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M O L E C U L A R  B I O L O G Y

Multiplexed single-cell transcriptomics reveals diverse 
phenotypic outcomes for pathogenic SHP2 variants
Anne E. van Vlimmeren1,2†, Ross M. Giglio3,4†, Ziyuan Jiang1, Minhee Lee1,  
José L. McFaline-Figueroa4,5,6*, Neel H. Shah1,6*

The protein tyrosine phosphatase SHP2, encoded by PTPN11, is an important regulator of Ras/mitogen-activated 
protein kinase signaling that acts downstream of receptor tyrosine kinases and other transmembrane receptors. 
Germline PTPN11 mutations cause developmental disorders such as Noonan syndrome, whereas somatic muta-
tions drive various cancers. While many pathogenic mutations enhance SHP2 catalytic activity, others are inacti-
vating 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 re-
veal that loss of catalytic activity does not phenocopy SHP2 knockout 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 connec-
tion between SHP2 structural perturbations, cellular outcomes, and human diseases.

INTRODUCTION
SHP2, encoded by PTPN11, is a ubiquitously expressed protein tyro-
sine phosphatase (PTP) 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 
(Fig. 1A). PTPN11 missense mutations drive many human diseases, 
including hematopoietic malignancies such as acute myeloid leukemia 
(AML), acute lymphoid leukemia (ALL), and juvenile myelomono-
cytic leukemia (JMML) (Fig. 1B) (1–3). Association with solid tumors 
such as neuroblastoma, hepatocellular carcinoma, glioblastoma, and 
melanoma has also been described (4–6). Germline mutations in 
PTPN11 underlie congenital disorders, including approximately 50% 
of cases of Noonan syndrome (NS) (7–11) and 95% of NS with multi-
ple lentigines (NSML) cases (Fig. 1B) (12–14). NS is characterized by 
facial dysmorphia, intellectual disability, and heart defects—in particu-
lar, pulmonic stenosis (7). In addition to these NS phenotypes, patients 
with NSML have a high incidence of hypertrophic cardiomyopathy, 
electrocardiographic abnormalities, and hearing loss (14).

Most disease-associated functions of SHP2 have been attributed to 
its role in Ras/mitogen-activated protein kinase (MAPK) signaling. 
Both NS and NSML are categorized as “RASopathies” and share simi-
larities 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 tyro-
sine kinase–driven cancers (15, 16). SHP2 promotes Ras/MAPK sig-
naling through several mechanisms, including inhibition of Sprouty1, 

a negative regulator of Ras, direct dephosphorylation and activation 
of Ras, and dephosphorylation of scaffold proteins to prevent the re-
cruitment of Ras guanosine triphosphatase (GTPase)–activating pro-
teins to signaling complexes (17–20). SHP2 functions downstream of 
a variety of transmembrane receptors and can activate not just the 
Ras/MAPK pathway but also phosphatidylinositol 3-kinase signaling, 
Janus kinase/signal transducers and activators of transcription signal-
ing, and immune checkpoint signaling (Fig. 1A) (21–24).

Hundreds of SHP2 mutations are cataloged in clinical databases 
(Fig. 1C), and these mutations disrupt SHP2 structure and function 
through diverse mechanisms (25–29). SHP2 is canonically activated 
by binding to phosphoproteins, which disrupts its resting autoinhib-
ited state to yield an active enzyme (Fig. 1A) (30, 31). Many onco-
genic mutations also disrupt autoinhibition, leading to catalytic 
gain-of-function effects (25, 31). By contrast, other mutations appear 
to act through noncatalytic mechanisms (32). Despite extensive stud-
ies, 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 vari-
ants. 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 nuclear factor κB pathways (33). Our recent work suggests 
that many pathogenic mutations in SHP2 broadly reshape its protein 
interaction network, yet the transcriptional and signaling conse-
quences of these changes remain poorly understood (27, 34).

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. A previous study on 
the transcriptomes of cells expressing two SHP2 mutants that dis-
rupt autoinhibition found increased expression of metabolic pro-
teins, highlighting the potential insights that could be gained from 
studying mutation-specific transcriptional changes (35). In addi-
tion, 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. 
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Multiplexed single-gene mutation studies have yielded insights into 
variants in genes like TP53 (36), KRAS (37), PAX5 (38), RUNX1 
(39), and GATA1 (40). Here, we use single-nucleus RNA sequencing 
to map the transcriptional impact of 15 clinically and mechanisti-
cally diverse pathogenic PTPN11 mutations across two independent 
screens. We identify SHP2 presence as a critical driver for the cel-
lular response to epidermal growth factor (EGF) stimulation and 
demonstrate that the Arg138→Gln (R138Q) mutation, which pre-
vents C-SH2 domain interactions, attenuates EGF-driven signaling 
independent of catalytic activity. Further, we show that two muta-
tions, Thr507→Lys (T507K) and Gln510→Lys (Q510K), have con-
vergent effects on the biochemical and transcriptional level, with 
charge of the resulting amino acid as a likely driver. Last, 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 insights 
into how SHP2 mutations alter protein function.

RESULTS
Single-cell transcriptomics identifies global transcriptional 
changes induced by SHP2 expression
To profile the effects of a collection of nine pathogenic SHP2 mutations 
on gene expression networks alone and under mitogen stimulation, 

we used sci-Plex-v2 multiplex single-cell RNA (scRNA) sequenc-
ing (41, 42). We transfected either SHP2WT or mutant SHP2 into an 
SHP2 knockout (SHP2KO) human embryonic kidney (HEK) 293 cell 
line (a total 12 distinct transfection conditions) (Fig. 2, A and B, and 
fig. S1A). Cells were stimulated with a range of EGF concentrations 
or left unstimulated (a total of eight different concentrations) for 
24 or 96 hours (two time points), as we hypothesized on the basis of 
previous studies that we would identify differential sustained or feed-
back programs at these time points that would allow for clear identi-
fication of mutant differences (43). Nuclei for each condition were 
uniquely barcoded by fixation of an oligonucleotide hash. Barcoded 
nuclei were pooled, cDNA processed, and single-nuclei mRNA li-
braries were generated using our modified version of combinatorial 
indexing RNA sequencing (41, 42, 44–47). 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 (fig. S1, B to D).

First, we established the effect of SHP2WT presence on gene expres-
sion by comparing SHP2KO and SHP2WT cells across EGF-stimulation 
conditions (Fig. 2C and table S1). We juxtaposed this with a compari-
son between SHP2KO and mock-transfected cells as our control 
(Fig. 2D). Between mock-transfected cells and SHP2KO cells, we iden-
tified 114 genes as significantly up-regulated [quasi-Poisson regres-
sion, >0.25 ꞵ coefficient, <0.05 false discovery rate (FDR]) in 
mock-transfected cells, and 105 genes that were down-regulated 

Fig. 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 sequenc-
ing of patient cohorts (2, 7–12). 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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(<−0.25 ꞵ coefficient, <0.05 FDR) (Fig. 2D and fig. S1E). By contrast, 
we identified 820 genes that were significantly up-regulated in cells ex-
pressing SHP2WT, including PTPN11 itself (Fig. 2C and fig. S1E). Of 
these 820 genes, only 64 overlap with up-regulated genes in the mock-
transfected sample, indicating small levels of noise associated with 
transfection (fig. S1, F and G). Genes up-regulated for SHP2WT were 
enriched for Gene Ontology terms related to kinase signaling and cell 
cycle, as well as nuclear export and mitochondrial import (fig. S2A and 
table S1). Moreover, several known EGF-response genes (48, 49) were 
also enriched, including EGR1/3, ETV4/5, JUN, ATF5, CCND1, and 
DUSP1, indicating that the mere presence of SHP2 promotes the cel-
lular response to EGF stimulation (Fig. 2C and fig. S2B). This is 

consistent with the observation that receptor tyrosine kinase–driven 
cancer cell lines depend on SHP2 for proliferation (50). These genes 
remained highly expressed in SHP2WT cells compared to SHP2KO at 96 
hours (fig. S2, C and D). A total of 738 genes were down-regulated in 
SHP2WT-expressing cells compared to SHP2KO (Fig. 2C and table S1). 
Notably, we detected altered expression of genes related to heart devel-
opment, mesenchymal stem cell (MSC) differentiation, and telenceph-
alon development in SHP2KO cells, aligning with the known roles of 
SHP2 in cardiac pathology, MSC regulation, and neurodevelopment 
(fig.  S2E and table  S1) (51–53). Collectively, these findings indicate 
that our approach detects diverse and disease-relevant SHP2-induced 
transcription in our model cell line.

Fig. 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, of the total num-
ber of cells sequenced for those respective samples. (C) Volcano plots showing SHP2-induced DEGs for SHP2KO and SHP2WT at 24 hours. Any significant (FDR < 0.05) 
transcript with a ꞵ coefficient of >0.25 or < −0.25 is colored. (D) The same as (C), but for mock-transfected versus SHP2KO. (E) Volcano plots showing EGF-induced DEGs for 
SHP2KO (top) and SHP2WT (bottom). Any significant (FDR < 0.05) transcript with a normalized ꞵ coefficient of >0.25 or < −0.25 is colored. (F) GSEA shows pathways of DEGs 
for SHP2WT and SHP2KO. * denotes FDR < 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 to 50 ng/ml; high EGF is defined as 100 to 1000 ng/ml.
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SHP2WT expression shapes the cellular response to 
EGF stimulation
Next, we examined how cells lacking or expressing SHP2 differ spe-
cifically in response to EGF stimulation. SHP2WT-transfected cells 
responded more strongly to EGF stimulation at the transcriptional 
level than SHP2KO cells (Fig. 2E and table S2), with changes in gene 
expression being largely distinct upon EGF stimulation (fig. S2, F 
and G). Gene set enrichment analysis (GSEA) revealed SHP2WT-
dependent changes in expression of genes involved in proliferative 
signaling, such as the hallmark (54) mTORC1 and MYC pathways 
(Fig. 2F). We also observed an enrichment for genes associated with 
oxidative phosphorylation and mitochondrial protein degradation 
pathways (Fig. 2F).

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 (fig. S2H and table S2). To investigate this further, 

we determined four unbiased EGF-responsive gene modules based 
on shared expression patterns across EGF concentrations (Fig. 2G; 
fig. S2, I and J; and table S2). In SHP2WT cells, at any concentration of 
EGF, modules 1 and 4 were up-regulated and included EGF response 
genes (1: ETV4/7, CDK4, RHOD, and PIK3R1; 4: EGR1, E2F4, ETF1, 
POLG, and BRD1) (table S2). By contrast, module 2 and 3, which were 
only down-regulated 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 
coregulated with SHP2WT, but not SHP2KO cells, and highlights the 
ability of SHP2 to sustain certain EGF signaling markers even with-
out stimulation.

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 (Fig. 3A and table S3). Two 

Fig. 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 table S3. (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 time point, SHP2 variant (or mock-transfected cells), and EGF 
dose, against unstimulated SHP2KO cells. Genes were filtered to the union of DEGs across all mutants (5209 genes). UMAP (59) dimensions for 24 hours (hrs., left) and 
96 hours (right). Colors of each mutant represent DEG correlation cluster at 24 hours, as seen in (B). (D) Number of DEGs per SHP2 variant, compared to SHP2KO, at 24 hours. 
(E) The same as (D), but each SHP2 mutant compared to SHP2WT.



van Vlimmeren et al., Sci. Adv. 12, eaea9389 (2026)     22 May 2026

S c i e n c e  A d va  n c e s  |  R e s e ar  c h  A r t i c l e

5 of 16

mutations associated with NS were included: Thr42→Ala (T42A), 
which alters N-SH2–binding affinity and specificity (27,  55), and 
Glu139→Asp (E139D), a C-SH2 mutation that enhances SHP2 basal 
catalytic activity but does not appear to affect C-SH2–binding specific-
ity (26, 27). Notably, the E139D mutation has also been found in syn-
dromic JMML (28). Glu76→Lys (E76K), which substantially disrupts 
autoinhibition, and Thr52→Ser (T52S), which modestly affects the 
N-SH2 ligand–binding pocket, were also included as JMML muta-
tions (27, 56). We included NSML mutations Tyr279→Cys (Y279C) 
and Thr468→Met (T468M), which reduce catalytic efficiency while 
increasing SH2 domain accessibility (13, 32, 57). Last, 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 autoinhibition, alters substrate 
specificity, and has been observed in neuroblastoma, glioblastoma, 
and hepatocellular carcinoma (4–6, 27, 58).

As with SHP2WT, the mutants were expressed in SHP2KO HEK 293 
cells, stimulated with a range of EGF concentrations, and harvested at 
24 and 96 hours (Fig. 2A and fig. S1A). We performed analysis of dif-
ferentially expressed genes (DEGs) for each SHP2 variant compared 
with SHP2KO. Of note, PTPN11 was detected among the highest up-
regulated DEGs for all SHP2 variants. To carefully account for the ef-
fect of transfection efficiency on SHP2 variant–dependent effect size 
magnitudes, we performed pair-wise correlation between mutants to 
assess variant-variant relationships. Overall, there is a strong correla-
tion in gene expression changes for all SHP2 variants at respective 
time points (Fig. 3B, fig. S3A, and table S3). SHP2R138Q was the most 
distinct mutant at 24 hours, but even this mutant showed a high cor-
relation 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 
both SHP2 variant and EGF dose as variables, we pseudo-bulked (ag-
gregated) the gene expression profiles of cells by time point, SHP2 
variant (or mock-transfection), EGF dose, and replicate, for the union 
of SHP2 variant–dependent DEGs. We calculated the log2 fold chang-
es to unstimulated SHP2KO cells and initialized a Uniform Manifold 
Approximation and Projection (UMAP) (59) embedding with the re-
sulting log2 fold changes (Fig. 3C). Consistent with the large number 
of DEGs across mutants up-regulated and down-regulated (3719 and 
3761, respectively, FDR < 0.05) due to stimulation time, time point 
appears to be the largest determinant of gene expression (Fig.  3C, 
middle). Within each time point, we observed a loose gradient of EGF 
dose (Fig. 3C, top), and separation of SHP2 variants (Fig. 3C, bottom, 
and fig. S3B).

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, FDR < 0.05), shared 
between at least 5 of 10 SHP2 variants in our study, and not identified 
as a DEG for our transfection control (fig. S3, C and 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 (fig. S2, A and E, and tables S1 and S3).

Next, we aimed to isolate mutation-dependent changes in tran-
scription. We inspected the top DEGs between SHP2WT cells and 
SHP2 mutant cells. We identified between 80 and 214 DEGs across 
all SHP2 mutants at 24 hours (Fig.  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 (Fig. 3E), suggesting a possible hy-
pomorphic effect at the level of transcription for this SHP2 variant. 
Consistent with this observation, the pseudobulk profile of the 
union of SHP2 variant–dependent DEGs for SHP2R138Q clustered 
separately from SHP2WT and the other variants (fig. S3E).

At 96 hours poststimulation, the number of DEGs is smaller for 
both comparison to SHP2WT and to SHP2KO (fig. S3, F and G), indi-
cating a return to basal state after stimulation or reduction in SHP2 
transient transfection. Together, our initial analysis demonstrates 
that SHP2 variants impart similar transcriptional profiles but that 
differences can be detected.

EGF-response dynamics are differentially altered by 
SHP2 mutations
To isolate SHP2 variant specific differences, we leveraged multiresolu-
tion variational interference (MrVI), a deep generative model that 
performs sample stratification at single-cell resolution while account-
ing for technical variability (60). We recently used MrVI to classify 
chemical perturbations by their induced transcriptional effects (42), 
and in this study, we applied the model to detect cell state changes 
imparted by distinct SHP2 variants and EGF stimulation (Fig. 4A). 
We used UMAP (59) for dimension reduction and visualization of 
cells of the resulting MrVI SHP2 variant/EGF-specific latent space 
(Z-space). SHP2KO and mock-transfected 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 (fig.  S4A). In addition, the 
model appeared to overcome variation due to transfection efficiency 
(fig. S4B), as PTPN11 expression was distributed relatively evenly in 
clusters apart from SHP2KO and mock-transfected cells. To explore 
more subtle variant specific phenotypes, we visualized cells in the 
generated MrVI Z-space omitting SHP2KO control cells.

We noted a separation in the latent space between cells stimulated 
with no EGF, low concentration of EGF, or high concentrations of 
EGF (Fig.  4B). Next, we used Leiden-based community detection 
(61) to cluster SHP2 variant–expressing cells, resulting in five distinct 
clusters (Fig. 4C and fig. S4C). Analysis of each mutant’s distribution 
across these clusters revealed that SHP2R138Q is predominantly pres-
ent in cluster 1 at any EGF concentration, whereas other SHP2 vari-
ants only appear in this cluster in the absence of EGF stimulation 
(Fig. 4, D and E, and fig. S4, D and E). Furthermore, SHP2R138Q and 
SHP2T468M are never present in cluster 5, and SHP2WT and several 
SHP2 variants (SHP2T42A, SHP2T52S, SHP2E139D, and SHP2Y279C) only 
appear in cluster 5 when stimulated with high doses of EGF (Fig. 4D 
and fig. S4E). By contrast, SHP2E76K, SHP2T507K, and SHP2Q510K al-
ready populate cluster 5 at low EGF doses. Similar trends were ob-
served when analyzing the counterfactual cell distances determined 
by MrVI, comparing each mutant and stimulation condition to un-
stimulated SHP2WT cells (fig. S4F). These observations demonstrate 
how different structural perturbations to SHP2 can alter its EGF re-
sponsiveness.

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 DEGs 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 (Fig. 4F). We previously showed that 
SHP2R138Q has an almost nonfunctional C-SH2 domain (27), and 
colocalized proteins are less likely to be tyrosine-phosphorylated 
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Fig. 4. Cellular response to EGF is altered by WT 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 (two unique replicates). (B) UMAP of 
MrVI Z-space for all single cells (light gray), excluding SHP2KO cells for visualization. Full MrVI Z-space can be found in fig. S4A. 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 DEGs between SHP2R138Q and 
SHP2WT across EGF-concentrations. Significant genes (normalized effect size < −0.15 or > 0.15, FDR < 0.05) are labeled in dark gray (SHP2WT) and red (SHP2R138Q). (G) Dose 
response curves show reduced EGF-response of SHP2R138Q compared to SHP2WT. Data points and error bars represent the means and SD from three independent transfec-
tions, stimulation, and blotting experiments.



van Vlimmeren et al., Sci. Adv. 12, eaea9389 (2026)     22 May 2026

S c i e n c e  A d va  n c e s  |  R e s e ar  c h  A r t i c l e

7 of 16

when compared with SHP2WT-colocalized proteins (34). C-SH2/ 
phosphoprotein interactions play an important role in localizing 
SHP2 to signaling complexes (30), and SHP2R138Q may thus be unable 
to interact with EGF receptor (EGFR) pathway phosphoproteins, there-
by 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 (fig. S4G). 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 median effective 
concentration (EC50) for EGF and large reduction in signal amplitude 
(Fig. 4G and fig. S4H).

Some of the proliferative, EGF-response genes that were depleted 
with SHP2R138Q expression, such as EGR1 and ETV4, are also known 
cancer-associated genes (62). 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 can-
cers where SHP2R138Q has been observed, including melanoma and 
prostatic adenocarcinoma (62). XIST, a known regulator of malignant 
melanoma, was significantly enriched in the SHP2R138Q transcrip-
tome (63), as was C5orf66, a long noncoding RNA, which can func-
tion as both an oncogene and tumor suppressor dependent on tissue 
type (64–67). We also identified MAGED1 (melanoma-associated 
antigen 1), a member of the MAGE family, which is frequently up-
regulated in melanoma and other cancers and is a therapeutic target 
(68). However, overexpression of MAGED1 can suppress cell cycle 
progression and tissue invasion in other cell systems (69). The most 
up-regulated gene in SHP2R138Q-expressing cells, considering both 
SHP2-driven effects and EGF-induced effects, was COBLL1 (Fig. 4F 
and fig. S4G), which is involved in the oncogenesis of prostate cancer 
and chronic lymphocytic leukemia (70, 71). Thus, while the SHP2R138Q 
mutant has a severely attenuated response to EGFR activation, its ex-
pression can still up-regulate known oncogenes.

SHP2T507K and SHP2Q510K drive Ras/MAPK signaling in 
unstimulated cells
Whereas SHP2R138Q was unique in the extent to which it attenuates 
EGF responsiveness (Fig. 4, E and F), two mutations on the catalytic 
Q loop (fig. S5A), SHP2T507K and SHP2Q510K, were unique from all 
other SHP2 variants in that they did not occupy cluster 1 in the ab-
sence of EGF stimulation (Fig. 4D and Fig. 5A). Instead, these vari-
ants appear to drive an altered basal cellular state that is most 
represented by cluster 2 (Fig. 4D). The T507K mutation, which has 
been biochemically characterized (58), is associated with several 
solid tumors, including hepatocellular carcinoma, glioblastoma, 
and neuroblastoma (4–6). By contrast, the relatively unstudied 
Q510K is mainly associated with ALL, although it has also been ob-
served in solid tumors (72).

We hypothesized that these mutations converge in their gene ex-
pression profiles due to a shared molecular mechanism (Fig.  5B). 
Specifically, SHP2T507K is known to have reduced catalytic activity 
against many phosphopeptide substrates; however, because of the in-
troduction of a positive charge in the substrate-binding pocket, 
SHP2T507K has higher than wild-type (WT) level catalytic efficiency 
for substrates with a complementary acidic residue, such as Sprouty1 
pY53 (58). 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 pathway (58). Furthermore, T507K modestly destabilizes the 
autoinhibited state of SHP2, enhancing its propensity for activation 
by phosphoprotein binding (58). Q510 is a key catalytic residue, and 
mutations at this site, including Q510K, impair catalysis (25,  29). 
However, structural models suggest that SHP2T507K and SHP2Q510K 
might have similarly remodeled active site electrostatics, which could 
result in similar changes in substrate specificity (Fig. 5C) (73).

To test whether T507K and Q510K dysregulate SHP2 through 
similar molecular mechanisms, we measured the catalytic activities of 
full-length and isolated 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 an increase in catalytic efficiency, consistent 
with a previous study on SHP2T507K (Fig. 5D) (58). For the isolated 
PTP domains, we found that PTPQ510K was substantially less active 
than PTPWT or PTPT507K against DiFMUP (Fig. 5E). This discrepancy 
between full-length and PTP proteins could be explained by the abil-
ity of the Q510K mutation to disrupt autoinhibition, thereby com-
pensating for the loss of a catalytic residue (Fig.  5B). Differential 
scanning fluorimetry demonstrated that SHP2Q510K had a dramati-
cally lower melting temperature than SHP2WT and SHP2T507K, indic-
ative of a more open conformation (Fig. 5F) (25, 27, 74). Even in the 
context of the isolated PTP domain, the Q510K mutation showed a 
much lower melting temperature than PTPWT (Fig. 5G), suggesting 
that this mutant not only disrupts autoinhibition in the full-length 
protein but also intrinsically destabilizes the isolated PTP domain.

Next, we measured the activity of the isolated PTP domains against 
four peptide substrates: Paxillin pY118, Sprouty1 pY53, Gab1 pY589, 
and EGFR pY992, which were previously used to profile the change in 
SHP2T507K substrate preferences (58). Consistent with previously re-
ported results, we saw an increase in preference for Sprouty1 for 
PTPT507K when compared to PTPWT (Fig. 5H and fig. S5B). Notably, 
while PTPQ510K overall showed strong catalytic impairment, we ob-
served an increased preference for Sprouty1, suggesting that the Lys 
substitutions on the two nearby sites have convergent effects on sub-
strate preferences (Fig. 5H and fig. S5B). Furthermore, the destabiliz-
ing effect of the Q510K mutation disrupts autoinhibition to such an 
extent that the full-length protein has comparable activity to SHP2WT 
(Fig. 5, B and D). While substrates other than Sprouty1 may be at play 
for either mutant, and other structural explanations might also be rel-
evant, our biochemical and transcriptomic results suggest that the 
Q510K and T507K operate at least partly through similar mecha-
nisms. Intriguingly, in cells expressing SHP2WT or these mutants, we 
observed that SHP2Q510K uniquely increased global phosphotyrosine 
levels across all tested EGF stimulation concentrations (fig. S5C), fur-
ther demonstrating that this mutant can dysregulate signaling.

The identity of the Q510 substitution fine-tunes 
functional outcomes
In addition to T507K and Q510K, there are several other pathogen-
ic mutations in the Q loop of SHP2 (fig. S5A). In particular, Q510 
has several other known pathogenic substitutions (Gln510→His/
Glu/Leu/Pro/Arg; Q510H/E/L/P/R), which can have distinct dis-
ease outcomes (table S3). 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 patients 
with AML. In addition, all Q510 mutants occur in solid cancers. 
While loss of the WT residue may fully explain dysregulatory effects 
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Fig. 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 toward 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 ef-
ficiencies of full-length SHP2WT, SHP2T507K, and SHP2Q510K against DiFMUP. (E) The 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) The 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 Materials and Methods. 
(I) Pairwise MrVI counterfactual cell distances, showing the largest distances between SHP2WT and any Q-loop mutant. SHP2Q510K and SHP2Q510R show the smallest dis-
tance observed. (J) Heatmap for DEGs 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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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 outcomes (75, 76). For SHP2, we see 
differences in basal activity and stability for Q510K and Q510E that 
could have downstream consequences (Fig.  5, D to G). Thus, we 
conducted another transcriptomic screen with an additional six 
SHP2 variants focused on Q-loop mutations, including all disease-
relevant Q510 substitutions, T507K, and another common mutation 
at a catalytic residue, Q506P (fig. S6, A to D). All Q-loop mutants 
appeared distinct from SHP2WT and induced a similar number of 
DEGs relative to SHP2WT (fig. S6, E and F).

Building on the observation from our previous screen that 
SHP2T507K and SHP2Q510K were most distinct from other SHP2 vari-
ants in unstimulated conditions, we trained a specific MrVI model 
on the unstimulated cells at 24 hours. Then, we calculated the coun-
terfactual cell distances between different SHP2 variants in this 
screen. Consistent with the trend found in our correlation of ꞵ coef-
ficients (fig. S6E), we found that SHP2WT shows the largest distance 
to any of the mutants in our screen (distance = 0.61 to 0.68) (Fig. 5I). 
Furthermore, we found that SHP2Q510K and SHP2Q510R, which in-
troduce 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) (Fig. 5I).

To understand what drives these trends, we analyzed DEGs be-
tween 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 up-regulated to the same extent with SHP2Q510E (Fig. 5J, red 
genes, and table S3). 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 autoinhibited state, somewhere 
between SHP2WT and SHP2Q510K (Fig. 5, D to G). Thus, it can only 
drive signaling through its scaffolding functions. Notably, SHP2Q510E is 
most similar to SHP2Q506P in our transcriptomics data (Fig. 5I). This 
mutation also reduces catalytic activity, and it has been reported to de-
stabilize SHP2 autoinhibition to the same extent as SHP2Q510E (29).

Last, we were surprised to find that the intersection of the 
SHP2Q510K and SHP2Q510R data showed enrichment for genes encod-
ing chaperones and other proteostasis machinery (table S3) (77). 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 a much lesser degree in SHP2Q510E (Fig. 5J, bolded genes). 
One plausible explanation for this difference is that the Q510R muta-
tion, 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 
(Fig. 5, F and 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 study, we conducted two multiplexed single-cell transcrip-
tomic 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 
a result, SHP2KO cells are defective in manifesting a cellular response 
to EGF stimulation. SHP2WT-expressing cells showed up-regulation 
of several key cell signaling pathways, including mTORC1 and MYC 
pathways. The SHP2KO cells only showed up-regulation of fibroblast 
growth factor 3 (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 cells navigate the absence of SHP2 by escaping to other cell sig-
naling pathways (78, 79).

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 be-
tween the protein-level mechanism of dysregulation and resulting 
cell states. For example, SHP2R138Q, which has a defective C-SH2 
domain (27), attenuated proximal signaling in response to EGF 
(lower Erk phosphorylation) and led to notably diminished tran-
scription of EGF-response genes. SHP2R138Q retains normal cata-
lytic activity, both in basal conditions as well as when the N-SH2 
domain is engaged by a phosphopeptide (27), illustrating how non-
catalytic properties of SHP2 are critical for EGF signaling. Previous 
work has shown that catalytically dead SHP2C459S is unable to acti-
vate the Ras/MAPK pathway in response to EGF stimulation (29). 
This suggests that both the C-SH2–binding function and PTP do-
main 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 inter-
play with catalytic activity. 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 specific oncogenes are differentially overexpressed compared to 
SHP2KO or SHP2WT.

Our transcriptomics data also revealed unexpected 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 mutant SHP2Q510K, identi-
fied in cancer, partly phenocopies SHP2T507K by introducing a lysine 
into the substrate-binding pocket of the PTP domain and altering 
substrate specificity. As a result, both of these mutants mediate sim-
ilar EGF-dependent transcriptional responses that are distinct from 
all other mutants in our screen. We observed a substantial increase 
in global phosphotyrosine levels in the presence of SHP2Q510K, com-
pared to SHP2WT and even compared to SHP2T507K. We speculate 
that this mutant can strongly activate a tyrosine kinase, causing an 
overall increase in phosphorylation of cellular proteins. Several 
studies have shown that SHP2 can activate c-Src through a noncata-
lytic binding interaction and that this interaction happens more 
readily for open-conformation SHP2 mutants (80–82). Our data 
suggest that the autoinhibited state of SHP2 is substantially destabi-
lized by the Q510K mutation. This would put SHP2Q510K in an open 
conformation that is competent to potently activate c-Src, providing 
a plausible mechanism through which this mutant could aberrantly 
increase phosphotyrosine levels in the cell.

Other pathogenic mutations at Q510 unexpectedly showed a diverse 
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 
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introduces a negative charge, has distinct effects on protein stability, 
autoinhibition, and catalytic activity, resulting in a divergent transcrip-
tome. 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 resulting 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 patients (72), and all of these 
substitutions disrupt autoinhibition to hyperactivate SHP2 (25, 28, 72). 
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 guanosine 
triphosphate hydrolysis rates (75, 76).

A critical feature of our experimental design that yielded the afore-
mentioned insights is that we conducted these screens with transient 
expression of variants 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 am-
plify 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 NS and NSML, SHP2 
mutations are inherited and systemic, whereas somatic SHP2 muta-
tions 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 expression of these diverse mutants influenced the transcriptome, 
we were able to show that corresponding changes to the conforma-
tional state of SHP2, to noncatalytic 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 unbi-
ased assessments of cellular phenotypic effects—such as through tran-
scriptomics—can, in turn, reveal unexpected biochemical insights. In 
the future, one can envision taking a more expansive and unbiased ap-
proach 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, regula-
tion, molecular recognition, catalysis, and drug resistance (83). Com-
bining these deep mutational scanning approaches with multiplexed 
single-cell transcriptomics could yield a powerful framework for map-
ping the effects of mutations from the molecular to the cellular scale.

MATERIALS AND METHODS
Cell culture
Cells were cultured in a 37°C tissue culture incubator with 5% CO2. 
Cells were discarded by passage 25 and tested for mycoplasma every 3 

months. HEK 293 cells were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. HEK 293 SHP2 KO cells were grown in DMEM with 
10% FBS. Human EGF was purchased in lyophilized form (#E9644, 
Sigma-Aldrich) and reconstituted in 10 mM acetic acid.

Transfection and EGF stimulation for scRNA sequencing
HEK 293 SHP2KO (106) cells were seeded in a six-well plate, and 
transfected 24 hours later with 2 μg of DNA in 200 μl of empty 
DMEM using 6 μl of polyethylenimine (PEI). Early the next morn-
ing, each well was trypsinized and reseeded into a 96-well plate to a 
final density of 10,000 cells per well. Twelve hours after reseeding, 
the cells were checked for adherence, and culture medium was aspi-
rated. Cells were serum-starved overnight in DMEM + 0.2% FBS. 
After 12 hours of serum starvation, EGF was added to the cells in 
DMEM + 0.2% FBS to a final concentration of 1000, 500, 250, 100, 
50, 25, 12.5, and 0 ng/ml (unstimulated). At 24 and 96 hours, the 
cells were harvested and nuclei were hashed and frozen at −80°C 
until further processing. Replicates refer to two separate 96-well 
plates containing identical SHP2 variant groups, receiving EGF 
stimulation independently, with altered plate layout to account for 
position effects. The number of unique conditions for the first screen 
totals 192 as cells from 12 SHP2 variants (9 mutants, WT, KO, and 
mock-transfected control) × 8 EGF concentrations (0 to 1000 ng/
ml) × 2 time points (24 and 96 hours post–EGF stimulation) were 
measured in replicate. The second screen, independent of the pre-
liminary screen, was represented by 10 SHP2 variants (8 mutants, 
WT, and KO) × 8 EGF concentrations (0 to 1000 ng/ml) × 2 time 
points (24 and 96 hours post–EGF stimulation) measured in repli-
cate. In total, 15 unique mutants were profiled over two screens: 9 
from the initial and 6 from the Q-loop screen.

EGF dose-response curves
For Erk/p-Erk dose-response curves for SHP2WT and SHP2R138Q, 5 × 
106 HEK 293 SHP2KO cells were seeded in a 15-cm plate in full 
DMEM. The next day, the cells were transfected with 20 μg of DNA 
in 2 ml of empty DMEM using 60 μl of PEI. In the morning, transfec-
tion medium was replaced with full DMEM; 12 hours later, the cells 
were serum-starved in DMEM + 0.2% FBS. The next morning, the 
cells were harvested in phosphate-buffered saline (PBS) by scraping, 
washed two times in 1 ml of PBS, and split into separate tubes cor-
responding with the number of concentrations. Pellets were preheat-
ed at 37°C for 2 min before stimulation. Cells were stimulated with 
EGF (0 to 1000 ng/ml) in preheated PBS on a 37°C heat block. After 
exactly 2 min, tubes were placed on ice and spun down in a refriger-
ated tabletop centrifuge (5 min, 1000g). Supernatant was aspirated, 
and pellets were snap-frozen and stored in −80°C until further pro-
cessing. The cells were lysed in 100 μl of lysis buffer [20 mM tris-HCl 
(pH 8.0), 137 mM NaCl, 2 mM EDTA, 10% glycerol, and 0.5% NP-
40 + protease inhibitors + PTP inhibitors] for 30 min on ice. The 
cells were spun at 17.7 rpm for 15 min at 4°C. The supernatant was 
transferred to a clean Eppendorf tube and stored at −20°C.

Protein concentration was determined using a bicinchoninic acid 
(BCA) assay, and absorbance was measured at 562 nm using a BioTek 
Synergy Neo2 multimode reader. Fifteen micrograms of protein was 
loaded onto a gel. As not all samples fit on one gel, we ran six samples 
(three EGF concentrations) on both gels. Gels were transferred onto a 
nitrocellulose membrane using TurboBlot (Bio-Rad), and the mem-
brane was blocked using 5% bovine serum albumin (BSA) in 
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tris-buffered saline (TBS) for 1 hour at room temperature. Mem-
branes were rinsed with TBS with 0.1% Tween-20 (TBS-T) and incu-
bated with primary antibodies in TBST + 5% BSA overnight at 
4°C. The following antibodies and dilutions were used: Erk1/2 (Cell 
Signaling Technology, #4696S), 1:2000; p-Erk1/2 (Cell Signaling 
Technology, #4377S), 1:1000; Vinculin (Cell Signaling Technology, 
#13901S), 1:1000; and Myc (Invitrogen, # R95025), 1:5000. Mem-
branes were washed and incubated with secondary antibodies (IRDye 
680RD goat anti-rabbit immunoglobulin G (IgG), LiCor, #926-68071; 
and IRDye 800CW goat anti-mouse IgG, LiCor, #926-32210). Blots 
were imaged on a LiCor Odyssey, and bands were quantified using 
ImageStudio. Values of the second gel (higher EGF concentrations) 
were scaled to gel 1 (lower EGF concentrations) by using the quanti-
fied values for the six overlapping samples. Curves were visualized 
using GraphPad Prism v10.4.0, which was also used to calculate EC50 
for SHP2WT and SHP2R138Q.

For global phosphotyrosine responses for SHP2WT, SHP2T507K, 
and SHP2Q510K, 3 × 106 SHP2KO HEK293 cells were seeded in a 10-
cm plate. The next day, the cells were transfected with 10 μg of DNA 
in 1 ml of empty DMEM using 30 μl of PEI. In the morning, trans-
fection medium was replaced with full DMEM; 12 hours later, the 
cells were serum-starved in DMEM + 0.2% FBS. The next morning, 
the cells were harvested in PBS by scraping, washed two times in 
1 ml of PBS and split into separate tubes corresponding with the 
number of concentrations. Pellets were preheated at 37°C for 2 min 
before stimulation. The cells were stimulated with EGF (0 to 1000 ng/
ml) in preheated PBS on a 37°C heat block. After exactly 2 min, the 
tubes were placed on ice and spun down in a refrigerated tabletop 
centrifuge (5  min, 1000g). Supernatant was aspirated, and pellets 
were snap-frozen and stored in −80°C until further processing. The 
cells were lysed in 100 μl of lysis buffer [20 mM tris-HCl (pH 8.0), 
137 mM NaCl, 2 mM EDTA, 10% glycerol, and 0.5% NP-40 + pro-
tease inhibitors + PTP inhibitors] for 30 min on ice. The cells were 
spun at 17.7 rpm for 15 min at 4°C. The supernatant was transferred 
to a clean Eppendorf tube and stored at −20°C.

Protein concentration was determined using a BCA assay, and ab-
sorbance was measured at 562 nm using a BioTek Synergy Neo2 mul-
timode reader. Fifteen micrograms of protein was loaded onto 26-well 
Criterion gel. Gel was transferred onto a nitrocellulose membrane 
using TurboBlot (Bio-Rad), and the membrane was blocked using 5% 
BSA in TBS-T for 1 hour at room temperature. Membranes were 
rinsed with TBS-T and incubated with primary antibodies in TBST + 
5% BSA for 2 hours at room temperature. The following antibodies 
and dilutions were used: Myc (Invitrogen, # R95025), 1:5000; pTyr 
(Cell Signaling Technology, 8954S), 1:1000; and glyceraldehyde-3-
phosphate dehydrogenase (Sigma-Aldrich, G8795); 1:8000. Mem-
branes were washed and incubated with secondary antibodies (IRDye 
680RD goat anti-rabbit IgG, LiCor, #926-68071; and IRDye 800CW 
goat anti-mouse IgG, LiCor, #926-32210). Blots were imaged on a 
Bio-Rad ChemiDoc MP.

Nuclei preparation and hashing
For both screens, cells were trypsinized and moved to V-bottom plates 
at 24 and 96 hours post–EGF exposure. Upon washing with ice-cold 
1× PBS, the cells were lysed with EZ Lysis Buffer (Sigma-Aldrich) 
supplemented with 1% diethyl pyrocarbonate (Sigma-Aldrich), 0.1% 
Superase RNase Inhibitor (Thermo Fisher Scientific), and 500 fmol of 
hashing oligo. After lysis, nuclei were fixed with the addition of 1.25% 
formaldehyde in 1.25× PBS (to a final well concentration of 1% and 

1×, respectively) and incubated on ice for 10 min. Nuclei were pooled 
into a plastic reservoir and moved into a 50-ml conical for centrifuga-
tion at 650g for 5 min at 4°C. Supernatant was removed from the nu-
clei pellet, and nuclei were washed once with nuclei suspension buffer 
[(NSB) 10 mM tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 1% 
Superase RNA Inhibitor (Thermo Fisher Scientific), and 1% Ultrapure 
BSA (0.2 mg/ml; New England Biosciences)]. Nuclei were resuspend-
ed in NSB, slow-frozen in 10% dimethyl sulfoxide (DMSO), and 
stored at −80°C until single cell combinatorial indexing RNA se-
quencing (sci-RNA-seq) library preparation.

Library preparation and sequencing
Hashed nuclei were thawed and subjected to three-level combinato-
rial indexing protocols adapted from previous methods (42, 44–46). 
Nuclei were spun, resuspended in NSB, and sonicated at low power 
for 12 s (Bioruptor). Upon counting, 21 μl of nuclei were moved to 
96-well low-adhesion polymerase chain reaction (PCR) plates with 
2 μl of 10 mM deoxynucleotide triphosphate (dNTP) solution mix 
[New England Biosciences (NEB)], 2 μl of 100 μM indexed oligo-
shortdT primers, 2 μl of 100 μM indexed random hexamer primers, 
and 14 μl of a reverse transcription master mix consisting of 14.29% 
100 mM dithiothreitol, 14.29% 100 mM RNaseOUT Ribonuclease 
Inhibitor, 57.14% 5× SuperScript IV First-Strand Buffer, and 14.29% 
SuperScript IV Reverse Transcriptase. Reverse transcription was car-
ried out with an increasing temperature gradient. Post–reverse tran-
scription, nuclei were pooled and distributed as 10 μl into a 96-well 
plate(s) for ligation steps. Briefly, 8 μl of indexed ligation primers 
were added to each well, along with a 4.8-μl 3:2 master mix of T4 li-
gase buffer:T4 ligase (NEB) and 9.4 μl of nuclei buffer with BSA 
[(NBB) 10 mM tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, and 
1% Ultrapure BSA (0.2 mg/ml)]. Ligation was carried out at 25°C for 
1 hour. The resulting nuclei were pooled, washed with NBB, and dis-
tributed as 1500 nuclei in 5 μl of NBB per well, where some plates 
were stored for future processing. Next, 5 μl of a second strand syn-
thesis mix consisting of 60% elution buffer (Qiagen), 27% second 
strand synthesis buffer (NEB), and 13% second strand synthesis en-
zyme mix (NEB) was added, and second strand synthesis was carried 
out at 16°C for 3 hours. Post–second strand synthesis, tagmentation 
was performed at 55°C for 5 min after the addition of 1/50 μl per well 
of N7-adaptor loaded Tn5 and subsequent quenching with DNA 
binding buffer (Zymo) for 5 min at room temperature. The resulting 
double-stranded DNA (dsDNA) was purified using a 1× SPRIbead 
clean-up within the 96-well plate. The dsDNA was eluted in buffer EB 
and then moved to a clean 96-well PCR plate. To the 16 μl of eluted 
product, 2 μl of P5 PCR primer and 2 μl of P7 PCR primer were add-
ed to wells in an indexed well-specific combination. Further, 20 μl of 
2× NEBnext PCR master mix (NEB) was added, and PCR to add the 
adaptors was carried out. The final PCR product was pooled and sub-
jected to a 0.7× SPRIbead cleanup for library cDNA purification and 
1× cleanup for hash fraction purification. Library concentrations were 
determined by Qubit (Invitrogen) and were visualized by TapeStation 
DNA D1000. The resulting libraries were sequenced on the Element 
Biosciences AVITI for the initial SHP2 mutant screen according to 
the manufacturer’s instructions and on the Illumina NovaSeq XPlus 
(Novogene) for the follow-up SHP2 Q510 screen.

Data preprocessing and generation of count matrix
Raw base call files were obtained from Illumina BaseSpace or AVITI 
storage and were used to generate fastq files using bcl2fastq v2.20.0.422 
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or bases2fastq version 1.5.0.962525890, respective to sequencing 
platform. A custom data processing pipeline, adapted from previous 
publications (41), was used to process fastq data into a single-cell 
count matrix. First, reverse transcription and ligation barcodes were 
assigned to reads with a mismatch allowance of 1 base pair, and 
reads assigned to oligo-shortdT primers were separated from those 
assigned to random hexamer primers. After index assignment, 
polyA sequences were trimmed using TrimGalore version 0.6.10 
and CutAdapt version 2.6. Upon polyA trimming, the reads were 
aligned to human GRCh38 using the STAR aligner version 2.7.9a. 
Aligned reads were filtered for quality, and duplicates and were as-
signed to genes using bedtools version 2.26.0, as described previ-
ously. The resulting unique read assignments from both primers 
were combined and collapsed by cell and gene, and a celldataset 
(CDS) object was generated using the raw sparse count matrix, cell 
annotations, and gene annotations with the R package monocle3. 
Cell barcodes were determined to be cells upon filtering the CDS by 
a cutoff of 300 unique molecular identifiers (UMIs), determined vi-
sually with the kneeplot of cell rank by UMI count. Last, doublets 
were detected with scrublet and were filtered based on the doublet 
score distribution.

In parallel, hash assignments were determined from demultiplexed 
untrimmed oligo-shortdT reads as described previously (41,  47). 
Briefly, hash barcodes were assigned to reads with a mismatch allow-
ance of 1 base pair and if the read was adjacent to repeated A sequenc-
es, corresponding with hash sequence design. Duplicate hash reads 
were filtered by UMI and were collapsed into hash assignment counts 
by cell. Hashes were assigned to cells by two criteria: (i) a cell having 
≥5 hash UMIs and (ii) a ratio of the cell’s top hash UMI to second best 
hash UMI of 2.5. The monocle3 package was used to manipulate, 
batch align, and visualize the resulting data.

SHP2 mutant–specific differential gene expression test
SHP2 variant was annotated in the object colData as a factor to des-
ignate either KO or WT as the reference comparison group. DEGs 
were calculated by fitting expression to a quasi-Poisson regression 
model of a gene within each time point as a function of SHP2 vari-
ant, EGF exposure concentration, and technical replicate using the 
monocle3 R package fit_models function. The tests were limited to 
genes expressed in at least 1% of all cells in the experiment. P values 
for each DEG test were FDR corrected (specifically, Benjamini-
Hochberg correction for multiple hypotheses). Significant SHP2 
variant DEGs were defined as genes where the SHP2 variant coeffi-
cient was FDR  <  0.01 and a normalized effect (β-coefficient) of 
>0.05, unless otherwise indicated. SHP2-mutant specific coeffi-
cients were calculated using the model below with cells across all 
EGF concentrations and replicate for each time point

EGF-dose specific differential gene expression test
For each SHP2 variant, DEGs were calculated by fitting expression to 
a quasi-Poisson regression model of a gene as a function of EGF expo-
sure concentration (log10 transformed with a pseudo-count of 0.1), 
time point, and technical replicate using the monocle3 R package fit_
models function. The tests were limited to genes expressed in at least 
1% of all cells in the experiment. P values for each DEG test were FDR 
corrected (Benjamini-Hochberg correction for multiple hypotheses). 
Significant EGF DEGs for each variant were defined as genes where 
the EGF dose coefficient was FDR < 0.01 and a normalized effect 

magnitude (β coefficient) of >0.05, unless otherwise indicated. The 
formula for obtaining EGF dose–specific normalized effects for each 
mutant is as follows

GSEA of SHP2WT and SHP2KO EGF-driven DEGs
The fgsea R package was used to assess the enrichment of gene sets in 
EGF-induced DEGs for SHP2WT and SHP2KO. Briefly, for SHP2WT 
and SHP2KO separately, EGF-induced DEGs were ranked by descend-
ing effect (β coefficient) and were tested for enrichment using the 
fgsea function against gene sets found in Hallmark pathways (h.all.
v6.0.symbols) and Reactome pathways (c2.cp.reactome.v2024.1.Hs.
symbols), downloaded from MSigDB. MYC-targets v1 was included 
to allow identification of broad effects, whereas MYC-targets v2 al-
lows for detecting more direct MYC-driven effects. P values for each 
test were FDR corrected (Benjamini-Hochberg correction for multi-
ple hypotheses), and significantly enriched gene sets were designated 
as FDR <0.05.

Defining SHP2WT and SHP2KO EGF-driven gene modules
Gene modules were defined using the union of EGF-induced DEGs 
for SHP2WT and SHP2KO (FDR <0.05). Upon filtering the cds object 
to SHP2WT and SHP2KO cells and EGF-induced DEG union genes, 
gene modules were defined using the monocle3 R package find_
gene_modules function with a resolution of 1 × 10−2. Gene modules 
were validated by visual inspection of silhouette plots. For each cell 
and gene module, expression of genes was aggregated, and the mean 
expression for each SHP2 variant and EGF exposure group was z-
scored for visualization with the R package ComplexHeatmap.

SHP2 variant pair-wise correlation coefficient visualization
SHP2 variant pair-wise Pearson correlation coefficients were calcu-
lated using the normalized effects (β coefficients) of the union of 
DEGs across SHP2 variants [FDR  <  0.01 and abs(normalized ef-
fect) > 0.05]. Unsupervised hierarchical clustering (ward.D2) and 
visualization of the correlation coefficients was performed using 
ComplexHeatmap.

MrVI model training
MrVI was downloaded and imported from the publicly available 
scvi-tools. For the first SHP2 mutant screen, feature selection con-
sisted of taking the union of the top 300 highly variable genes (de-
termined with scanpy) for each time point_SHP2 variant subset of 
cells, for a total of 3318 genes.

We then trained a MrVI model on all 24-hour post-EGF exposure 
cells with the sample key defined as unique SHP2 variant, EGF concen-
tration combination and the batch key defined as replicate. For all 
trained models, we used the recommended default model arguments: 
n_latent = 30; n_latent_u = 10; qz_nn_flavor = “attention”; px_nn_
flavor = “attention”; use_map (qz_kwargs) = True; stop_gradients (qz_
kwargs) = False; stop_gradients_mlp (qz_kwargs) = True; dropout_rate 
(qz_kwargs) = 0.03; stop_gradients (px_kwargs) = False; stop_gradients_
mlp (px_kwargs) = True; h_activation (px_kwargs) = “nn.softmax”; 
low_dim_batch (px_kwargs) = True; dropout_rate (px_kwargs) = 
0.03; learn_z_u_prior_scale = False; z_u_prior = True; and u_prior_
mixture = False. We used the following training arguments in tandem 
with the recommended default model arguments: max_epochs = 400; 
batch_size = 256; early_stopping = True; early_stopping_patience = 
15; check_val_every_n_epoch = 1; train_size = 0.9; lr (pl_kwargs) = 

Expression ∼ SHP2_mut + EGF_dose + replicate

Expression ∼ EGF_dose + time point + replicate
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2 × 10−3; n_epochs_kl_warmup (plan_kwargs)  =  20; max_norm 
(plan_kwargs) = 40; eps (plan_kwargs) = 1 × 10−8; and weight_decay 
(plan_kwargs) = 1 × 10−8.

For the follow-up Q510 screen, feature selection (2358 genes) 
and model training were conducted as with the preliminary screen. 
Separate models were trained upon filtering cells to respective EGF 
groups (no EGF, low, and high) to increase resolution to capture dif-
ferences between mutants within respective EGF exposure groups.

MrVI visualization and SHP2 variant cluster proportion
To visualize the output of the MrVI models, we generated UMAPs for 
the U and Z latent spaces. Specifically, the cell by Z latent dimen-
sions were exported and added to the cds object in R where a UMAP 
embedding was generated and visualized using monocle3 reduce_
dimensions and plot_cells functions. For downstream analysis, SHP2KO 
and mock-transfected cells were filtered out to emphasize differences 
between remaining variants. Leiden community detection (cluster_cells) 
was performed at a resolution of 1 × 10−3, and robustness of clustering 
was determined with silhouette plots. Counts of cells per cluster were 
used to determine cluster proportions for each SHP2 variant.

The functional relationship between the sample-unaware U-
space and the sample-aware Z-space in MrVI can be used to directly 
estimate single-cell resolution sample-sample distance. After model 
training, both single-cell and mean sample-sample counterfactual 
distances were obtained using the get_local_sample_distances func-
tion. Single-cell counterfactual distances were visualized as distribu-
tions, and mean sample-sample counterfactual distance matrices 
were visualized as heatmaps using ComplexHeatmap.

Purification of full-length SHP2 and SHP2 PTP domains
Full-length SHP2 variants were cloned into a pET28-His-TEV plas-
mid. BL21(DE3) cells were transformed with the respective plasmids 
and were grown in TB supplemented with kanamycin (100 μg/ml) at 
37°C until cells reached an optical density at 600 nm of 0.5. Isopropyl-
β-d-thiogalactopyranoside (1 mM) was added to induce protein ex-
pression, which was carried out at 18°C overnight. Cells were 
centrifuged and subsequently resuspended in lysis buffer [50 mM 
tris (pH 7.5), 300 mM NaCl, 20 mM imidazole, 10% glycerol, and 
freshly added 2 mM β-mercaptoethanol]. The cells were lysed using 
sonication (Fisherbrand Sonic Dismembrator), and spun down at 
14,000 rpm for 45 min. The supernatant was applied to a 5-ml Ni–
nitrilotriacetic acid (NTA) column (Cytiva). The resin was washed 
with 10 column volumes lysis buffer and wash buffer (50 mM Tris 
pH 7.5, 50 mM NaCl, 20 mM imidazole, 10% glycerol, and freshly 
added 2 mM β-mercaptoethanol). The protein was eluted off the Ni-
NTA column in elution buffer [50 mM tris (pH 7.5), 50 mM NaCl, 
500 mM imidazole, and 10% glycerol] and brought onto a 5-ml Hi-
Trap Q anion exchange column (Cytiva). The column was washed 
using anion A buffer [50 mM tris (pH 7.5), 50 mM NaCl, and 1 mM 
tris(2-carboxyethyl)phosphine hydrochloride (TCEP)]. Protein elu-
tion off the column was induced through a salt gradient between an-
ion A buffer and anion B buffer [50 mM tris (pH 7.5), 1 M NaCl, and 
1 mM TCEP]. The eluted protein was cleaved at the His6-TEV tag by 
the addition of His6-tagged TEV protease (0.10 mg/ml) at 4°C over-
night. This cleavage cocktail was flowed through a 2-ml Ni-NTA 
gravity column (Thermo Fisher Scientific) to separate the cleaved 
protein from uncleaved protein and TEV protease. Last, the cleaved 
protein was purified by size exclusion chromatography (SEC) on a 
Superdex 200 10/300 gel filtration column (Cytiva) equilibrated with 

SEC buffer [20 mM Hepes (pH 7.5), 150 mM NaCl, and 10% glycer-
ol]. Pure fractions were pooled and concentrated and flash-frozen in 
liquid N2 for long-term storage at −80°C.

Differential scanning fluorimetry
Purified protein stocks were thawed and diluted in DSF buffer 
[20 mM Hepes (pH 7.5), 50 mM NaCl, and 0.4% DMSO]. Nineteen 
microliters of buffer was added to a MicroAmp Fast Optical 96-well 
Reaction plate (Applied Biosystems, # 4346906). One microliters of 
500× SYPRO Orange Protein Gel Stain (Thermo Fisher Scientific, 
catalog no. S-6650) was added to a final protein concentration of 
10 μM and 25× SYPRO Orange. Melting curves were performed in 
an Applied Biosystems Step-One Plus RT-PCR thermocycler. Tem-
perature measurements started at 15°C, and temperature was raised 
by 0.5°C every minute with continuous measurements of fluorescence 
(excitation: 472 nm; emission: 570 nm). Raw fluorescence values 
along with corresponding temperatures were analyzed using DSF-
world and Tm values were calculated using delta relative fluores-
cence units (dRFU).

DiFMUP basal activity measurements
Initial rate measurements for the SHP2-catalyzed dephosphorylation 
of 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP) were con-
ducted at 37°C in DiFMUP buffer [60 mM Hepes (pH 7.2), 150 mM 
NaCl, 1 mM EDTA, and 0.05% Tween-20]. Reactions of 50 μl were set 
up in a black polystyrene flat bottom half area 96-well plate. A sub-
strate concentration series of 31.25, 62.5, 125, 250, 500, 1000, 2000, 
and 4000 μM was used to determine catalytic constant (kcat) and KM 
(Michaelis constant). Reactions were started by the addition of appro-
priate amount of SHP2 WT and mutants (WT full-length: 2.5 nM; 
T507K full-length: 2.5 nM; Q510K full-length: 10 nM; Q510E: 2.5 nM; 
WT PTP: 1 nM; T507K PTP: 1 nM; Q510K PTP: 60 nM; Q510E PTP: 
60 nM). Emitted fluorescence at 455 nm was recorded every 25 s in a 
span of 50 min using a BioTek Synergy Neo2 multimode reader.

The linear part of the reaction progress curve was determined by 
visual inspection and fit to a line. Slopes were converted from absor-
bance or fluorescence units as a function of time to product forma-
tion as a function of time using standard curves measured with the 
reaction products (6,8-difluoro-7-hydroxy-4-methylcoumarin). Last, 
these rates were corrected for enzyme concentration by dividing the 
values by the concentration of enzyme used in the experiment to 
yield V0/[enzyme] in units of (s−1). These corrected rates were plotted 
as a function of substrate concentration and fit to the Michaelis-Menten 
equation using nonlinear regression to determine catalytic parameters. 
Experiments were generally repeated at least three times, and the 
average and SD of all individual replicates are reported.

PTP activity assay against phosphopeptide substrates
Initial rate measurements of the dephosphorylation of phospho-
peptide substrates were conducted at 37°C in freshly made reaction 
buffer [10 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM TCEP, and 
10% glycerol] using the EnzCheck Phosphate Assay Kit (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. Re-
actions of 50 μl were set up in a clear polystyrene flat bottom half 
area 96-well plate. A substrate concentration series of 0 to 1000 μM 
was used to determine kcat and KM. Reactions were started by the 
addition of 4000 nM SHP2. Absorbance at 360 nm was recorded 
every 8 s in a span of 6 min using a BioTek Synergy Neo2 multi-
mode reader.
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In all cases, the linear region of the reaction progress curve was 
determined by visual inspection and fit to a line. These slopes were 
converted from absorbance units as a function of time to product 
formation as a function of time using standard curves measured 
with inorganic phosphate. These rates were then corrected for en-
zyme concentration used in the experiment to yield V0/[enzyme] 
in units of (s−1). This was plotted as a function of substrate concen-
tration and fit to the Michaelis-Menten equation using nonlinear 
regression to determine catalytic parameters. Experiments were re-
peated at least three times, and the average and SD of all individual 
replicates are reported.

Peptide synthesis and purification
The following peptides were synthesized with N-terminal acetyl and 
C-terminal carboxamide groups: (i) Sprouty1/pY53: Ac-GSNE-pY-
TEGPS-NH2; (ii) Paxillin/pY118: Ac-EEHV-pY-SFPN-NH2; (iii) 
Gab1/pY589: Ac-DSEEN-pY-VPMNPNL-NH2; (iv) EGFR/pY992: 
Ac-DADE-pY-LIPQQG-NH2. All peptides were synthesized using 
9-fluorenylmethoxycarbonyl (Fmoc) solid-phase peptide chemistry. 
All syntheses were carried out using the Liberty Blue automated 
microwave-assisted peptide synthesizer from CEM under nitrogen 
atmosphere, with standard manufacturer-recommended protocols. 
Peptides were synthesized on MBHA Rink amide resin (0.1 mmol 
scale). Each Nα-Fmoc–amino acid (6 equiv, 0.2 M) was activated with 
diisopropylcarbodiimide (1.0 M) and ethyl cyano(hydroxyamino)
acetate (OxymaPure, 1.0 M) in N,N-dimethylformamide (DMF) be-
fore coupling. Diisopropylethylamine (0.4 molar equiv, 0.4 M) was 
added to the OxymaPure solution following the CarboMAX method 
published by CEM. Each coupling cycle was done at 75°C for 15 s fol-
lowed by 90°C for 110 s. Deprotection of the Fmoc group was per-
formed in 20% (v/v) piperidine in DMF (75°C for 15 s then 90°C for 
50 s). The resin was washed four times with DMF following Fmoc de-
protection and after Nα-Fmoc amino acid coupling. All peptides 
were acetylated at the N terminus with 10% acetic anhydride/DMF 
and washed four times with DMF after the acetylation reaction.

Following peptide synthesis, the resin was washed three times with 
DMF, dichloromethane, and methanol (MeOH) and dried under re-
duced pressure overnight. The peptides were cleaved from resin, and 
the side chains were simultaneously deprotected in 95% (v/v) tri-
fluoroacetic acid (TFA), 2.5% (v/v) water, and 2.5% (v/v) triisopro-
pylsilane, in a ratio of 10 μl of cleavage cocktail per milligram of resin. 
The cleavage-resin mixture was incubated at room temperature for 
90 min, with agitation. The cleaved peptides were precipitated in cold 
diethyl ether, pelleted, and dried under air. The peptides were dis-
solved in 50% (v/v) acetonitrile/water solution and filtered from resin. 
The filtrate was freeze-dried for downstream purification.

The crude peptide mixture was purified using reverse-phase high-
performance liquid chromatography on a preparatory C18 column 
(Waters, XBridge Peptide BEH C18 OBD Prep Column, 19 mm by 
150 mm, 5 μm). Flow rate was maintained at 17 ml/min with solvents 
A [water, 0.1% (v/v) TFA] and B [acetonitrile, 0.1% (v/v) TFA]. Peptides 
were generally purified over a 23-min linear gradient from 0 to 70% 
solvent B. Peptide purity was assessed using an analytical column 
(Agilent, ZORBAX 300 SB-C18, 4.6 mm by 150 mm, 5 μm) at a flow 
rate of 1 ml/min over a 0 to 90% solvent B gradient in 30 min. All pep-
tides were determined to be ≥95% pure by peak integration. The iden-
tities of the peptides were confirmed using mass spectrometry (Waters 
Xevo G2-XS QTOF). Pure peptides were lyophilized and redissolved 
in tris buffer (100 mM, pH 8.0) as needed for experiments.
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Figs. S1 to S6
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