphic effect at the level of transcription for this SHP2 variant. At 96 hours post-stimulation, the 
number of DEGs is smaller for both comparison to SHP2WT and to SHP2KO (Supplementary Figure 
3E,F). Taken together, our initial analysis demonstrates that SHP2 variants are mostly alike, but that 
differences can be detected.   
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Figure 3. Transcriptomic profiling of SHP2 variants reveals mutational differences. (A) Overview of mutants 
studied in this screen and their position on the protein. Additional descriptions of the mutants are given in 
Supplementary Table 3. (B) Heatmap of ꞵ coefficient correlation (Pearson’s ρ) with unsupervised hierarchical 
clustering, comparing SHP2WT and all SHP2 variants at 24 hours. (C) Pseudo-bulked log2 fold-change expression 
of cells grouped by timepoint, SHP2 variant, and EGF dose, against unstimulated SHP2KO cells. Genes were filtered 
to the union of DEGs across all mutants (5209 genes). Gene space was reduced to 5 principal components, and 
corrected components were further reduced to 2 Uniform Manifold Approximation and Projection (UMAP)48 
dimensions for 24 hours (left) and 96 hours (right). Colors of each mutant represent DEG correlation cluster at 24 
hours, as seen in (B). (D) Number of differentially expressed genes per SHP2 variant, compared to SHP2KO, at 24 
hours. (E) Same as (D), but each SHP2 mutant compared to SHP2WT. 
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EGF-response dynamics are differentially altered by SHP2 mutations  
To obtain more specific insights into the mutational differences in SHP2 transcriptomes, we 

leveraged multi-resolution variational interference (MrVI), a deep generative model that performs sample 
stratification at single-cell resolution while accounting for technical variability49. We recently used MrVI to 
classify chemical perturbations by their induced transcriptional effects35. In this study, we applied the 
model to detect transcriptional signatures for distinct SHP2 variants (Figure 4A). We employed UMAP48 
for dimension reduction and visualization of cells in the resulting MrVI SHP2 variant/EGF-specific latent 
space. SHP2KO cells form a distinct cluster separate from all SHP2-containing cells, representing a large 
driver of variation in our model and further demonstrating the impact that SHP2 presence has on gene 
expression (Supplementary Figure 4A). Thus, to explore more subtle variant specific phenotypes, we 
continued our analysis in the absence of SHP2KO control cells. 

After omitting SHP2KO cells from our analysis, we noted a separation in the latent space between 
cells stimulated with no EGF, low concentration of EGF, or high concentrations of EGF (Figure 4B). Next, 
we used Leiden-based community detection50 to cluster SHP2-variant expressing cells, resulting in 5 
distinct clusters (Figure 4C and Supplementary Figure 4B). Analysis of each mutant distribution across 
these clusters revealed that SHP2R138Q is predominantly present in cluster 1 at any EGF concentration, 
whereas other SHP2 variants only appear in this cluster in absence of EGF stimulation (Figure 4D,E and 
Supplementary Figure 4C,D). Furthermore, SHP2R138Q and SHP2T468M never occupy cluster 5, and 
SHP2WT and several SHP2 variants (SHP2T42A, SHP2T52S, SHP2E139D, SHP2Y279C) only appear in cluster 
5 when stimulated with high doses of EGF (Figure 4D and Supplementary Figure 4D). By contrast, 
SHP2E76K, SHP2T507K and SHP2Q510K already populate cluster 5 at low EGF doses. Similar trends were 
observed when analyzing the counterfactual cell distances determined by MrVI, comparing each mutant 
and stimulation condition to unstimulated SHP2WT cells (Supplementary Figure 4E). These observations 
demonstrate how different structural perturbations to SHP2 can alter its EGF-responsiveness. 

One notable conclusion from our comparison of SHP2 mutants is that SHP2R138Q-expressing cells 
at any dose of EGF behave most similarly to unstimulated cells expressing almost any other SHP2 
variant. Analysis of the differentially expressed genes between SHP2WT and SHP2R138Q revealed that 
SHP2R138Q cells do not express canonical EGF-response genes, such as EGR1/3, to the same extent as 
SHP2WT cells (Figure 4F). We previously showed that SHP2R138Q has an almost non-functional C-SH2 
domain19, and co-localized proteins are less likely to be tyrosine-phosphorylated when compared with 
SHP2WT-colocalized proteins26. C-SH2/phosphoprotein interactions play an important role in localizing 
SHP2 to signaling complexes51, and SHP2R138Q may thus be unable to interact with EGFR pathway 
phosphoproteins, thereby decreasing responsiveness to EGF stimulation. Consistent with this, EGF-
induced changes in gene expression with SHP2R138Q are much smaller than with SHP2WT and do not 
include canonical EGF response genes (Supplementary Figure 4F). Furthermore, when we examined 
Erk phosphorylation as a marker of EGF signaling, we observed a reduced EGF-dependent phospho-
Erk levels in SHP2R138Q-expressing cells when compared to SHP2WT-expressing cells, with a modest shift 
in EC50 for EGF and large reduction in signal amplitude (Figure 4G and Supplementary Figure 4G). 

Some of the proliferative, EGF-response genes that were depleted with SHP2R138Q expression, 
such as EGR1 and ETV4, are also known cancer-associated genes52. To understand which genes might 
drive the oncogenicity associated with the R138Q mutation, we compared our gene expression profile to 
genes known to be associated with cancers where SHP2R138Q has been observed, including melanoma 
and prostatic adenocarcinoma52. XIST, a known regulator of malignant melanoma, was significantly 
enriched in the SHP2R138Q transcriptome53, as was C5orf66, a long non-coding RNA, which can function 
as both an oncogene and tumor suppressor dependent on tissue type54–57. We also identified MAGED1 
(melanoma-associated antigen 1), a member of the MAGE family which is frequently upregulated in 
melanoma and other cancers and is a therapeutic target58. However, over-expression of MAGED1 can 
suppress cell cycle progression and tissue invasion in other cell systems59. The most upregulated gene 
in SHP2R138Q-expressing cells, considering both SHP2-driven effects and EGF-induced effects, was 
COBLL1 (Figure 4F and Supplementary Figure 4F), which is involved in the oncogenesis of prostate 
cancer and chronic lymphocytic leukemia60,61. Thus, while the SHP2R138Q mutant has a severely 
attenuated response to EGFR activation, its expression can still upregulate known oncogenes.  
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Figure 4. Cellular response to EGF is altered by wild-type and mutant SHP2. (A) Overview of MrVI. MrVI model 
was trained on our 24 hours dataset, in which each combination of SHP2 variant and EGF-dose is defined as the 
sample-of-origin (96 unique samples), and replicate defined as the technical factor (2 unique replicates). (B) UMAP 
of MrVI Z-space for all single cells (light grey), excluding SHP2KO cells. Each respective EGF dose group is indicated 
per UMAP. (C) UMAP of MrVI Z-space for all single cells, excluding SHP2KO cells. Colors indicate clusters as 
identified by Leiden community detection. (D) Bar plots for each SHP2 mutant and their distribution across clusters. 
(E) UMAPs of the MrVI Z-space for SHP2WT and SHP2R138Q. (F) Volcano plot showing differentially expressed genes 
between SHP2R138Q and SHP2WT across EGF-concentrations. Significant genes (normalized effect size <-0.15 or 
>0.15, false discovery rate < 0.05) are labeled in dark grey (SHP2WT) and red (SHP2R138Q). (G) Dose response 
curves show reduced EGF-response of SHP2R138Q compared to SHP2WT. Data points and error bars represent the 
mean and standard deviation from three independent transfection, stimulation, and blotting experiments.  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 11 of 21 

SHP2T507K and SHP2Q510K drive Ras/MAPK signaling in unstimulated cells 
Whereas SHP2R138Q was unique in the extent to which it attenuates EGF responsiveness (Figure 

4E,F), two mutations on the catalytic Q-loop (Supplementary Figure 5A), SHP2T507K and SHP2Q510K, 
were unique from all other SHP2 variants in that they did not occupy cluster 1 in the absence of EGF 
stimulation (Figure 4D and Figure 5A). Instead, these variants appear to drive an altered basal cellular 
state that is most represented by cluster 2 (Figure 4E). The T507K mutation, which has been 
biochemically characterized47, is associated with several solid tumors, including hepatocellular 
carcinoma, glioblastoma, and neuroblastoma1–3. By contrast, the relatively unstudied Q510K is mainly 
associated with ALL, although it has also been observed in solid tumours62. 

We hypothesized that these mutations converge in their gene expression profiles due to a shared 
molecular mechanism (Figure 5B). Specifically, SHP2T507K is known to have reduced catalytic activity 
against many phosphopeptide substrates, however, due to the introduction of a positive charge in the 
substrate-binding pocket, SHP2T507K has higher than wild-type level catalytic efficiency for substrates with 
a complimentary acidic residue, such as Sprouty1 pY53 47. This change in substrate-preferences has 
been linked to T507K-pathogenic signaling, as Sprouty1 is a negative regulator of Ras, and its 
dephosphorylation by SHP2 causes activation of the Ras/MAPK pathway47. Furthermore, T507K 
modestly destabilizes the auto-inhibited state of SHP2, enhancing its propensity for activation by 
phosphoprotein binding47. Q510 is a key catalytic residue, and mutations at this site, including Q510K, 
impair catalysis17,21. However, structural models suggest that SHP2T507K and SHP2Q510K might have 
similarly remodeled active site electrostatics, which could result in similar changes in substrate-specificity 
(Figure 5C)63.  

To test if T507K and Q510K dysregulate SHP2 through similar molecular mechanisms, we 
measured the catalytic activities of full-length and isolated phosphatase (PTP) domain constructs of 
SHP2WT, SHP2T507K, and SHP2Q510K. Full-length SHP2WT and SHP2Q510K have comparable activity against 
the fluorogenic model substrate DiFMUP, while SHP2T507K shows a large increase in catalytic efficiency, 
consistent with a previous study on SHP2T507K (Figure 5D)47. For the isolated PTP domains, we found 
that PTPQ510K was substantially less active than PTPWT or PTPT507K against DiFMUP (Figure 5E). This 
discrepancy between full-length and wild-type proteins could be explained by the ability of the Q510K 
mutation to disrupt auto-inhibition, thereby compensating for the loss of a catalytic residue (Figure 5B). 
Indeed, differential scanning fluorimetry demonstrated that SHP2Q510K had a dramatically lower melting 
temperature than SHP2WT and SHP2T507K, indicative of a more open conformation (Figure 5F)17,19,64. 
Even in the context of the isolated PTP domain, the Q510K mutation showed a much lower melting 
temperature than PTPWT (Figure 5G), suggesting that this mutant not only disrupts auto-inhibition in the 
full-length protein but also intrinsically destabilizes the isolated PTP domain.  

Next, we measured the activity of the isolated PTP domains against 4 peptide-substrates: Paxillin 
pY118, Sprouty1 pY53, Gab1 pY589, and EGFR pY992, which were previously used to profile the change 
in SHP2T507K substrate preferences47. Consistent with previously reported results, we saw an increase in 
preference for Sprouty1 for PTPT507K when compared to PTPWT (Figure 5H and Supplementary Figure 
5B). Notably, while PTPQ510K overall shows strong catalytic impairment, we observe an increased 
preference for Sprouty1, suggesting that the Lys-substitutions on the two nearby sites have convergent 
effects on substrate preferences (Figure 5H and Supplementary Figure 5B). Furthermore, the 
destabilizing effect of the Q510K mutation disrupts auto-inhibition to such an extent that the full-length 
protein has comparable activity to SHP2WT (Figure 5B,D). While substrates other than Sprouty1 may be 
at play for either mutant, and other structural explanations might also be relevant, our biochemical and 
transcriptomic results suggest that the Q510K and T507K operate at least partly through similar 
mechanisms.  
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Figure 5. Q-loop mutations can alter substrate specificity and conformational stability to modulate 
downstream transcription.  (A) UMAP of the MrVI Z-space for SHP2T507K and SHP2Q510K shows absence of cells 
in cluster 1. (B) Schematic showing the structure and activity changes in SHP2Q510K relative to SHP2WT, SHP2E76K, 
and SHP2T507K. The Q510K mutation shifts the protein towards the open conformation, while also enhancing 
Sprouty1 dephosphorylation. (C) AlphaFold 3 models of SHP2T507K (top) and SHP2Q510K (bottom), bound to Y53-
phosphorylated Sprouty1 in the active site, showing the proximity of K507 and K510 with E55 on Sprouty1. (D) 
Catalytic efficiencies of full-length SHP2WT, SHP2T507K, and SHP2Q510K against DiFMUP. (E) Same as (D), but for 
the isolated PTP domains. (F) Melting temperatures for full-length SHP2WT, SHP2T507K, SHP2Q510K, and SHP2Q510E. 
SHP2E76K, a known open conformation mutant, is shown for reference. (G) Same as (F), but for isolated PTP 
domains. (H) Dephosphorylation assay with PTPWT, PTPT507K, and PTPQ510K showing switch in substrate 
preferences. Full peptide sequences are indicated in the Methods. (I) Pairwise MrVI counterfactual cell distances, 
showing the largest distances between SHP2WT and any Q-loop mutant. SHP2Q510K and SHP2Q510R show the 
smallest distance observed. (J) Heatmap for differentially expressed genes for SHP2Q510K/R versus SHP2WT. Z-
scored mean expression for SHP2Q510K, SHP2Q510R, and SHP2Q510E are visualized. Gene names in bold represent 
chaperone and protein folding genes. Red gene names represent EGF response genes.  
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The identity of the Q510 substitution fine-tunes functional outcomes 
  In addition to T507K and Q510K, there are several other pathogenic mutations in the Q-loop of 
SHP2 (Supplementary Figure 5A). Particularly, Q510 has several other known pathogenic substitutions 
(Q510H/E/L/P/R) – all of which are one nucleotide away from the wild-type sequence and have distinct 
disease outcomes (Supplementary Table 3). With the exception of Q510K, all observed Q510 mutations 
are associated with NSML, with Q510L/P/R also having been implicated in NS. Like Q510K, Q510E is 
also associated with ALL, whereas Q510P, L, and H have been found in AML patients. Additionally, all 
Q510 mutants occur in solid cancers. While loss of the wild-type residue may fully explain dysregulatory 
effects of mutations at a particular site, evidence from other proteins such as Ras GTPases suggests 
that the identity of the substituted amino acid can also dictate functional outcomes65,66. Indeed, for SHP2, 
we see differences in basal activity and stability for Q510K and Q510E that could have downstream 
consequences (Figure 5D-G). Thus, we conducted another transcriptomic screen focused on Q-loop 
mutations, including all disease-relevant Q510 substitutions, T507K, and another common mutation at a 
catalytic residue, Q506P (Supplementary Figure 6A-D). All Q-loop mutants appeared distinct from 
SHP2WT and induced a similar number of differentially expressed genes relative to SHP2WT 
(Supplementary Figure 6E,F). 

Building on the observation from our previous screen that SHP2T507K and SHP2Q510K were most 
distinct from other SHP2 variants in unstimulated conditions, we trained a specific MrVI model on the 
unstimulated cells at 24 hours. Then, we calculated the counterfactual cell distances between different 
SHP2 variants in this screen. Consistent with the trend found in our correlation of ꞵ coefficients 
(Supplementary Figure 6E), we found that SHP2WT shows the largest distance to any of the mutants in 
our screen (distance = 0.61 – 0.68) (Figure 5I). Furthermore, we found that SHP2Q510K and SHP2Q510R, 
which introduce a positive charge, are remarkably similar (distance = 0.04), whereas SHP2Q510E, which 
brings about a negative charge, is the most distant mutant from SHP2Q510K/R (distance = 0.34) (Figure 
5I).  

To understand what drives these trends, we analyzed differentially expressed genes between 
SHP2WT and the group of SHP2Q510K/R. We identified several EGF response genes, such as JUNB, 
CCND1, DUSP1 and ETV5, as increasingly expressed in cells with the SHP2Q510K/R, many of which were 
not upregulated to the same extent with SHP2Q510E (Figure 5J, red genes, and Supplementary Table 
3). This suggests that SHP2Q510R potentially shares the altered cell state that we previously observed for 
SHP2Q510K and SHP2T507K, which could be explained by a similar charge-based change in substrate 
specificity. By contrast, SHP2Q510E is effectively catalytically dead but has a mildly destabilized auto-
inhibited state, somewhere between SHP2WT and SHP2Q510K (Figure 5D-G). Thus, it can only drive 
signaling through its scaffolding functions. Notably, SHP2Q510E is most similar to SHP2Q506P in our 
transcriptomics data (Figure 5I). This mutation also reduces catalytic activity, and it has been reported to 
destabilize SHP2 auto-inhibition to the same extent as SHP2Q510E 21. 

Finally, we were surprised to find that the intersection of the SHP2Q510K and SHP2Q510R data 
showed enrichment for genes encoding chaperones and other proteostasis machinery (Supplementary 
Table 3). We compared the Z-scored mean expression of these identified genes in SHP2Q510K/R data to 
SHP2Q510E data and found that these genes are expressed to much lesser degree in SHP2Q510E (Figure 
5J, bolded genes). One plausible explanation for this difference is that the Q510R mutation, similar to 
Q510K, may destabilize the PTP domain of SHP2, triggering proteostasis machinery. By contrast, Q510E 
is much less destabilizing, both for full-length SHP2 and the isolated PTP domain (Figure 5F,G), which 
may explain why a similar response is not observed in SHP2Q510E-expressing cells. Overall, our data 
suggest that the distinct substitutions at Q510 can have diverse effects on protein conformation, stability, 
and activity, which are likely to shape unique downstream signaling and transcriptional programs. 
 

Discussion 
In this project, we conducted two multiplexed single-cell transcriptomic screens with cells 

expressing a variety of pathogenic SHP2 mutants, stimulated with a range of EGF doses across multiple 
time points. First, by comparing SHP2WT-expressing cells directly to SHP2KO cells, we show that the 
presence of SHP2 is essential for expression of EGF-response genes, such as EGR1/3 and ETV4/5. As 
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a result, SHP2KO cells are defective in manifesting a cellular response to EGF stimulation. SHP2WT-
expressing cells showed upregulation of several key cell signaling pathways, including mTORC1, and 
MYC pathways. Interestingly, the SHP2KO cells only showed upregulation of FGFR3-related signaling, 
which is consistent with previous studies showing that SHP2 inhibition led to compensatory activation of 
FGFR signaling and rebound ERK activity, suggesting that in cells navigate the absence of SHP2 by 
escaping to other cell signaling pathways67,68.  

Next, we compared SHP2WT to nine SHP2 mutants, chosen for their range of effects on protein 
structure and activity, along with diverse disease contexts. We observed a distinctive correlation between 
the protein-level mechanism of dysregulation and resulting cell states. For example, SHP2R138Q, which 
has a defective C-SH2 domain19, attenuated proximal signaling in response to EGF (lower Erk 
phosphorylation) and led to significantly diminished transcription of EGF-response genes. Importantly, 
SHP2R138Q retains normal catalytic activity, both in basal conditions as well as when the N-SH2 domain 
is engaged by a phosphopeptide19, illustrating how non-catalytic properties of SHP2 are critical for EGF 
signaling. Previous work has shown that catalytically-dead SHP2C459S is unable to activate the Ras/MAPK 
pathway in response to EGF stimulation69. This suggests that both the C-SH2 binding function and 
phosphatase domain catalytic activity of SHP2, are needed for activation of the Ras/MAPK pathway in 
response to EGF stimulation, highlighting the importance of the scaffolding function of SHP2, as well as 
its interplay with catalytic activity. Interestingly, our transcriptomics data show that the gene expression 
profile mediated by SHP2R138Q is distinct from SHP2KO, indicating that some of its signaling functions are 
intact, and novel oncogenes are overexpressed that are not seen in the SHP2KO or SHP2WT context.  

Our transcriptomics data also revealed surprising instances of functional convergence by two 
apparently unrelated mutations and functional divergence by different substitutions at the same site. 
Specifically, we found that the unstudied cancer mutant SHP2Q510K partly phenocopies SHP2T507K by 
introducing a lysine into the substrate-binding pocket of the phosphatase domain and altering substrate 
specificity. As a result, both of these mutants mediate similar EGF-dependent transcriptional responses 
that are distinct from all other mutants in our screen. By contrast, other pathogenic mutations at Q510 
unexpectedly showed a range of downstream effects. SHP2Q510K and SHP2Q510R, which both introduce a 
positive charge in the active site, produce the most similar gene expression profiles, whereas we found 
that SHP2Q510E, which introduces a negative charge, has distinct effects on protein stability, auto-
inhibition, and catalytic activity, resulting in a divergent transcriptome. For many known missense 
mutations in SHP2, it appears that the loss of the original residue is more detrimental to protein function 
than the identity of the new amino acid. For example, while SHP2E76K is well-known and well-studied, 
substitutions to D, G, A, Q, V, and M at this position have also been identified in patients70, and all of 
these substitutions disrupt autoinhibition to hyperactivate SHP217,20,62. By contrast, for Q510 we find that 
the identity of the resulting mutation at a site can also dictate downstream functions. This “original-centric” 
view of pathogenic mutations is being challenged in other systems as well, including the well-studied 
oncogene Ras, where different G12 mutations have distinct effects on protein interactions and GTP 
hydrolysis rates17,20,62.  

A critical feature of our experimental design that yielded the aforementioned insights is that we 
conducted these screens in a homogenous genetic background, SHP2KO HEK 293 cells. This approach 
isolates how structural and biochemical consequences of mutations in SHP2 propagate to changes in 
cell state, without other confounding factors, including genetic, transcriptomic, or proteomic variation. 
Through this approach, we were able to amplify mutant-specific outcomes and connect changes in cell 
state to nuanced mutant-dependent changes in SHP2 structure, stability, and molecular recognition. We 
acknowledge that the mutants in our study occur in a broad range of human diseases and thus affect a 
broad range of cell types. In the congenital disorders Noonan Syndrome and Noonan Syndrome with 
Multiple Lentigines, SHP2 mutations are inherited and systemic, whereas somatic SHP2 mutations in 
cancers are localized to specific cell and tissue types. Thus, these mutations naturally drive diseases in 
a wide array of cellular and mutational contexts. Our reductionist approach provides a baseline for 
connecting SHP2 structural perturbations to cellular outcomes and lays the foundation for deeper 
mechanistic studies in disease-relevant cell lines, animal models, or patient samples. 

In our study, we focused on just over a dozen pathogenic mutations that have varied effects on 
SHP2 at the molecular level. By analyzing how these diverse mutants influence the transcriptome, we 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 15 of 21 

were able to show that corresponding changes to the conformational state of SHP2, to non-catalytic 
protein-protein interactions, and even to its substrate specificity, can propagate into major differences in 
cellular outcomes, separate from effects coming from basal catalytic activity. Our results highlight the 
bidirectional value of integrating structural and cellular data: consideration of protein structure and 
biochemistry can inspire insightful cellular experiments, while unbiased assessments of cellular 
phenotypic effects—such as through transcriptomics—can, in turn, reveal unexpected biochemical 
insights. In the future, one can envision taking a more expansive and unbiased approach to gain even 
deeper insights. The analysis of comprehensive scanning mutagenesis libraries, coupled with functional 
selection and deep sequencing, is yielding new insights into protein stability, regulation, molecular 
recognition, catalysis, and drug resistance71. Combining these deep mutational scanning approaches 
with multiplexed single-cell transcriptomics could yield a powerful framework for mapping the effects of 
mutations from the molecular to the cellular scale. 
 

Acknowledgements 
We would like to thank the members of the Shah and McFaline-Figueroa labs for their scientific 

insights and helpful discussions, in particular Nicholas Hou for MrVI guidance. This research was funded 
by NIH/NIGMS grant R35GM138014 to NHS. J.L.M.-F acknowledges support from grants from the NIH 
(R35HG011941) and the NSF (2146007). These studies used the resources of the Cancer Center 
Sequencing Core Facility at Columbia University funded in part through Center Grant P30CA013696. 
 

Author Contributions 
AEV conceived, designed, performed, analyzed, and interpreted the experiments; performed 

statistical analysis; and wrote the manuscript. RMG designed, performed, analyzed and interpreted the 
experiments, performed statistical analysis and edited the manuscript. ZJ performed, analyzed and 
interpreted experiments. ML synthesized key reagents.  JLMF designed, analyzed and interpreted the 
experiments and edited the manuscript. NHS designed, analyzed, and interpreted the experiments, and 
wrote the manuscript. 
 

Competing interests 
The authors declare no competing interests. 

 

Data and materials availability  
Raw and processed data can be accessed and downloaded from NCBI GEO under accession 

number Series GSE300865. The code necessary to reproduce the analyses in this study can be found 
at Github https://github.com/mcfaline-figueroa-lab/sci-Plex-SHP2. 
 

Supplementary Information 
Supplementary Information file contains: 
Supp. Fig. 1. Comprehensive screen of pathogenic PTPN11 mutations using sci-Plex 
Supp. Fig. 2. Comparison of SHP2WT transcriptome to SHP2KO 
Supp. Fig. 3. Analysis of shared and distinct SHP2 variant transcriptomes 
Supp. Fig. 4. MrVI analysis of SHP2 variant response to EGF stimulation 
Supp. Fig. 5. Michaelis-Menten analysis of PTPT507K and PTPQ510K 
Supp. Fig. 6. Screening of Q-loop mutants  
Materials and Methods 
Supplementary tables can be found as separate spreadsheet files: 
Supp. Table 1. SHP2-driven effects in gene expression 
Supp. Table 2. EGF-driven effects in gene expression 
Supp. Table 3. Gene expression of SHP2 mutants  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 16 of 21 

References 
(1) Bentires-Alj, M.; Paez, J. G.; David, F. S.; Keilhack, H.; Halmos, B.; Naoki, K.; Maris, J. M.; 

Richardson, A.; Bardelli, A.; Sugarbaker, D. J.; Richards, W. G.; Du, J.; Girard, L.; Minna, J. D.; Loh, 
M. L.; Fisher, D. E.; Velculescu, V. E.; Vogelstein, B.; Meyerson, M.; Sellers, W. R.; Neel, B. G. 
Activating Mutations of the Noonan Syndrome-Associated  SHP2/PTPN11  Gene in Human Solid 
Tumors and Adult Acute Myelogenous Leukemia. Cancer Research 2004, 64 (24), 8816–8820. 
https://doi.org/10.1158/0008-5472.CAN-04-1923. 

(2) Miyamoto, D.; Miyamoto, M.; Takahashi, A.; Yomogita, Y.; Higashi, H.; Kondo, S.; Hatakeyama, M. 
Isolation of a Distinct Class of Gain-of-Function SHP-2 Mutants with Oncogenic RAS-like 
Transforming Activity from Solid Tumors. Oncogene 2008, 27 (25), 3508–3515. 
https://doi.org/10.1038/sj.onc.1211019. 

(3) Brennan, C. W.; Verhaak, R. G. W.; McKenna, A.; Campos, B.; Noushmehr, H.; Salama, S. R.; 
Zheng, S.; Chakravarty, D.; Sanborn, J. Z.; Berman, S. H.; Beroukhim, R.; Bernard, B.; Wu, C.-J.; 
Genovese, G.; Shmulevich, I.; Barnholtz-Sloan, J.; Zou, L.; Vegesna, R.; Shukla, S. A.; Ciriello, G.; 
Yung, W. K.; Zhang, W.; Sougnez, C.; Mikkelsen, T.; Aldape, K.; Bigner, D. D.; Van Meir, E. G.; 
Prados, M.; Sloan, A.; Black, K. L.; Eschbacher, J.; Finocchiaro, G.; Friedman, W.; Andrews, D. W.; 
Guha, A.; Iacocca, M.; O’Neill, B. P.; Foltz, G.; Myers, J.; Weisenberger, D. J.; Penny, R.; 
Kucherlapati, R.; Perou, C. M.; Hayes, D. N.; Gibbs, R.; Marra, M.; Mills, G. B.; Lander, E.; Spellman, 
P.; Wilson, R.; Sander, C.; Weinstein, J.; Meyerson, M.; Gabriel, S.; Laird, P. W.; Haussler, D.; Getz, 
G.; Chin, L.; Benz, C.; Barnholtz-Sloan, J.; Barrett, W.; Ostrom, Q.; Wolinsky, Y.; Black, K. L.; Bose, 
B.; Boulos, P. T.; Boulos, M.; Brown, J.; Czerinski, C.; Eppley, M.; Iacocca, M.; Kempista, T.; Kitko, 
T.; Koyfman, Y.; Rabeno, B.; Rastogi, P.; Sugarman, M.; Swanson, P.; Yalamanchii, K.; Otey, I. P.; 
Liu, Y. S.; Xiao, Y.; Auman, J. T.; Chen, P.-C.; Hadjipanayis, A.; Lee, E.; Lee, S.; Park, P. J.; Seidman, 
J.; Yang, L.; Kucherlapati, R.; Kalkanis, S.; Mikkelsen, T.; Poisson, L. M.; Raghunathan, A.; 
Scarpace, L.; Bernard, B.; Bressler, R.; Eakin, A.; Iype, L.; Kreisberg, R. B.; Leinonen, K.; Reynolds, 
S.; Rovira, H.; Thorsson, V.; Shmulevich, I.; Annala, M. J.; Penny, R.; Paulauskis, J.; Curley, E.; 
Hatfield, M.; Mallery, D.; Morris, S.; Shelton, T.; Shelton, C.; Sherman, M.; Yena, P.; Cuppini, L.; 
DiMeco, F.; Eoli, M.; Finocchiaro, G.; Maderna, E.; Pollo, B.; Saini, M.; Balu, S.; Hoadley, K. A.; Li, 
L.; Miller, C. R.; Shi, Y.; Topal, M. D.; Wu, J.; Dunn, G.; Giannini, C.; O’Neill, B. P.; Aksoy, B. A.; 
Antipin, Y.; Borsu, L.; Berman, S. H.; Brennan, C. W.; Cerami, E.; Chakravarty, D.; Ciriello, G.; Gao, 
J.; Gross, B.; Jacobsen, A.; Ladanyi, M.; Lash, A.; Liang, Y.; Reva, B.; Sander, C.; Schultz, N.; Shen, 
R.; Socci, N. D.; Viale, A.; Ferguson, M. L.; Chen, Q.-R.; Demchok, J. A.; Dillon, L. A. L.; Shaw, K. 
R. M.; Sheth, M.; Tarnuzzer, R.; Wang, Z.; Yang, L.; Davidsen, T.; Guyer, M. S.; Ozenberger, B. A.; 
Sofia, H. J.; Bergsten, J.; Eckman, J.; Harr, J.; Myers, J.; Smith, C.; Tucker, K.; Winemiller, C.; Zach, 
L. A.; Ljubimova, J. Y.; Eley, G.; Ayala, B.; Jensen, M. A.; Kahn, A.; Pihl, T. D.; Pot, D. A.; Wan, Y.; 
Eschbacher, J.; Foltz, G.; Hansen, N.; Hothi, P.; Lin, B.; Shah, N.; Yoon, J.; Lau, C.; Berens, M.; 
Ardlie, K.; Beroukhim, R.; Carter, S. L.; Cherniack, A. D.; Noble, M.; Cho, J.; Cibulskis, K.; DiCara, 
D.; Frazer, S.; Gabriel, S. B.; Gehlenborg, N.; Gentry, J.; Heiman, D.; Kim, J.; Jing, R.; Lander, E. 
S.; Lawrence, M.; Lin, P.; Mallard, W.; Meyerson, M.; Onofrio, R. C.; Saksena, G.; Schumacher, S.; 
Sougnez, C.; Stojanov, P.; Tabak, B.; Voet, D.; Zhang, H.; Zou, L.; Getz, G.; Dees, N. N.; Ding, L.; 
Fulton, L. L.; Fulton, R. S.; Kanchi, K.-L.; Mardis, E. R.; Wilson, R. K.; Baylin, S. B.; Andrews, D. W.; 
Harshyne, L.; Cohen, M. L.; Devine, K.; Sloan, A. E.; VandenBerg, S. R.; Berger, M. S.; Prados, M.; 
Carlin, D.; Craft, B.; Ellrott, K.; Goldman, M.; Goldstein, T.; Grifford, M.; Haussler, D.; Ma, S.; Ng, S.; 
Salama, S. R.; Sanborn, J. Z.; Stuart, J.; Swatloski, T.; Waltman, P.; Zhu, J.; Foss, R.; Frentzen, B.; 
Friedman, W.; McTiernan, R.; Yachnis, A.; Hayes, D. N.; Perou, C. M.; Zheng, S.; Vegesna, R.; Mao, 
Y.; Akbani, R.; Aldape, K.; Bogler, O.; Fuller, G. N.; Liu, W.; Liu, Y.; Lu, Y.; Mills, G.; Protopopov, A.; 
Ren, X.; Sun, Y.; Wu, C.-J.; Yung, W. K. A.; Zhang, W.; Zhang, J.; Chen, K.; Weinstein, J. N.; Chin, 
L.; Verhaak, R. G. W.; Noushmehr, H.; Weisenberger, D. J.; Bootwalla, M. S.; Lai, P. H.; Triche, T. 
J.; Van Den Berg, D. J.; Laird, P. W.; Gutmann, D. H.; Lehman, N. L.; VanMeir, E. G.; Brat, D.; Olson, 
J. J.; Mastrogianakis, G. M.; Devi, N. S.; Zhang, Z.; Bigner, D.; Lipp, E.; McLendon, R. The Somatic 
Genomic Landscape of Glioblastoma. Cell 2013, 155 (2), 462–477. 
https://doi.org/10.1016/j.cell.2013.09.034. 

(4) Tartaglia, M.; Mehler, E. L.; Goldberg, R.; Zampino, G.; Brunner, H. G.; Kremer, H.; van der Burgt, 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 17 of 21 

I.; Crosby, A. H.; Ion, A.; Jeffery, S.; Kalidas, K.; Patton, M. A.; Kucherlapati, R. S.; Gelb, B. D. 
Mutations in PTPN11, Encoding the Protein Tyrosine Phosphatase SHP-2, Cause Noonan 
Syndrome. Nat Genet 2001, 29 (4), 465–468. https://doi.org/10.1038/ng772. 

(5) Digilio, M. C.; Conti, E.; Sarkozy, A.; Mingarelli, R.; Dottorini, T.; Marino, B.; Pizzuti, A.; Dallapiccola, 
B. Grouping of Multiple-Lentigines/LEOPARD and Noonan Syndromes on the PTPN11 Gene. Am J 
Hum Genet 2002, 71 (2), 389–394. https://doi.org/10.1086/341528. 

(6) Legius, E.; Schrander-Stumpel, C.; Schollen, E.; Pulles-Heintzberger, C.; Gewillig, M.; Fryns, J.-P. 
PTPN11 Mutations in LEOPARD Syndrome. J Med Genet 2002, 39 (8), 571–574. 
https://doi.org/10.1136/jmg.39.8.571. 

(7) Guo, Z.; Duan, Y.; Sun, K.; Zheng, T.; Liu, J.; Xu, S.; Xu, J. Advances in SHP2 Tunnel Allosteric 
Inhibitors and Bifunctional Molecules. European Journal of Medicinal Chemistry 2024, 275, 116579. 
https://doi.org/10.1016/j.ejmech.2024.116579. 

(8) Yuan, X.; Bu, H.; Zhou, J.; Yang, C.-Y.; Zhang, H. Recent Advances of SHP2 Inhibitors in Cancer 
Therapy: Current Development and Clinical Application. Journal of Medicinal Chemistry 2020, 63 
(20), 11368–11396. https://doi.org/10.1021/acs.jmedchem.0c00249. 

(9) Dance, M.; Montagner, A.; Salles, J.-P.; Yart, A.; Raynal, P. The Molecular Functions of Shp2 in the 
Ras/Mitogen-Activated Protein Kinase (ERK1/2) Pathway. Cell Signal 2008, 20 (3), 453–459. 
https://doi.org/10.1016/j.cellsig.2007.10.002. 

(10) Montagner, A.; Yart, A.; Dance, M.; Perret, B.; Salles, J.-P.; Raynal, P. A Novel Role for Gab1 and 
SHP2 in Epidermal Growth Factor-Induced Ras Activation. J Biol Chem 2005, 280 (7), 5350–5360. 
https://doi.org/10.1074/jbc.M410012200. 

(11) Bunda, S.; Burrell, K.; Heir, P.; Zeng, L.; Alamsahebpour, A.; Kano, Y.; Raught, B.; Zhang, Z.-Y.; 
Zadeh, G.; Ohh, M. Inhibition of SHP2-Mediated Dephosphorylation of Ras Suppresses 
Oncogenesis. Nat Commun 2015, 6, 8859. https://doi.org/10.1038/ncomms9859. 

(12) Rodrigues, G. A.; Falasca, M.; Zhang, Z.; Ong, S. H.; Schlessinger, J. A Novel Positive Feedback 
Loop Mediated by the Docking Protein Gab1 and Phosphatidylinositol 3-Kinase in Epidermal Growth 
Factor Receptor Signaling. Mol Cell Biol 2000, 20 (4), 1448–1459. 
https://doi.org/10.1128/MCB.20.4.1448-1459.2000. 

(13) Agazie, Y. M.; Hayman, M. J. Molecular Mechanism for a Role of SHP2 in Epidermal Growth Factor 
Receptor Signaling. Mol Cell Biol 2003, 23 (21), 7875–7886. 
https://doi.org/10.1128/MCB.23.21.7875-7886.2003. 

(14) Agazie, Y. M.; Movilla, N.; Ischenko, I.; Hayman, M. J. The Phosphotyrosine Phosphatase SHP2 Is 
a Critical Mediator of Transformation Induced by the Oncogenic Fibroblast Growth Factor Receptor 
3. Oncogene 2003, 22 (44), 6909–6918. https://doi.org/10.1038/sj.onc.1206798. 

(15) Batth, T. S.; Papetti, M.; Pfeiffer, A.; Tollenaere, M. A. X.; Francavilla, C.; Olsen, J. V. Large-Scale 
Phosphoproteomics Reveals Shp-2 Phosphatase-Dependent Regulators of Pdgf Receptor 
Signaling. Cell Reports 2018, 22 (10), 2784–2796. https://doi.org/10.1016/j.celrep.2018.02.038. 

(16) Salmond, R. J.; Alexander, D. R. SHP2 Forecast for the Immune System: Fog Gradually Clearing. 
Trends in Immunology 2006, 27 (3), 154–160. https://doi.org/10.1016/j.it.2006.01.007. 

(17) Jiang, Z.; Van Vlimmeren, A. E.; Karandur, D.; Semmelman, A.; Shah, N. H. Deep Mutational 
Scanning of a Multi-Domain Signaling Protein Reveals Mechanisms of Regulation and 
Pathogenicity. May 13, 2024. https://doi.org/10.1101/2024.05.13.593907. 

(18) Martinelli, S.; Torreri, P.; Tinti, M.; Stella, L.; Bocchinfuso, G.; Flex, E.; Grottesi, A.; Ceccarini, M.; 
Palleschi, A.; Cesareni, G.; Castagnoli, L.; Petrucci, T. C.; Gelb, B. D.; Tartaglia, M. Diverse Driving 
Forces Underlie the Invariant Occurrence of the T42A, E139D, I282V and T468M SHP2 Amino Acid 
Substitutions Causing Noonan and LEOPARD Syndromes. Hum Mol Genet 2008, 17 (13), 2018–
2029. https://doi.org/10.1093/hmg/ddn099. 

(19) van Vlimmeren, A. E.; Voleti, R.; Chartier, C. A.; Jiang, Z.; Karandur, D.; Humphries, P. A.; Lo, W.-
L.; Shah, N. H. The Pathogenic T42A Mutation in SHP2 Rewires the Interaction Specificity of Its N-
Terminal Regulatory Domain. Proc Natl Acad Sci U S A 2024, 121 (30), e2407159121. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 18 of 21 

https://doi.org/10.1073/pnas.2407159121. 
(20) Keilhack, H.; David, F. S.; McGregor, M.; Cantley, L. C.; Neel, B. G. Diverse Biochemical Properties 

of Shp2 Mutants. Journal of Biological Chemistry 2005, 280 (35), 30984–30993. 
https://doi.org/10.1074/jbc.M504699200. 

(21) Yu, Z.-H.; Zhang, R.-Y.; Walls, C. D.; Chen, L.; Zhang, S.; Wu, L.; Liu, S.; Zhang, Z.-Y. Molecular 
Basis of Gain-of-Function LEOPARD Syndrome-Associated SHP2 Mutations. Biochemistry 2014, 
53 (25), 4136–4151. https://doi.org/10.1021/bi5002695. 

(22) Marasco, M.; Berteotti, A.; Weyershaeuser, J.; Thorausch, N.; Sikorska, J.; Krausze, J.; Brandt, H. 
J.; Kirkpatrick, J.; Rios, P.; Schamel, W. W.; Köhn, M.; Carlomagno, T. Molecular Mechanism of 
SHP2 Activation by PD-1 Stimulation. Sci Adv 2020, 6 (5), eaay4458. 
https://doi.org/10.1126/sciadv.aay4458. 

(23) LaRochelle, J. R.; Fodor, M.; Vemulapalli, V.; Mohseni, M.; Wang, P.; Stams, T.; LaMarche, M. J.; 
Chopra, R.; Acker, M. G.; Blacklow, S. C. Structural Reorganization of SHP2 by Oncogenic 
Mutations and Implications for Oncoprotein Resistance to Allosteric Inhibition. Nat Commun 2018, 
9 (1), 4508. https://doi.org/10.1038/s41467-018-06823-9. 

(24) Yu, Z.-H.; Xu, J.; Walls, C. D.; Chen, L.; Zhang, S.; Zhang, R.; Wu, L.; Wang, L.; Liu, S.; Zhang, Z.-
Y. Structural and Mechanistic Insights into LEOPARD Syndrome-Associated SHP2 Mutations. The 
Journal of Biological Chemistry 2013, 288 (15), 10472–10482. 
https://doi.org/10.1074/jbc.M113.450023. 

(25) Yi, J.-S.; Perla, S.; Enyenihi, L.; Bennett, A. M. Tyrosyl Phosphorylation of PZR Promotes 
Hypertrophic Cardiomyopathy in PTPN11-Associated Noonan Syndrome with Multiple Lentigines. 
JCI Insight 2020, 5 (15), e137753, 137753. https://doi.org/10.1172/jci.insight.137753. 

(26) Van Vlimmeren, A. E.; Tang, L. C.; Jiang, Z.; Iyer, A.; Voleti, R.; Krismer, K.; Gaublomme, J. T.; 
Jovanovic, M.; Shah, N. H. Proximity-Labeling Proteomics Reveals Remodeled Interactomes and 
Altered Localization of Pathogenic SHP2 Variants. March 1, 2025. 
https://doi.org/10.1101/2025.02.26.640373. 

(27) Zhao, Y.; Chang, Z.; Hu, B.; Zhang, Q.; Zhang, D.; He, C.; Guo, Y.; Peng, Z.; Chen, C.; Chen, Y. 
Transcriptome Analysis Reveals Effects of Leukemogenic SHP2 Mutations in Biosynthesis of Amino 
Acids Signaling. Front Oncol 2023, 13, 1090542. https://doi.org/10.3389/fonc.2023.1090542. 

(28) Roberts, A. E.; Araki, T.; Swanson, K. D.; Montgomery, K. T.; Schiripo, T. A.; Joshi, V. A.; Li, L.; 
Yassin, Y.; Tamburino, A. M.; Neel, B. G.; Kucherlapati, R. S. Germline Gain-of-Function Mutations 
in SOS1 Cause Noonan Syndrome. Nat Genet 2007, 39 (1), 70–74. https://doi.org/10.1038/ng1926. 

(29) Schubbert, S.; Zenker, M.; Rowe, S. L.; Böll, S.; Klein, C.; Bollag, G.; van der Burgt, I.; Musante, L.; 
Kalscheuer, V.; Wehner, L.-E.; Nguyen, H.; West, B.; Zhang, K. Y. J.; Sistermans, E.; Rauch, A.; 
Niemeyer, C. M.; Shannon, K.; Kratz, C. P. Germline KRAS Mutations Cause Noonan Syndrome. 
Nat Genet 2006, 38 (3), 331–336. https://doi.org/10.1038/ng1748. 

(30) Pandit, B.; Sarkozy, A.; Pennacchio, L. A.; Carta, C.; Oishi, K.; Martinelli, S.; Pogna, E. A.; 
Schackwitz, W.; Ustaszewska, A.; Landstrom, A.; Bos, J. M.; Ommen, S. R.; Esposito, G.; Lepri, F.; 
Faul, C.; Mundel, P.; López Siguero, J. P.; Tenconi, R.; Selicorni, A.; Rossi, C.; Mazzanti, L.; Torrente, 
I.; Marino, B.; Digilio, M. C.; Zampino, G.; Ackerman, M. J.; Dallapiccola, B.; Tartaglia, M.; Gelb, B. 
D. Gain-of-Function RAF1 Mutations Cause Noonan and LEOPARD Syndromes with Hypertrophic 
Cardiomyopathy. Nat Genet 2007, 39 (8), 1007–1012. https://doi.org/10.1038/ng2073. 

(31) Razzaque, M. A.; Nishizawa, T.; Komoike, Y.; Yagi, H.; Furutani, M.; Amo, R.; Kamisago, M.; 
Momma, K.; Katayama, H.; Nakagawa, M.; Fujiwara, Y.; Matsushima, M.; Mizuno, K.; Tokuyama, 
M.; Hirota, H.; Muneuchi, J.; Higashinakagawa, T.; Matsuoka, R. Germline Gain-of-Function 
Mutations in RAF1 Cause Noonan Syndrome. Nat Genet 2007, 39 (8), 1013–1017. 
https://doi.org/10.1038/ng2078. 

(32) Fobare, S.; Kohlschmidt, J.; Ozer, H. G.; Mrózek, K.; Nicolet, D.; Mims, A. S.; Garzon, R.; Blachly, 
J. S.; Orwick, S.; Carroll, A. J.; Stone, R. M.; Wang, E. S.; Kolitz, J. E.; Powell, B. L.; Oakes, C. C.; 
Eisfeld, A.-K.; Hertlein, E.; Byrd, J. C. Molecular, Clinical, and Prognostic Implications of PTPN11 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 19 of 21 

Mutations in Acute Myeloid Leukemia. Blood Adv 2022, 6 (5), 1371–1380. 
https://doi.org/10.1182/bloodadvances.2021006242. 

(33) Gelb, B. D.; Tartaglia, M. Noonan Syndrome with Multiple Lentigines. In GeneReviews®; Adam, M. 
P., Feldman, J., Mirzaa, G. M., Pagon, R. A., Wallace, S. E., Amemiya, A., Eds.; University of 
Washington, Seattle: Seattle (WA), 1993. 

(34) Srivatsan, S. R.; McFaline-Figueroa, J. L.; Ramani, V.; Saunders, L.; Cao, J.; Packer, J.; Pliner, H. 
A.; Jackson, D. L.; Daza, R. M.; Christiansen, L.; Zhang, F.; Steemers, F.; Shendure, J.; Trapnell, C. 
Massively Multiplex Chemical Transcriptomics at Single-Cell Resolution. Science 2020, 367 (6473), 
45–51. https://doi.org/10.1126/science.aax6234. 

(35) Giglio, R. M.; Hou, N.; Wyatt, A.; Hong, J.; Shi, L.; Vaikunthan, M.; Fuchs, H.; Nima, J. P.; Malinowski, 
S. W.; Ligon, K. L.; McFaline-Figueroa, J. R.; Yosef, N.; Azizi, E.; McFaline-Figueroa, J. L. A 
Heterogeneous Pharmaco-Transcriptomic Landscape Induced by Targeting a Single Oncogenic 
Kinase. April 9, 2024. https://doi.org/10.1101/2024.04.08.587960. 

(36) Martin, B. K.; Qiu, C.; Nichols, E.; Phung, M.; Green-Gladden, R.; Srivatsan, S.; Blecher-Gonen, R.; 
Beliveau, B. J.; Trapnell, C.; Cao, J.; Shendure, J. Optimized Single-Nucleus Transcriptional 
Profiling by Combinatorial Indexing. Nat Protoc 2023, 18 (1), 188–207. 
https://doi.org/10.1038/s41596-022-00752-0. 

(37) Cao, J.; Spielmann, M.; Qiu, X.; Huang, X.; Ibrahim, D. M.; Hill, A. J.; Zhang, F.; Mundlos, S.; 
Christiansen, L.; Steemers, F. J.; Trapnell, C.; Shendure, J. The Single-Cell Transcriptional 
Landscape of Mammalian Organogenesis. Nature 2019, 566 (7745), 496–502. 
https://doi.org/10.1038/s41586-019-0969-x. 

(38) Sziraki, A.; Lu, Z.; Lee, J.; Banyai, G.; Anderson, S.; Abdulraouf, A.; Metzner, E.; Liao, A.; Banfelder, 
J.; Epstein, A.; Schaefer, C.; Xu, Z.; Zhang, Z.; Gan, L.; Nelson, P. T.; Zhou, W.; Cao, J. A Global 
View of Aging and Alzheimer’s Pathogenesis-Associated Cell Population Dynamics and Molecular 
Signatures in Human and Mouse Brains. Nat Genet 2023, 55 (12), 2104–2116. 
https://doi.org/10.1038/s41588-023-01572-y. 

(39) Amit, I.; Citri, A.; Shay, T.; Lu, Y.; Katz, M.; Zhang, F.; Tarcic, G.; Siwak, D.; Lahad, J.; Jacob-Hirsch, 
J.; Amariglio, N.; Vaisman, N.; Segal, E.; Rechavi, G.; Alon, U.; Mills, G. B.; Domany, E.; Yarden, Y. 
A Module of Negative Feedback Regulators Defines Growth Factor Signaling. Nat Genet 2007, 39 
(4), 503–512. https://doi.org/10.1038/ng1987. 

(40) Chen, Y.-N. P.; LaMarche, M. J.; Chan, H. M.; Fekkes, P.; Garcia-Fortanet, J.; Acker, M. G.; 
Antonakos, B.; Chen, C. H.-T.; Chen, Z.; Cooke, V. G.; Dobson, J. R.; Deng, Z.; Fei, F.; Firestone, 
B.; Fodor, M.; Fridrich, C.; Gao, H.; Grunenfelder, D.; Hao, H.-X.; Jacob, J.; Ho, S.; Hsiao, K.; Kang, 
Z. B.; Karki, R.; Kato, M.; Larrow, J.; La Bonte, L. R.; Lenoir, F.; Liu, G.; Liu, S.; Majumdar, D.; Meyer, 
M. J.; Palermo, M.; Perez, L.; Pu, M.; Price, E.; Quinn, C.; Shakya, S.; Shultz, M. D.; Slisz, J.; 
Venkatesan, K.; Wang, P.; Warmuth, M.; Williams, S.; Yang, G.; Yuan, J.; Zhang, J.-H.; Zhu, P.; 
Ramsey, T.; Keen, N. J.; Sellers, W. R.; Stams, T.; Fortin, P. D. Allosteric Inhibition of SHP2 
Phosphatase Inhibits Cancers Driven by Receptor Tyrosine Kinases. Nature 2016, 535 (7610), 148–
152. https://doi.org/10.1038/nature18621. 

(41) Yang, W.; Wang, J.; Moore, D. C.; Liang, H.; Dooner, M.; Wu, Q.; Terek, R.; Chen, Q.; Ehrlich, M. 
G.; Quesenberry, P. J.; Neel, B. G. Ptpn11 Deletion in a Novel Progenitor Causes 
Metachondromatosis by Inducing Hedgehog Signalling. Nature 2013, 499 (7459), 491–495. 
https://doi.org/10.1038/nature12396. 

(42) Papadopoulou, A.; Bountouvi, E. Skeletal Defects and Bone Metabolism in Noonan, Costello and 
Cardio-Facio-Cutaneous Syndromes. Front Endocrinol (Lausanne) 2023, 14, 1231828. 
https://doi.org/10.3389/fendo.2023.1231828. 

(43) Ehrman, L. A.; Nardini, D.; Ehrman, S.; Rizvi, T. A.; Gulick, J.; Krenz, M.; Dasgupta, B.; Robbins, J.; 
Ratner, N.; Nakafuku, M.; Waclaw, R. R. The Protein Tyrosine Phosphatase Shp2 Is Required for 
the Generation of Oligodendrocyte Progenitor Cells and Myelination in the Mouse Telencephalon. J 
Neurosci 2014, 34 (10), 3767–3778. https://doi.org/10.1523/JNEUROSCI.3515-13.2014. 

(44) Toto, A.; Malagrinò, F.; Visconti, L.; Troilo, F.; Gianni, S. Unveiling the Molecular Basis of the Noonan 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 20 of 21 

Syndrome-Causing Mutation T42A of SHP2. IJMS 2020, 21 (2), 461. 
https://doi.org/10.3390/ijms21020461. 

(45) Kratz, C. P. The Mutational Spectrum of PTPN11 in Juvenile Myelomonocytic Leukemia and Noonan 
Syndrome/Myeloproliferative Disease. Blood 2005, 106 (6), 2183–2185. 
https://doi.org/10.1182/blood-2005-02-0531. 

(46) Sarkozy, A.; Conti, E.; Digilio, M. C.; Marino, B.; Morini, E.; Pacileo, G.; Wilson, M.; Calabrò, R.; 
Pizzuti, A.; Dallapiccola, B. Clinical and Molecular Analysis of 30 Patients with Multiple Lentigines 
LEOPARD Syndrome. J Med Genet 2004, 41 (5), e68. https://doi.org/10.1136/jmg.2003.013466. 

(47) Zhang, R.-Y.; Yu, Z.-H.; Chen, L.; Walls, C. D.; Zhang, S.; Wu, L.; Zhang, Z.-Y. Mechanistic Insights 
Explain the Transforming Potential of the T507K Substitution in the Protein-Tyrosine Phosphatase 
SHP2. J Biol Chem 2020, 295 (18), 6187–6201. https://doi.org/10.1074/jbc.RA119.010274. 

(48) McInnes, L.; Healy, J.; Melville, J. UMAP: Uniform Manifold Approximation and Projection for 
Dimension Reduction. arXiv 2018. https://doi.org/10.48550/ARXIV.1802.03426. 

(49) Boyeau, P.; Hong, J.; Gayoso, A.; Kim, M.; McFaline-Figueroa, J. L.; Jordan, M. I.; Azizi, E.; Ergen, 
C.; Yosef, N. Deep Generative Modeling of Sample-Level Heterogeneity in Single-Cell Genomics. 
October 6, 2022. https://doi.org/10.1101/2022.10.04.510898. 

(50) Traag, V. A.; Waltman, L.; van Eck, N. J. From Louvain to Leiden: Guaranteeing Well-Connected 
Communities. Sci Rep 2019, 9 (1), 5233. https://doi.org/10.1038/s41598-019-41695-z. 

(51) Marasco, M.; Berteotti, A.; Weyershaeuser, J.; Thorausch, N.; Sikorska, J.; Krausze, J.; Brandt, H. 
J.; Kirkpatrick, J.; Rios, P.; Schamel, W. W.; Köhn, M.; Carlomagno, T. Molecular Mechanism of 
SHP2 Activation by PD-1 Stimulation. Sci. Adv. 2020, 6 (5), eaay4458. 
https://doi.org/10.1126/sciadv.aay4458. 

(52) Zhang, D.; Zhu, R.; Zhang, H.; Zheng, C.-H.; Xia, J. MGDB: A Comprehensive Database of Genes 
Involved in Melanoma. Database (Oxford) 2015, 2015, bav097. 
https://doi.org/10.1093/database/bav097. 

(53) Pan, B.; Lin, X.; Zhang, L.; Hong, W.; Zhang, Y. Long Noncoding RNA X-Inactive Specific Transcript 
Promotes Malignant Melanoma Progression and Oxaliplatin Resistance. Melanoma Res 2019, 29 
(3), 254–262. https://doi.org/10.1097/CMR.0000000000000560. 

(54) Rui, X.; Xu, Y.; Jiang, X.; Ye, W.; Huang, Y.; Jiang, J. Long Non-Coding RNA C5orf66-AS1 Promotes 
Cell Proliferation in Cervical Cancer by Targeting miR-637/RING1 Axis. Cell Death Dis 2018, 9 (12), 
1175. https://doi.org/10.1038/s41419-018-1228-z. 

(55) Zhu, S.; Sun, J.; Liu, X.; Shao, H.; Feng, C.; Wang, Z.; Zheng, X.; Wei, S. CTCF-Induced lncRNA 
C5orf66-AS1 Facilitates the Progression of Triple-Negative Breast Cancer via Sponging miR-149-
5p to Up-Regulate CTCF and CTNNB1 to Activate Wnt/ β -Catenin Pathway. Molecular and Cellular 
Biology 2022, 42 (6), e00188-21. https://doi.org/10.1128/mcb.00188-21. 

(56) Lu, T.; Liu, H.; You, G. Long Non-Coding RNA C5orf66-AS1 Prevents Oral Squamous Cell 
Carcinoma through Inhibiting Cell Growth and Metastasis. Int J Mol Med 2018, 42 (6), 3291–3299. 
https://doi.org/10.3892/ijmm.2018.3913. 

(57) Wei, G.; Luo, H.; Sun, Y.; Li, J.; Tian, L.; Liu, W.; Liu, L.; Luo, J.; He, J.; Chen, R. Transcriptome 
Profiling of Esophageal Squamous Cell Carcinoma Reveals a Long Noncoding RNA Acting as a 
Tumor Suppressor. Oncotarget 2015, 6 (19), 17065–17080. 
https://doi.org/10.18632/oncotarget.4185. 

(58) Sang, M.; Wang, L.; Ding, C.; Zhou, X.; Wang, B.; Wang, L.; Lian, Y.; Shan, B. Melanoma-Associated 
Antigen Genes - an Update. Cancer Lett 2011, 302 (2), 85–90. 
https://doi.org/10.1016/j.canlet.2010.10.021. 

(59) Shen, W.-G.; Xue, Q.-Y.; Wu, Y.-D.; Hu, B.-S.; Zhu, J.; Zhang, Y.; Su, Q. Melanoma-Associated 
Antigen Family Protein-D1 Regulation of Tumor Cell Migration, Adhesion to Endothelium, and Actin 
Structures Reorganization in Response to Hypoxic Stress. Cell Communication & Adhesion 2007, 
14 (1), 21–31. https://doi.org/10.1080/15419060701224948. 

(60) Hussein, S.; Abdelazem, A. S.; Abdelmoneem, S.; Abdelnabi, A.-S. M.; Khamis, T.; Obaya, A. A.; 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/


Main Text & Figures – page 21 of 21 

Ebian, H. F. Evaluation of miRNA 223/125a and COBLL1 Expressions and ROR-1 Levels as 
Reliable Markers in B- Chronic Lymphocytic Leukemia. Asian Pac J Cancer Prev 2022, 23 (8), 
2735–2742. https://doi.org/10.31557/APJCP.2022.23.8.2735. 

(61) Takayama, K.-I.; Suzuki, T.; Fujimura, T.; Takahashi, S.; Inoue, S. COBLL1 Modulates Cell 
Morphology and Facilitates Androgen Receptor Genomic Binding in Advanced Prostate Cancer. 
Proc Natl Acad Sci U S A 2018, 115 (19), 4975–4980. https://doi.org/10.1073/pnas.1721957115. 

(62) Tartaglia, M.; Martinelli, S.; Stella, L.; Bocchinfuso, G.; Flex, E.; Cordeddu, V.; Zampino, G.; Van Der 
Burgt, I.; Palleschi, A.; Petrucci, T. C.; Sorcini, M.; Schoch, C.; Foà, R.; Emanuel, P. D.; Gelb, B. D. 
Diversity and Functional Consequences of Germline and Somatic PTPN11 Mutations in Human 
Disease. The American Journal of Human Genetics 2006, 78 (2), 279–290. 
https://doi.org/10.1086/499925. 

(63) Abramson, J.; Adler, J.; Dunger, J.; Evans, R.; Green, T.; Pritzel, A.; Ronneberger, O.; Willmore, L.; 
Ballard, A. J.; Bambrick, J.; Bodenstein, S. W.; Evans, D. A.; Hung, C.-C.; O’Neill, M.; Reiman, D.; 
Tunyasuvunakool, K.; Wu, Z.; Žemgulytė, A.; Arvaniti, E.; Beattie, C.; Bertolli, O.; Bridgland, A.; 
Cherepanov, A.; Congreve, M.; Cowen-Rivers, A. I.; Cowie, A.; Figurnov, M.; Fuchs, F. B.; Gladman, 
H.; Jain, R.; Khan, Y. A.; Low, C. M. R.; Perlin, K.; Potapenko, A.; Savy, P.; Singh, S.; Stecula, A.; 
Thillaisundaram, A.; Tong, C.; Yakneen, S.; Zhong, E. D.; Zielinski, M.; Žídek, A.; Bapst, V.; Kohli, 
P.; Jaderberg, M.; Hassabis, D.; Jumper, J. M. Accurate Structure Prediction of Biomolecular 
Interactions with AlphaFold 3. Nature 2024, 630 (8016), 493–500. https://doi.org/10.1038/s41586-
024-07487-w. 

(64) Serbina, A.; Bishop, A. C. Quantitation of Autoinhibitory Defects in Pathogenic SHP2 Mutants by 
Differential Scanning Fluorimetry. Anal Biochem 2023, 680, 115300. 
https://doi.org/10.1016/j.ab.2023.115300. 

(65) Hauseman, Z. J.; Stauffer, F.; Beyer, K. S.; Mollé, S.; Cavicchioli, E.; Marchand, J.-R.; Fodor, M.; 
Viscomi, J.; Dhembi, A.; Katz, S.; Faggion, B.; Lanter, M.; Kerr, G.; Schildknecht, D.; Handl, C.; 
Maddalo, D.; Pissot Soldermann, C.; Brady, J.; Shrestha, O.; Nguyen, Z.; Leder, L.; Cremosnik, G.; 
Lopez Romero, S.; Hassiepen, U.; Stams, T.; Linder, M.; Galli, G. G.; Guthy, D. A.; King, D. A.; Maira, 
S.-M.; Thoma, C. R.; Ehmke, V.; Tordella, L. Targeting the SHOC2-RAS Interaction in RAS-Mutant 
Cancers. Nature 2025, 642 (8066), 232–241. https://doi.org/10.1038/s41586-025-08931-1. 

(66) Hunter, J. C.; Manandhar, A.; Carrasco, M. A.; Gurbani, D.; Gondi, S.; Westover, K. D. Biochemical 
and Structural Analysis of Common Cancer-Associated KRAS Mutations. Molecular Cancer 
Research 2015, 13 (9), 1325–1335. https://doi.org/10.1158/1541-7786.MCR-15-0203. 

(67) Ahmed, T. A.; Adamopoulos, C.; Karoulia, Z.; Wu, X.; Sachidanandam, R.; Aaronson, S. A.; 
Poulikakos, P. I. SHP2 Drives Adaptive Resistance to ERK Signaling Inhibition in Molecularly 
Defined Subsets of ERK-Dependent Tumors. Cell Reports 2019, 26 (1), 65-78.e5. 
https://doi.org/10.1016/j.celrep.2018.12.013. 

(68) Lu, H.; Liu, C.; Huynh, H.; Le, T. B. U.; LaMarche, M. J.; Mohseni, M.; Engelman, J. A.; Hammerman, 
P. S.; Caponigro, G.; Hao, H.-X. Resistance to Allosteric SHP2 Inhibition in FGFR-Driven Cancers 
through Rapid Feedback Activation of FGFR. Oncotarget 2020, 11 (3), 265–281. 
https://doi.org/10.18632/oncotarget.27435. 

(69) Yu, Z.-H.; Zhang, R.-Y.; Walls, C. D.; Chen, L.; Zhang, S.; Wu, L.; Liu, S.; Zhang, Z.-Y. Molecular 
Basis of Gain-of-Function LEOPARD Syndrome-Associated SHP2 Mutations. Biochemistry 2014, 
53 (25), 4136–4151. https://doi.org/10.1021/bi5002695. 

(70) Tartaglia, M.; Martinelli, S.; Stella, L.; Bocchinfuso, G.; Flex, E.; Cordeddu, V.; Zampino, G.; Burgt, 
I. van der; Palleschi, A.; Petrucci, T. C.; Sorcini, M.; Schoch, C.; Foa, R.; Emanuel, P. D.; Gelb, B. 
D. Diversity and Functional Consequences of Germline and Somatic PTPN11 Mutations in Human 
Disease. American Journal of Human Genetics 2006, 78 (2), 279–290. 
https://doi.org/10.1086/499925. 

(71) Fowler, D. M.; Stephany, J. J.; Fields, S. Measuring the Activity of Protein Variants on a Large Scale 
Using Deep Mutational Scanning. Nat Protoc 2014, 9 (9), 2267–2284. 
https://doi.org/10.1038/nprot.2014.153. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2025. ; https://doi.org/10.1101/2025.06.30.662374doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.662374
http://creativecommons.org/licenses/by/4.0/

