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SUMMARY

RhoA is a key cancer driver and potential colorectal cancer (CRC) therapy target but remains undrugged clin-

ically. Using activity-based protein profiling (ABPP) and mass spectrometry (MS), we identified CL16, a co-

valent inhibitor targeting the unique Cys16 on RhoA subfamily, which confers high specificity over other Rho 
family proteins. Cys16 is adjacent to the nucleotide-binding pocket and switch regions, which are critical for 
RhoA function. The binding by CL16 effectively disrupts GTP binding and inhibits RhoA activity in CRC cells, 
leading to cytotoxic killing of CRC cells through cell-cycle arrest and apoptosis. In mouse CRC models, CL16 
exhibits strong antitumor and antimetastatic effects, promotes T cell infiltration into the tumor microenviron-

ment, and shows no observable toxicity. Our findings suggest that covalent targeting of the druggable Cys16 
on RhoA offers a promising strategy for CRC treatment, providing a foundation for developing specific RhoA 
inhibitors for clinical application.

INTRODUCTION

Upregulation of RhoA has been reported in a number of malig-

nancies, 1–13 including colorectal cancer (CRC) 12,13 which is the 

second deathliest and the third most common cancer world-

wide. 14–16 RhoA governs cellular structure by interplaying with 

downstream effectors like mDia1 and ROCK. 17–19 Studies have

shown that RhoA contributes to both ameboid and mesen-

chymal mobility 20,21 in 3D migration and invasion 19 indicating 

its importance in cancers to infiltrate nearby tissues and escape 

anoikis using the Rho/ROCK pathway. 6,22 In rodent models, the 

activation of RhoA by lysophosphatidic acid (LPA) has been 

found to increase tumor metastasis, 23 while silencing RhoA 

has been demonstrated to inhibit tumor growth. 23,24

SIGNIFICANCE RhoA is associated closely with carcinogenesis and metastasis but was considered as ‘‘un-

druggable’’. To achieve specific RhoA targeting for treatment of colorectal cancer (CRC), we develop an ac-

tivity-based protein profiling screening strategy to identify a cysteine-reactive covalent ligand, CL16, which 

covalently targets the unique Cys16 on RhoA-subfamily over other structurally similar Rho GTPases. Cys16 is 

adjacent to the functional domains of RhoA, thus covalent binding by CL16 results in the inhibition of RhoA 

activity and hence promising anticancer and anti-metastatic effects in CRC cells as well as in mouse CRC 

models with no observable toxicity. Our work should establish CL16 as a specific RhoA covalent inhibitor 

and presages RhoA Cys16 as a good targetable hotspot for CRC treatment.
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Additionally, oxidative stress-induced activation of RhoA/ 

ROCK2 signaling promotes tumor growth and metastasis in hu-

man colon cancer. 25 In view of the limited efficacy in the current 

treatment for metastatic CRC 16 this should be advantageous for 

the development of drug compounds targeting RhoA which as-

sociates with CRC development and aggressiveness. 26

Despite the therapeutic interest in RhoA, it was considered as 

‘‘undruggable’’ due to its smooth surface and globular structure 

which make it challenging to bind with small molecules. 27,28 At-

tempts were made to circumvent RhoA by targeting its down-

stream proteins, with ROCK inhibitors Y27632 29,30 and Fasu-

dil 31,32 as representative examples. However, ROCK inhibitors 

cannot completely eliminate oncogenic signals from RhoA, 

such as RhoA-mDia1 which mediates chromosomal instability 

and hence drives tumor development. 33 Therefore, the interest 

in targeting RhoA for cancer therapy persists, and various 

elegant approaches have been employed to develop RhoA in-

hibitors. While non-covalent RhoA inhibitors such as Rhosin 

are good research tools in biological studies, 27 there are only 

limited small animal studies to evaluate their in vivo antitumor ac-

tivities. 34 To achieve strong binding with RhoA which has smooth 

surface, covalent targeting with the formation of irreversible co-

valent bonds should be a good strategy. 35–42 Covalent ligands 28 

such as DC-Rhoin were found to target the allosteric site Cys107 

of RhoA to interfere with RhoA-LARG interaction. 17,27 Yet, 

Cys107 is conserved in other Rho GTPases such as Rac1 and 

Cdc42, thus these covalent ligands are not specific toward 

RhoA and inhibit Rac1 and Cdc42 as well. Moreover, none of 

the aforementioned RhoA inhibitors have demonstrated anti-

cancer effects in CRC models.

Targeting a unique cysteine on RhoA which is absent in Rac1 

and Cdc42 should be more advantageous to achieve higher 

specificity and lower toxicity in treating CRC. RhoA Cys16 

comes to our attention because it is the only unique cysteine 

on RhoA subfamily among other Rho GTPases and, more impor-

tantly, located close to the nucleotide-binding pocket and switch 

regions. These two domains govern RhoA activation and interac-

tions with downstream effector proteins, respectively. Covalent 

targeting of Cys16 should be a promising strategy to abolish hy-

peractivity of RhoA in CRC without altering Rac1 and Cdc42 sig-

nals, thus allowing effective CRC treatment.

Activity-based protein profiling (ABPP) is a widely used che-

moproteomics platform in covalent drug research and target 

identification. 43–53 In this work, we develop an ABPP screening 

platform to first identify cysteine-reactive compounds with 

strong binding onto RhoA in vitro, followed by a second screen 

on Rac1 and Cdc42 proteins. This enables us to discover lead 

compounds with specificity toward RhoA over Rac1 and 

Cdc42, as well as good potential for targeting RhoA Cys16 as 

it is the only unique cysteine among the three structurally similar 

Rho GTPases. By LC-MS/MS experiment, we confirm that CL16 

binds covalently onto Cys16 of RhoA in CRC cells. This prohibits 

nucleotide exchange and inhibits RhoA activity in CRC cells, 

leading to promising anti-cancer and anti-metastatic effects in 

both 2D and 3D cell culture models as well as in mouse xenograft 

and orthotopic CRC models. Our study should provide insights 

into RhoA Cys16 as a druggable hotspot for cancer therapy 

and facilitate the development of potent and specific RhoA cova-

lent inhibitors for treating CRCs.

RESULTS

Expressions of RhoA, GEFs, and GAPs correlate with 

CRC development and/or patient survival

RhoA is known to be a molecular switch governing cytoskel-

eton organization and cell movement, thus closely associated 

with cancer invasion and metastasis. It shuffles between the 

active GTP-bound and inactive GDP-bound states with the 

help of guanine exchange factors (GEFs) and GTPase acti-

vating proteins (GAPs) (Figure 1A). Therefore, the cellular ac-

tivity of RhoA is not solely dependent on its expression level 

but rather on the crucial level of the active GTP-bound form 

of RhoA.

We found higher RhoA expression in tumor tissues of colon 

adenocarcinoma (COAD) and rectum adenocarcinoma (READ) 

patients compared to normal tissues (Figure 1B). Although 

RhoA expression did not correlate with patient survival 

(Figure S1), higher ARHGEF25 and AKAP13 54 expressions 

were associated with poor survival (Figure 1C), while lower 

GAP levels (ARHGAP26 and ARHGAP35) favored patient sur-

vival (Figure 1D). We also observed increases in levels of 

ARHGEF23 and AKAP13 (a RhoA-specific GEF with no activity 

on Cdc42, Rac, and Ras) with more advanced tumor stage in 

the COAD and READ patients (Figure 1E). In addition, CRC pa-

tients with stage IV tumors are more enriched in RhoA signaling 

pathway than patients with early-stage tumors (Figure 1F), indi-

cating higher RhoA activity in advanced tumors. Together with 

the enrichment of Rho pathway in CRC patients with higher met-

astatic potential as indicated by high epithelial-mesenchymal 

transition (EMT) score (Figure 1G) 55 these suggest the correlation 

between RhoA activity and CRC development and CRC 

malignancy.

Gel-based ABPP experiment to identify lead compounds 

targeting RhoA Cys16

ABPP is known to be a powerful platform for covalent ligand 

screening. 43–52 We performed competitive gel-based ABPP 

experiment on purified human recombinant RhoA protein for 

the first screening and on Rac1 and Cdc42 for the second 

screening to identify lead compounds with specific binding 

onto RhoA Cys16 (Figure 2). In this experiment, the purified pro-

tein was pre-treated with in-house library of cysteine-reactive 

compounds or DMSO control, followed by incubation with io-

doacetamide-rhodamine for cysteine-labeling. The reaction 

mixture was then resolved by SDS-PAGE and in-gel fluores-

cence was imaged. Compound-protein binding was identified 

by the abolition in fluorescent signals or shifts in protein bands 

due to covalent modifications, while silver staining was to elimi-

nate false positives due to protein precipitation. Since the Rho 

GTPases share alike structures with Cys16 being the only unique 

cysteine on RhoA (Figure 2A), compounds showing bindings 

with RhoA but not Rac1 and Cdc42 should target RhoA Cys16 

(Figure 2B).

In the first screening experiment with RhoA protein (Figures 2C 

and S2A), 6 lead compounds were found (labeled in red in 

Figure 2D). Dose-dependent experiments revealed strong bind-

ing affinities of CL16, CL25, CL68, and CL179 toward RhoA, with 

notable IC 50 of the competitive binding from CL16 down to 

440 nM (Figures 2E and S2B). In the second screening
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experiment, CL16 showed no observable binding with Rac1 and 

Cdc42 (Figure 2F), while other lead compounds showed cross-

reactivity at high concentrations (Figure S2C). We also found a 

good biostability of CL16 under physiologically relevant condi-

tions, as revealed by the half-life of >1,000 min in PBS solution 

containing glutathione (GSH) and >50% of CL16 remaining intact 

in PBS solution with FBS after incubation for 48 h (Figure S3A). 

Hence, CL16 was identified and selected for further investiga-

tions regarding its binding with RhoA.

Covalent targeting of RhoA Cys16 by CL16 perturbed 

GTP binding onto RhoA and RhoA-GEF interactions

To confirm the covalent binding of CL16 onto RhoA Cys16 in 

CRC cells, a liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS) experiment was conducted on colo-

rectal cancer HCT116 cells treated with CL16. A covalent modi-

fication of RhoA Cys16 by CL16 was found (Figure 3A and Data

S1), thus can explain the high specificity of CL16 for RhoA over 

other Rho GTPases.

As Cys16 on RhoA is adjacent to the functional domains 

(Figure S3B), this prompted us to study structural features of 

RhoA-CL16 binding to get insights into functions of this bind-

ing. Covalent docking of CL16 and RhoA (PDB: 1FTN) revealed 

π-π stacking, π-cation, and hydrogen bonding interactions of 

CL16 with Thr19, Cys20, Phe30, and Lys118 in the nucleo-

tide-binding pocket, as well as π-cation interactions with the 

Mg 2+ cofactor ion (Figures S3C and S3D). Although Rho 

GTPases generally bind strongly with GTP, there has been 

documented that covalent inhibitor could compete with GTP 

binding onto a recombinant KRAS GTPase 56 implying the feasi-

bility of CL16 interfering GTP loading. This is supported by the 

fluorescence assay on MANT-GTP binding onto RhoA, where 

pre-incubation of RhoA with CL16 significantly slowed down 

the increase in fluorescence intensity, indicating that the

Figure 1. Expressions of RhoA, GEFs, and GAPs correlate with the colorectal cancer development and patient survival

(A) Schematic cartoon illustrating RhoA biology and its regulation by guanine exchange factors (GEFs) and GTPase activating proteins (GAPs).

(B) Analysis of RhoA expression in tumor (red) and normal tissues (gray) in patients from the colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ) 

dataset in The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx).

(C and D) Analysis of the expressions of GEFs and GAPs and their correlations with survival rates of patients in TCGA and GTEx.

(E) Analysis of expression of GEFs in different tumor stages of patients in TCGA and GTEx.

(F) Gene set enrichment analysis (GESA) of RhoA-related pathway in COAD and READ patients with early stage (0 and I) and late stage (IV) tumors in TCGA. NES, 

normalized enrichment score.

(G) GESA of RhoA-related pathway in COAD and READ patients in TCGA with high epithelial mesenchymal transition (EMT) score (mesenchymal-like) and low 

EMT score (epithelial-like).
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Figure 2. Activity-based protein profiling experiments to identify RhoA-specific binders

(A) Amino acid sequence alignment of human RhoA, Rac1, and Cdc42. Cys16 on RhoA is highlighted in yellow, while other conserved cysteines are highlighted in blue.

(B) Schematic cartoon illustrating the working principle of 2 rounds of activity-based protein profiling (ABPP) for screening out covalent ligands targeting RhoA 

Cys16 in vitro.

(C) Representative images of the 1 st screening experiment on RhoA (top: in-gel fluorescence; bottom: silver stain). All the gel images can be found in Figure S2A.

(D) Analysis of the 1 st screening result. Covalent ligands, that show lower than 30% of the intensity ratio and retain at least 70% intensity in the silver stain as 

compared to the DMSO control, are labeled in red and considered as lead compounds.

(E) Dose-dependent experiments to investigate CL16 binding with RhoA in vitro.

(F) 2 nd screening experiment of CL16 with other Rho family proteins, Rac1 and Cdc42. Quantified data in (E) were shown on average ± SD from 3 different 

replicates/group.
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CL16 binding prohibited GTP loading onto RhoA (Figure 3B). 

Gel-based ABPP experiments revealed competitive RhoA bind-

ing between CL16 and GDP, while reduced competition was 

observed in the experiment with mutated RhoA T19N protein 

which has reduced nucleotide-binding affinity (Figure S3E). 

CL16 also demonstrated a stronger binding to RhoA in the 

presence of Mg 2+ (Figure S3F). In addition, fluorescence-based 

assay showed a significant decrease in the kinetics of Dbs-

mediated GTP binding onto RhoA (Figure 3C). Co-immunopre-

cipitation experiments revealed the disruption of RhoA interac-

tions with GEFs or GAPs with increasing concentrations of 

CL16 (Figures 3D and 3E), while addition of EDTA abolished 

the effects of CL16 (Figure S3G), supporting the crucial interac-

tion between Mg 2+ and CL16 for RhoA binding. All these results 

illustrate that covalent targeting of Cys16 on RhoA should be a 

promising strategy to prohibit GTP loading onto RhoA and

disrupt its interactions with effector proteins for activation and 

signal transduction.

Inhibition of RhoA activity in CRC cells after CL16 

treatment

We next sought to examine effects of CL16 on RhoA biology in 

CRC cells. We investigated the activation of RhoA by FBS stimula-

tion in serum-depleted HCT116 cells. CL16 treatment led to much 

lower cellular RhoA-GTP levels after serum stimulation as 

compared to the solvent control which showed an increase in 

RhoA-GTP level in the serum-re-stimulated cells. CL16 was also 

found to be more effective than Rhosin on inhibition of RhoA activ-

ity, as revealed by the lower RhoA-GTP level in cells treated with 

10 μM of CL16 than those treated with 30 μM of Rhosin (Figure 4A).

We also examined effects of CL16 on RhoA downstream 

signals in CRCs. HCT116 cells incubated with solvent control

Figure 3. CL16 binding with RhoA Cys16 prohibits RhoA-GTP binding and RhoA-GEF interactions

(A) LC-MS/MS analysis on CL16-treated HCT116 cells revealed a covalent modification of RhoA Cys16 by CL16.

(B) GTP-binding assay of RhoA (0.75 μg), CL16, and GTP-MANT (5.6 μM) in the buffer solution (20 mM Tris, 50 mM NaCl, 10 mM MgCl 2 , pH 7.5).

(C) hDbs-catalyzed GTP-binding assay of RhoA (0.75 μg), CL16, and GTP-MANT (5.6 μM) in the buffer solution.

(D and E) Co-immunoprecipitation of a mixture of CL16/Rhosin (30 μM)-treated human GST-RhoA protein (10 μg) and HEK293T cell lysates with overexpression of 

GFP-ARHGEF1, GFP-LARG, GFP-AKAP13, or GFP-ARHGAP4. Error bars were not shown in (B) and (C) for figure clarity. All the data in the replicate experiments 

can be found in the Source Data.
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showed elevated levels of phosphorylated myosin light chain 

(MLC), which is a downstream effector of RhoA, upon serum 

re-stimulation (Figure 4B). CL16 treatment significantly abol-

ished the increase in phosphorylation of MLC induced by 

serum re-stimulation, in consistent with the promising effect 

of CL16 on lowering RhoA-GTP levels (Figure 4A). We 

observed a specific inhibition of RhoA activity in HT29 cells 

treated with CL16 with no significant changes in the activity

of other Rho GTPases such as Rac1 and Cdc42, while Rhosin 

inhibited Cdc42 in HT29 cells at its working concentration for 

RhoA inhibition (30 μM, Figure 4C). Over 85% of HT29 cells re-

mained viable after 4 h treatment with 10 μM of CL16 

(Figure S4A), ruling out the decrease in RhoA-GTP levels 

due to cytotoxic effects of the compound. No significant 

changes in the active RhoB-GTP and RhoC-GTP levels were 

found in the CL16-treated HT29 cells (Figures S4B and S4C),

Figure 4. CL16 inhibits RhoA activity in CRC

(A) HCT116 cells were treated with solvent vehicle, CL16, or Rhosin in serum-free medium for 24 h, followed by stimulation with 10% FBS for 10 min. The cells 

were then lysed and subjected to rhotekin pull-down and immunoblotting.

(B) Immunoblotting to investigate phosphorylation levels of RhoA downstream protein, myosin light chain (MLC), in HCT116 cells in the serum starvation-re-

stimulation experiments.

(C) HCT116 cells were incubated with solvent vehicle, CL16, or Rhosin in complete medium for 24 h. RhoA-GTP, Rac1-GTP, and Cdc42-GTP were enriched by 

rhotekin or PAK-PBD pull-down and determined by immunoblotting.

(D) Confocal fluorescence images from HCT116 and HT29 cells expressing FRET RhoA-biosensor treated with CL16 (10 μM) or Rhosin (30 μM). Quantified data 

were shown on average ± SD from n = 10 cells from 3 different biological replicates/group.

Statistical analysis using a two-tailed Student’s t test. **p < 0.01, ***p < 0.001, and ****p < 0.0001. Scale bars, 10 μm.

(E) Confocal fluorescence images from HCT116 cells stained with Alexa Fluor 488-Phalloidin in PBS (1:20, v/v) and Hoechst (8.2 μM). Scale bars, 10 μm.

ll
OPEN ACCESSArticle

Cell Chemical Biology 32, 1150–1165, September 18, 2025 1155



Figure 5. Anticancer and antimetastatic effects on CRC through RhoA downregulation

(A and B) Colony formation and cell migration assays on HT29 cells with non-targeting (NT) or RhoA knockdown by siRNA.

(C) Immunoblotting of RhoA in CRC and normal colon fibroblast, CCD-18Co.

(D) MTT assay to determine cell viability of CRCs and normal colon fibroblast CCD-18Co cells treated with CL16 for 48 h (n = 3).

(E) Wound healing assay on HT29 cells incubated with solvent vehicle, CL16, or Rhosin (n = 3).

(F) Transwell invasion assay on HT29 cells treated with CL16 or Rhosin for 24 h.

(legend continued on next page)
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highlighting the specificity of RhoA inhibition by CL16 in 

CRC cells.

To further validate the inhibitory effects of CL16 on RhoA, we 

transfected HCT116 and HT29 cells, respectively, with a FRET-

RhoA biosensor where cells with elevated RhoA activity will 

show a higher FRET/mTFP1 ratio. 57,58 CL16 treatment abolished 

the increases in FRET/mTFP1 from both the transfected HCT116 

and HT29 cells with serum re-stimulation (Figure 4D). In addition, 

we observed a reduction of F-actin fibers in cells treated with 

CL16 in the serum re-stimulation experiment, as compared to 

the solvent control (Figure 4E). Since RhoA is known to regulate 

cytoskeletal dynamics and its activation can induce the forma-

tion of contractile F-actin, 19,27,28 the reduction of F-actin fibers 

by CL16 treatment supports the inhibitory roles of CL16 on 

RhoA signaling.

Anticancer and anti-metastatic effects from CL16 on 

CRC through RhoA inhibition

Overexpression of RhoA has been observed in tumor tissues of 

CRC patients (Figure 1B), and its hyperactivity has been associ-

ated with poor prognosis and aggressive behaviors of CRCs, as re-

ported in literature 59,60 and found in our analysis of The Cancer 

Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) 

datasets (Figures 1B–1F). With the promising RhoA inhibitory 

effects from CL16, this initiated us to explore anti-cancer and 

anti-metastatic properties of CL16 in CRCs. We first confirmed 

that genetic knockdown of RhoA, but not RhoB and RhoC, by 

siRNAs slowed down colony formation and migration of CRCs 

(Figures 5A and 5B and S4D–S4I). We also found a much lower 

expression level of RhoA in normal colon fibroblast CCD-18Co 

cells, as compared to CRCs, inversely relating to the cytotoxic 

IC 50 of CL16 (Figures 5C and 5D). This indicates a good therapeutic 

window for using CL16 to treat CRCs, especially those with higher 

RhoA activity (Figures 5D and S4J). In addition, CL16 showed good 

efficacy in reducing HT29 cell motility, as shown in the wound heal-

ing assay (Figure 5E) and transwell invasion assay (Figure 5F). To 

further investigate the anticancer effects of CL16, HT29 and met-

astatic SW620 cells were inoculated as 3D spheroids in low-affinity 

plate. CL16 treatment resulted in significant growth inhibitions in 

both models and was found to be more effective than Rhosin treat-

ment as reflected by the lower dosages of CL16 to mediate similar 

anticancer effects (Figure 5G and S4K–S4M). The low cytotoxic 

IC 50 values of CL16 in SW620 and HT29 spheroids suggest the 

good penetration of CL16 through tumor mass and imply its poten-

tials for in vivo applications.

Next, we investigated the molecular mechanisms of anti-

cancer effects from CL16. Flow cytometry analysis on HCT116 

and SW620 cells treated with CL16 and Rhosin revealed a signif-

icant increase in G2 phase cell population (Figures 5H and S4N). 

Western blotting experiments showed an increase in p21 and 

p27 protein levels in HCT116, HT29, and SW620 cells after

CL16 treatment (Figures 5I and S4O), while no significant 

changes were observed in cyclin A2 and cyclin B1. CL16 treat-

ment also mediated cell apoptosis, as found in the confocal fluo-

rescence imaging experiment using caspase-3/7 green detec-

tion reagent (Figure 5J). The elevated levels of p21 and p27 are 

attributable to the downregulated RhoA-Dia1 signaling by 

CL16. This leads to inhibitory effects of p21 and p27 on CDK1-

cyclin B complex, preventing CRC cells from progressing into 

mitosis and inducing G2 phase arrest that triggers apoptotic 

cell death (Figure 5K).

Chemical biology and chemoproteomics experiments 

reveal RhoA as the primary protein target of CL16

in CRC

To validate RhoA as the protein target of CL16 in CRCs, we syn-

thesized a molecular probe of CL16, CL16-alkyne (Figure 6A), 

which contains an alkyne handle that allows functionalization 

through copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

for studying CL16-protein binding. We first incubated 

HEK293T cells expressing FLAG-RhoA with CL16-alkyne, fol-

lowed by anti-FLAG immunoprecipitation and then CuAAC to 

install fluorescent TAMRA onto the CL16-alkyne-bound pro-

teins. A strong in-gel fluorescence band was found, and a paral-

lel immunoblotting experiment confirmed that the in-gel fluores-

cence is from the FLAG-RhoA protein (Figure 6B). This illustrates 

the ability of CL16-alkyne to capture RhoA in live cells. Notably, 

pre-incubation of the HEK293T cells expressing FLAG-RhoA 

with CL16 revealed a significant decrease in in-gel fluorescence 

intensity (Figure 6B), suggesting competitive binding and hence 

RhoA is a protein target of CL16. All these results, together with 

the shared protein targets of CL16 and CL16-alkyne found in the 

gel-based ABPP experiment (Figure S5A), validated CL16-

alkyne as a probe of CL16 for target identification. The binding 

of CL16 and CL16-alkyne with endogenous RhoA in CRC cells 

was confirmed by the treatment of HT29 cells with the com-

pounds, followed by CuAAC to install desthiobiotin, enrichment 

by streptavidin beads and immunoblotting (Figure 6C). 

CL16-alkyne was then employed to examine any off-target 

binding from CL16 in CRCs. HCT116 cells were pre-treated 

with solvent vehicle or CL16 for 2 h, followed by incubation 

with CL16-alkyne for another 2 h. The probe-labeled proteins 

were then installed with desthiobiotin through CuAAC, enriched, 

tryptic digested, and profiled by LC-MS/MS (Figures 6D and 6E 

and Data S2). Peptides with fold change (Control/CL16)>4 and 

p < 0.05 (i.e., at least 75% occupancy and statistical signifi-

cance) were considered as targets bound with CL16. RhoA 

was found to be one of the protein targets of CL16 (Figure 6E) 

and was the only protein identified in both the LC-MS/MS exper-

iments on CL16-treated HCT116 cells and CL16-alkyne-probed 

HCT116 cells (Figure 6F), suggesting that RhoA is the primary 

target of CL16. We also utilized CL16-alkyne to investigate the

(G) HT29 spheroid growth in the presence of solvent vehicle, CL16, or Rhosin (n = 3).

(H) Flow cytometry analysis of cell cycle distribution of HCT116 cells after incubation with CL16 or Rhosin for 24 h.

(I) Immunoblotting of cell cycle checkpoint proteins in HCT116 cells after treatment with CL16 or Rhosin (30 μM) for 24 h.

(J) Apoptosis assay on CL16-treated HCT116 cells using caspase-3/7 green detection reagent.

(K) Schematic cartoon illustrating the mechanism of action of CL16 to mediate anticancer and antimetastatic effects by RhoA inhibition. Quantified data were 

shown in average ± SD.

Statistical analysis using a two-tailed Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bars, 100 μm.
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(legend on next page)
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kinetics of the reaction between CL16 and RhoA protein 

(Figures S3H and S3I), and the maximal rate of inactivation (k inact ) 

and K i were found to be 0.10 s − 1 and 24.0 μM, respectively, 

similar to the kinetics of the reported cysteine-targeting covalent 

ligands. 61

CL16 exhibits its biological activity in CRC through 

covalent targeting of RhoA Cys16

To validate the molecular mechanism of RhoA inhibition and anti-

cancer properties from CL16, we first performed RhoA KD in 

HT29 cells by siRNA, and confirmed that CL16 lost its anti-pro-

liferative effects on the RhoA KD cells (Figures S5B and S5C). 

Then, we studied the effects of CL16 in HT29 cells expressing 

RhoA WT protein and HT29 cells with RhoA C16A knock-in by 

CRISPR-Cas9, respectively. CL16 treatment resulted in a signif-

icant decrease in the active RhoA-GTP level in the HT29 cells, 

but not in the RhoA C16A mutant-expressing cells (Figure 6G). 

We found significant decreases in cell proliferation and migration 

in HT29 cells after treatment with CL16, while no inhibitory ef-

fects from CL16 were observed in mutant cells (Figures 6H– 

6J). The mutant cells were also rescued from CL16-induced 

apoptosis and G2-phase cell-cycle arrest (Figures 6K and 6L). 

All these results illustrate that CL16 inhibited RhoA activity and 

mediated anti-cancer properties in CRC primarily through cova-

lent targeting of RhoA Cys16.

CL16 demonstrated promising in vivo antitumor effects 

on CRC

The therapeutic potentials of CL16 to treat CRC through covalent 

targeting and inhibition of RhoA were further investigated by small 

animal CRC models. In nude mice with CRC xenografts, CL16 

significantly inhibited tumor growth of HCT116 xenograft, HT29 

xenograft and SW620 xenograft (Figures 7 and S6), compared 

to vehicle control. Immunohistochemistry on tumor tissues in 

the treated group showed a reduction in Ki67 level (Figure 7C), 

indicating a decrease in cancer cell proliferation after CL16 treat-

ment. The elevated cleaved caspase-3 level in the tumor tissues 

from CL16-treated mice suggested the induction of apoptosis in 

CRC cells (Figure 7C), highlighting the effective killing of cancer 

cells in vivo by CL16. In addition, there were no observable reduc-

tions in body weight (Figures S6D and S6E) or damages on major 

organs from H&E staining of treated mice (Figure 7E), suggesting 

minimal toxicity from CL16 treatment.

On the basis that Cys16 is conserved on mouse RhoA protein, 

we also examined its antitumor effects in an immunocompetent, 

orthotopic mouse CRC model, which was established by 

the inoculation of mouse CRC cells, SL4 62 intracecally 

(Figure S6G). Similar to the findings in human CRC, CL16 treat-

ment significantly decreased the viability of SL4 in 2D cell culture 

(Figure S6M) and significantly reduced the tumor weight in the 

orthotopic mouse CRC model without systemic toxicity 

observed (Figures 7F and 7G; S6H). A downregulation of phos-

phorylation of MLC was found in the tumor tissues of CL16-

treated mice (Figure S6N), supporting the RhoA inhibitory effects 

of CL16 in vivo. H&E staining on tumor tissues from CL16-treated 

mice revealed nuclear atypia such as nuclear condensation and 

fragmentation (Figure 7G), indicating the induction of apoptosis. 

This is supported by the immunohistochemistry of cleaved 

caspase-3, which showed an elevated level in the tumor tissues 

from the treated mice (Figures S6K and S6L). The decrease in 

Ki67 in tumor tissues was in line with the promising antitumor ef-

fects of CL16. In addition, we observed tumor metastasis to liver 

in the control mice, while CL16 treatment prohibited metastasis 

(Figures S6I and S6J). Together with the decrease in VEGFR2 

level in the immunohistochemistry experiment (Figures S6K 

and S6L), this illustrates the anti-metastatic properties of CL16 

in vivo. Interestingly, increases in CD3, CD4, and CD8 were 

found in the immunohistochemistry of the tumor tissues from 

the CL16-treated mice (Figure 7H), suggesting an increase in 

infiltration of cytotoxic T cells into the tumor microenvironment 

after CL16 treatment. To the best of our knowledge, this is the 

first reported study showing an increase in immunity through 

RhoA inhibition in CRC cells by a small molecule compound.

DISCUSSION

CRC remains one of the leading causes of deaths worldwide, 

with limited treatment options especially in the metastatic stage. 

RhoA is an important molecular switch that governs cytoskel-

eton organization and cell movement, thus closely associated 

with cancer invasion and metastasis. Given the complexity of 

RhoA regulation, measurement on the levels of active RhoA 

(GTP-bound RhoA) in biological samples, instead of the expres-

sion of RhoA only, should provide better insights into the func-

tions of RhoA in CRC development. We observed higher expres-

sions of RhoA in tumor tissues of patients with COAD and READ

Figure 6. Target identification and validation for CL16

(A) Chemical structure of the molecular probe for CL16, CL16-alkyne.

(B) Anti-FLAG immunoprecipitation of HEK293T cells expressing FLAG-RhoA pretreated with solvent vehicle or CL16 prior to CL16-alkyne treatment. The en-

riched proteins were reacted with azide-fluor 545 through CuAAC and separated by SDS-PAGE. The protein bands were then visualized by in-gel fluorescence or 

immunoblotted.

(C) HT29 cells were pre-treated with solvent vehicle or CL16 for 2 h, followed by the incubation with CL16-alkyne in complete medium for another 2 h. The cells 

were then lysed, and the CL16-alkyne-labeled proteins were installed with DTB by CuAAC. The labeled proteins were then enriched by streptavidin beads, 

followed by immunoblotting.

(D) Schematic workflow illustrating the MS experiment using CL16-alkyne for the identification of protein targets of CL16 in HCT116 cells.

(E) Volcano plot of the MS experiment on HCT116 cells probed by CL16-alkyne.

(F) Comparison of the proteins in HCT116 cells modified by CL16 (Data S1) and the proteins in HCT116 cells probed by CL16-alkyne (Data S2).

(G) HT29 cells expressing RhoA WT or C16A protein were incubated with solvent vehicle, CL16 or Rhosin in complete medium for 24 h. The cells were then 

washed, lysed, subjected to rhotekin pull-down, and immunoblotted.

(H–K) (H) Wound healing assay, (I and J) colony formation assay, (K) cell cycle analysis and (L) apoptosis assay on HT29 cells expressing RhoA WT or C16A protein 

incubated with solvent vehicle, CL16, or Rhosin in complete medium. Quantified data were shown in average ± SD (n = 3).

Statistical analysis using a two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Scale bars, 100 μm.
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Figure 7. In vivo antitumor activity of CL16 in mouse CRC models

(A) Tumors harvested from mice with HT29 xenografts (n = 7) treated with solvent vehicle or CL16 through i.p. injection.

(B) Change in tumor volume in the treated mice.

(C) Immunohistochemistry of the tumor tissues from the vehicle- or CL16-treated mice, n = 5.

(D) Changes in tumor volume in mice with SW620 xenografts (n = 5) treated with solvent vehicle or CL16 through i.p. injection.

(E) H&E staining of major organ tissues from the vehicle- or CL16-treated mice with SW620 xenografts.

(F) The photo and weight of tumors from the mice with SL4 orthotopic model treated with vehicle (n = 7) or CL16 (n = 8) at the endpoint of the experiment.

(G) H&E staining of tumor and kidney tissues from the vehicle- or CL16-treated mice. The white arrows point to the nuclear atypia in the tumor tissues.

(H) Immunohistochemistry staining of CD3, CD4, and CD8 on tumor tissues from the vehicle- or CL16-treated mice. Quantified data were shown in average ± SD. 

Statistical analysis using a two-tailed Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bars, 50 μm.
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than normal tissues in deposited clinical dataset. A higher 

enrichment of genes related to RhoA pathway has been found 

in CRC patients with stage-IV tumors or high EMT score, illus-

trating the elevated RhoA activity in advanced CRC. Combined 

with the poor survival rates of patients with higher expressions 

of AKAP13 (a RhoA GTPase-specific GEF) but better survival 

with higher expressions of GAPs, all these analyses suggest a 

positive correlation between RhoA activity and CRC develop-

ment/progression, and hence RhoA inhibition should be a prom-

ising strategy for CRC treatment, similar to what has been re-

ported in the treatment of breast cancer. 27,28

Since RhoA mutation is not frequently found in CRC patient, 63 

a pan-RhoA inhibitor should be effective in inhibiting RhoA hy-

peractivity in CRC. The development of promising RhoA inhibi-

tors is still challenging due to the lack of good binding pockets 

in RhoA, and hence RhoA was once considered ‘‘undruggable’’. 

Rhosin and DC-Rhoin are two successful compounds that could 

bind and inhibit the ‘‘undruggable’’ RhoA. Yet, there were limited 

studies on the in vivo anticancer properties of Rhosin in small 

animals. The inhibition of Rac1 by DC-Rhoin can be an issue 

as RhoA and Rac1 are closely related to each other, e.g., Rac1 

can inhibit RhoA through PAK. Inhibition of both RhoA and 

Rac1 by DC-Rhoin may not achieve the best efficacy in downre-

gulating RhoA activity for treating cancers. To the best of 

our knowledge, currently no small molecule RhoA inhibitors 

have demonstrated anticancer effects in small animal CRC 

experiments.

We sought to develop a RhoA subfamily-specific covalent inhib-

itor for CRC treatment by targeting the unique Cys16 on RhoA. To 

achieve this, we have established a chemoproteomics platform to 

screen out lead compounds targeting RhoA Cys16 in vitro through 

2 rounds of gel-based ABPP experiments, first on RhoA and then 

on Rac1 and Cdc42. This approach roots on the unique residue 

Cys16 of RhoA among the three structurally similar Rho GTPases. 

Therefore, compounds that show positive results in the first 

screening with RhoA but negative results in the second screening 

with Rac1 and Cdc42 have a good opportunity to target RhoA 

Cys16 specifically. We anticipate that this screening strategy 

can be applied for the discovery of lead compounds targeting a 

specific Cys mutation in protein of interest. This high-throughput 

and cost-effective approach should be powerful in eliminating 

non-binders from a large compound library.

By the gel-based ABPP experiments, we have successfully 

identified lead covalent ligands with strong RhoA binding in vitro, 

with CL16 showing an IC 50 of 440 nM for RhoA and no significant 

binding with Cdc42 and Rac1. Importantly, CL16 has demon-

strated promising inhibitory effects on RhoA but not Rac1 and 

Cdc42 in CRC cells, as shown in the immunoblotting, immunoflu-

orescence and/or FRET-RhoA biosensor experiments. This allows 

CL16 to exhibit anticancer and anti-metastatic effects in 2D and 3D 

CRC cell culture, as well as in 3 different mouse CRC xenograft 

models (HCT116, HT29, and metastatic SW620) and a mouse or-

thotropic CRC model. All these results highlight that CL16 should 

be a potential candidate for treating CRC through RhoA inhibition.

We have performed MS and chemoproteomics experiments to 

confirm Cys16 on RhoA as the primary binding site of CL16. In 

the literature, RhoA Cys16 has never been exploited as a binding 

site of covalent ligand, but it should be an ideal targetable site on 

RhoA to achieve high specificity over other small GTPases. This

can be accounted for the uniqueness of Cys16 on RhoA accord-

ing to sequence homology analysis, while Cys107, which is the 

binding site of the reported DC-Rhoin, is conserved in Rac1 

and Cdc42. Functionally, Cys16 is located close to the nucleo-

tide-binding pocket, as well as the switch I and switch II regions 

of RhoA. Structural analysis on CL16-RhoA binding by covalent 

docking reveals extensive interactions between CL16 and amino 

acid residues in the nucleotide-binding pocket. This, combined 

with the decrease in MANT-GTP (a fluorescent analog of GTP) 

binding onto RhoA protein and competitive binding with GDP 

in the gel-based ABPP experiments upon CL16 treatment, sug-

gests that the irreversible binding onto RhoA Cys16 by CL16 

could interfere with the GTP-RhoA binding to some extent, re-

sulting in RhoA inhibition. In addition, decreases in RhoA-GEF 

and RhoA-GAP interactions have been observed in our co-

immunoprecipitation experiments. A significant decrease in 

Dbs (a GEF protein)-induced MANT-GTP binding onto RhoA 

has also been found in the sample treated with CL16. These re-

sults indicate that CL16 binding onto RhoA Cys16 can disrupt in-

teractions of RhoA with effector proteins. In view of the unique-

ness on RhoA-subfamily and the functional bindings that can 

be achieved through covalent targeting, RhoA Cys16 should 

be a druggable hotspot for the development of therapeutic cova-

lent ligands to inhibit RhoA-subfamily for cancer therapy. 

Covalent docking also reveals a stronger RhoA binding from 

(S)-CL16 than from (R)-CL16 (Figures S7A and S7B), encour-

aging us to separate the racemate into two enantiomerically 

pure products, E1 and E2. E2 exhibited stronger effects in down-

regulating RhoA-GTP (Figure S7C) and slowing down CRC cell 

proliferation (Figure S7D) compared to the racemate, while E1 

was found to be much less active and was the distomer. We 

are now working on the characterization of the stereochemistry 

of E1 and E2 by X-ray crystallography, with E2 likely being the 

(S)-CL16 as suggested by its biological activities. Future exper-

iments will include investigating the efficacy of E2 in RhoA 

inhibition and antitumor effects in vivo, as well as using E1 as a 

negative control to confirm the mechanism of action of CL16. 

Chemical biology experiments using CL16-alkyne as a molec-

ular probe have been performed to validate target engagement 

of CL16 with RhoA by gel-based and MS-based ABPP experi-

ments. It is noteworthy that RhoA is the only protein found in 

both MS-based target identification experiments on CL16-

treated HCT116 cells and CL16-alkyne-probed HCT116 cells, 

and hence we are confident that RhoA is a protein target of 

CL16. Genetic mutation experiments show that inhibition of 

RhoA activity, cell proliferation, and cell migration are attributed 

to the covalent targeting of RhoA Cys16 in CRC cells. Notably, in 

the MS-based ABPP experiment, no significant binding of CL16 

to other RhoA subfamily members (RhoB and RhoC) in CRC cells 

was found, despites their high sequence similarity with RhoA. 

CL16 also showed minimal inhibitory effects on RhoB and 

RhoC activity in CRC cells, suggesting that in the context of 

CRC, CL16 specifically targets RhoA Cys16 to mediate its bio-

logical activity. We have also demonstrated that CL16 exhibits 

promising antitumor effects on mouse CRC models with no 

observable toxicity, as evidenced by no significant changes in 

body weight and histology of major organ tissues. The minimal 

toxicity can be explained by the overexpression/hyperactivity 

of RhoA in CRC, as found in literature and confirmed in our

ll
OPEN ACCESSArticle

Cell Chemical Biology 32, 1150–1165, September 18, 2025 1161



analysis of clinical data. This in vivo data highlight that covalent 

targeting of RhoA with good specificity should be an effective 

strategy for treating CRCs. Ongoing studies will investigate any 

on-target toxicity in other organs and tissues from CL16 

treatment.

Notably, significant increases in CD3 + T cells, including both 

CD4 + and CD8 + subsets have been found in the immunohisto-

chemistry of tumor tissues from immunocompetent, orthotropic 

CRC mouse model treated with CL16. This indicates an increase 

in T cell infiltration into the tumor microenvironment. In literature, 

ROCK blockade has been reported to modulate functions of 

phagocytes, resulting in enhanced tumor cell phagocytosis 

and hence promoting T cell priming by dendritic cells. 64 The 

in vivo antitumor effects from CL16 should not originate from 

its effects on immune cells only because it significantly inhibits 

tumor growth in immunocompromised mice in the CRC xeno-

graft experiments. Yet, this is possible for CL16 to inhibit RhoA 

signaling in immune cells, modulate their functions and trigger 

a stronger antitumor response in the immunocompetent mice. 

We are currently studying changes in functions and populations 

of immune cells after CL16 treatment, as well as acquiring a more 

comprehensive immune landscape by single-cell experiments to 

thoroughly decipher the anti-tumor effect of CL16. The effects of 

combination therapy of CL16 and immune checkpoint inhibitors 

on CRC will also be examined.

Limitations of the study

While we have examined the CL16-RhoA binding by computa-

tional covalent docking experiment, further investigations using 

X-ray crystallography or cryo-electron microscopy should pro-

vide better insights into the structural features of CL16-RhoA 

binding, as well as how the CL16 binding disrupts RhoA-GEF 

and RhoA-GAP interactions. In addition, CL16 may non-cova-

lently bind to other proteins that cannot be detected by chemo-

proteomics experiments. Cellular thermal shift assay can be per-

formed to investigate any of these non-covalent interactions 

involving CL16. Moreover, in this manuscript, we focused on 

studying the effects of CL16 on CRC cells. Since we observed 

changes in TME in immunocompetent mice after CL16 treat-

ment, further comprehensive investigations are warranted to 

elucidate the effects of CL16 on immune cells and to evaluate 

the efficacy of combination therapy of CL16 and immune check-

point inhibitors compared to monotherapy. Finally, large-scale 

animal experiments on studying toxicity, pharmacokinetics, 

and pharmacodynamics of CL16 will be critical for assessing 

its full potential for clinical applications.
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(2003). PGC-1alpha-responsive genes involved in oxidative phosphoryla-

tion are coordinately downregulated in human diabetes. Nat. Genet. 34, 

267–273. https://doi.org/10.1038/ng1180.

71. Mons, E., Roet, S., Kim, R.Q., and Mulder, M.P.C. (2022). A

Comprehensive Guide for Assessing Covalent Inhibition in Enzymatic 

Assays Illustrated with Kinetic Simulations. Curr. Protoc. 2, e419. 

https://doi.org/10.1002/cpz1.419.

ll
OPEN ACCESSArticle

Cell Chemical Biology 32, 1150–1165, September 18, 2025 1165

https://doi.org/10.1016/j.chembiol.2023.04.004
https://doi.org/10.1016/j.chembiol.2023.04.004
https://doi.org/10.1038/s41467-023-41844-z
https://doi.org/10.1074/jbc.M704426200
https://doi.org/10.15252/emmm.201404208
https://doi.org/10.15252/emmm.201404208
https://doi.org/10.1021/acs.biochem.7b01113
https://doi.org/10.1080/21541248.2018.1438024
https://doi.org/10.1080/21541248.2018.1438024
https://doi.org/10.1038/nature04665
https://doi.org/10.3390/cells10010066
https://doi.org/10.3390/cells10010066
http://refhub.elsevier.com/S2451-9456(25)00255-7/sref60
http://refhub.elsevier.com/S2451-9456(25)00255-7/sref60
http://refhub.elsevier.com/S2451-9456(25)00255-7/sref60
https://doi.org/10.1038/s41586-019-1694-1
https://doi.org/10.1007/s10585-005-3585-0
https://doi.org/10.1007/s10585-005-3585-0
https://doi.org/10.1038/bjc.2017.420
https://doi.org/10.1038/s41467-018-04607-9
https://doi.org/10.1038/s41467-018-04607-9
https://doi.org/10.1038/s41467-017-01107-0
https://doi.org/10.1038/s41467-017-01107-0
https://doi.org/10.1126/science.1105718
https://doi.org/10.1126/science.1105718
https://doi.org/10.1016/j.ejmech.2010.07.031
https://doi.org/10.1016/j.ejmech.2010.07.031
https://doi.org/10.1002/chir.23027
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/ng1180
https://doi.org/10.1002/cpz1.419


STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-RhoA Cell Signaling Technology Cat# 2117S; RRID:AB_10693922

Anti-MLC2 Cell Signaling Technology Cat# 3672S; RID:AB_10692513

Anti-phospho-MLC2 (Ser19) Cell Signaling Technology Cat# 3671S; RRID:AB_330248

Anti-Rac1/2/3 Cell Signaling Technology Cat# 2465S; RRID:AB_2176152

Anti-cdc42 Cell Signaling Technology Cat# 2462S; RRID:AB_2078085

Anti-p21 Cell Signaling Technology Cat# 2947S; RRID:AB_823586

Anti-p27 Cell Signaling Technology Cat# 3686S; RRID:AB_2077850

Anti-cyclin A2 Cell Signaling Technology Cat# 4656S; RRID:AB_2071958

Anti-cyclin B1 Cell Signaling Technology Cat# 4138S; RRID:AB_2072132

Anti-GAPDH Cell Signaling Technology Cat# 5174S; RRID:AB_10622025

Anti-beta-Actin Cell Signaling Technology Cat# 3700S; RRID:AB_2242334

Anti-GFP Cell Signaling Technology Cat# 2956S; RRID:AB_1196615

Anti-DYKDDDDK tag Cell Signaling Technology Cat# 8146S; RRID:AB_10950495

Anti-GST tag Cell Signaling Technology Cat# 2624S; RRID:AB_2189875

Anti-CD3 Cell Signaling Technology Cat# 78588S; RRID:AB_2889902

Anti-CD4 Cell Signaling Technology Cat# 25229S; RRID:AB_2798898

Anti-CD8 Cell Signaling Technology Cat# 98941S; RRID:AB_2756376

Anti-Ki67 Cell Signaling Technology Cat# 12202; RRID:AB_2620142

Anti-cleaved caspase 3 (Asp175) Cell Signaling Technology Cat# 9661S; RRID:AB_2341188

Anti-VEGFR2 Cell Signaling Technology Cat# 2479S; RRID:AB_2212507

Anti-VEGFA Abcam Cat# 1316; RRID:AB_299738

Anti-α-tubulin Cell Signaling Technology Cat# 2144; RRID:AB_2210548

Bacterial and virus strains

BL21(DE3) Competent Cells Thermo Fisher Scientific Cat# EC0114

DH5α Competent Cells Thermo Fisher Scientific Cat# EC0112

Chemicals, peptides, and recombinant proteins

RhoA Abcam Cat# 101594

His-RhoA Cytoskeleton Cat# RH01-A

His-Dbs DH/PH Cytoskeleton Cat# GE01-A

MANT-GTP Thermo Fisher Scientific Cat# M12415

Rhosin Sigma-Aldrich Cat# 555460

Azide-fluor 545 Sigma-Aldrich Cat# 760757

Iodoacetamide Sigma-Aldrich Cat# I6125

Copper(II) sulfate pentahydrate Sigma-Aldrich Cat# 678937

Tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP)

Sigma-Aldrich Cat# C4706

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] 

amine (TBTA)

Cayman Chemical Cat# 18816

Desthiobin-PEG3-Azide Sigma-Aldrich Cat# 902020

Iodoacetamide-rhodamine (IA-Rh) Setareh Biotech Cat# 6222

B-PER™ Bacterial Protein Extraction 

Reagent

Thermo Fisher Scientific Cat# 78243

Propidium Iodide Thermo Fisher Scientific Cat# P3566

CellEvent™ Caspase-3/7 Detection 

Reagents

Thermo Fisher Scientific Cat#C10423

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa Fluor® 488 Phalloidin Cell Signaling Technology Cat# 8878S

3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT)

Macklin Cat# T6126

Critical commercial assays

RhoA Activation Assay Biochem Kit Cytoskeleton Cat# BK036

Rac1 Pull-Down Activation Assay 

Biochem Kit

Cytoskeleton Cat# BK035

Deposited data

RNA-Seq result from TCGA cohort (TCGA-

COAD and TCGA-READ)

NIH https://portal.gdc.cancer.gov/

RNA-Seq result from GTEx portal NIH https://www.gtexportal.org/home/

Proteomic data This paper PRIDE ID: PXD053036 and PXD053041

Experimental models: Cell lines

Human: HEK293T ATCC #CRL-3216

Human: HCT116 ATCC #CCL-247

Human: HT29 ATCC #HTB-38

Human: SW620 ATCC #CCL-227

Human: SW480 ATCC #CCL-228

Human: LOVO ATCC #CCL-229

Human: CCD-18Co ATCC #CRL-1459

Mice: SL4 Morimoto-Tomita et al. 62 N/A

Experimental models: Organisms/strains

Mouse: BALB/c nude mice Centre for Comparative Medicine 

Research, HKU

RRID: MGI:2161072

Mouse: C57BL/6 immunocompetent mice Laboratory Animal Services Centre, CUHK RRID: MGI:2159769

Oligonucleotides

ON-TARGETplus Human RHOA siRNA Horizon Cat# LQ-003860-00-0010

ON-TARGETplus Human RHOB siRNA 

SMARTpool

Horizon Cat# L-008395-00-0005

ON-TARGETplus Human RHOC siRNA 

SMARTpool

Horizon Cat# L-008555-00-0005

FRET RhoA biosensor Prof Martin Cheung’s Laboratory 65 N/A

Flag-RhoA Ozdama et al. 66 Addgene # 11750

pGEX-2T-Cdc42-wt A gift from Gary Bokoch Addgene # 12969

pGEX-2T-Rac1-wt A gift from Gary Bokoch Addgene # 12977

pGEX-2T-RhoA-wt A gift from Gary Bokoch Addgene # 12959

pGEX-2T-RhoA-T19N A gift from Gary Bokoch Addgene # 12960

Software and algorithms

R 4.3.0 N/A https://cran.r-project.org/

GSEA v4.3.3 MsigDB https://www.gsea-msigdb.org/gsea/

index.jsp

ImageJ National Institutes of Health https://imagej.net/ij/

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/

MaxQuant v2.0.3.0 Max-Planck-Institute of Biochemistry https://www.maxquant.org/

MSFragger v3.7 Nesvizhskii lab https://msfragger.nesvilab.org/

Maestro 13.4 Schrö dinger https://www.schrodinger.com/platform/

products/maestro/

Other

Sequencing grade modified trypsin Promega Cat# V51111
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

All cell lines except SL4 were purchased from ATCC without further authenticated. SL4 cells (sex of cell: female) 62 were obtained from 

Prof. Tatsuro Irimura at the University of Tokyo and were not further authenticated. Cell lines were cultured in 37 ◦ C incubator with 5% 

CO 2 . HT29 (ATCC, HTB-38, sex of cell: female) and HEK293T (ATCC, CRL-3216, sex of cell: female) were cultured in DMEM. Of note, 

engineered HT29 was cultured in Mccoy’s 5A. SW620 (ATCC, CCL-227, sex of cell: male), SW480 (ATCC, CCL-228, sex of cell: male), 

LOVO (ATCC, CCL-229, sex of cell: male) and HCT116 (ATCC, CCL-247, sex of cell: male) were cultured in RPMI. CCD-18Co (ATCC, 

CRL-1459, sex of cell: female) was cultured in MEM. SL4 was cultured in DMEM/F12. Unless specified, all media were purchased 

from Gibco and supplemented with 10% FBS and 1% penicillin and streptomycin prior use.

Generation of HT29 expressing RhoA C16A

HT29 cells with RhoA C16A knock-in were prepared by BrainVTA using the CRISPR-Cas9 technique on ATCC provided cells. Briefly, 

HT29 cells were transfected with RhoA construct with mutated loci in CRISPR/Cas9 vector (U6-sa-sgRNA) using PEI. Cells were sub-

sequently selected with 2 μg/mL puromycin and 800 μg/mL neomycin for 2 weeks. Monoclonal cells were then selected, propagated 

and subjected to Sanger sequencing to validate the homozygous C16A amino acid substitution (GCT to TGT) in RhoA gene.

Animals

All mouse experiments were approved by and performed in accordance with the Committee of the Use of Live Animals in Teaching 

and Research (CULATR) at The University of Hong Kong or Animal Experimentation Ethics Committee of The Chinese University of 

Hong Kong (CUHK-AEEC). Experiments also obeyed the Animals (Control of Experiments) Ordinance of Hong Kong. 7-week-old 

male BALB/c mice with weight around 20 g used in this study. They were housed in pathogen-free and controlled conditions in indi-

vidually ventilated cages and fed an irradiated soy-free diet and autoclaved tap water ad libitum. CRC cell suspensions (HCT116 

2x10 6 cells per mouse, HT29 3x10 6 cells per mouse or SW620 1x10 6 cells per mouse) resuspended in Matrigel/PBS were inoculated 

into mice subcutaneously at the lower right dorsal side of BALB/c nude mice. CL16 was dissolved in PET (60% PEG400, 30% 

Ethanol, 10% Tween80, v/v) with sonication until the solution was clear, followed by 1:1 dilution in PBS to prepare the solution for 

injection. CL16 was injected intraperitoneally (200 μL) every 2 days when tumor has reached 100 mm 3 in size, until humane endpoint 

was reached. The tumor volume and body weight of the mice were measured throughout the treatment. The tumor volume was calcu-

lated by the equation.

Volum 
( 
mm 3 

) 
= 1 × w 2 

/ 
2

where l and w were the length and width of the tumor at the end of the treatment, the mice were sacrificed and the tumor weight was 

measured. The tissues from the tumor and other major organs were then processed into formalin-fixed, paraffin-embedded (FFPE) 

blocks, and proceeded to immunohistochemistry analysis.

In the orthotropic model, seven- to eight-week-old C57BL/6 mice with weight around 20 g were anesthetized by ketamine–xylazine 

to incorporated 1×10 6 SL4 cells in PBS intracecally. One week post-surgery, CL16 or solvent control was injected intraperitoneally 

(200 μL) for two weeks as described above. Subsequent procedure and tissue processing were performed following aforementioned 

methods.

METHOD DETAILS

Chemical synthesis and characterization

CL1‒CL199 were purchased from Enamine LLC with purity of >95%. They were used in the screening experiments. After identifica-

tion of CL16 as the lead compound, it was re-synthesized and the purity was >98% as found in the UPLC characterization. All the 

characterization data of CL16 and CL16-alkyne can be found in Data S3. 2-Acetyl-benzofuran, chloroacetyl chloride and propargyl 

bromide were purchased from Macklin. Hydrazine monohydrate, 2-acetyl-7-hydroxybenzofuran and potassium carbonate were pur-

chased from TCI. Furfural, triethylamine and sodium hydroxide were purchased from Dieckmann whereas sodium hydroxide was 

purchased from Aladin. All other reagents were of analytical grade and were used without further purification. MilliQ water was 

used in all experiments unless otherwise stated.

1a
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1a was synthesized according to the reported literature. 67

CL16

Hydrazine (2 equiv.) was added to 1a (1 equiv.) in ethanol and heat under reflux for 3-4 hours. Any organic volatile was evaporated 

under reduced pressure, then the residue was extracted with dichloromethane. The dichloromethane layer was dried over MgSO 4 , 

filtered and evaporated to dryness. Then the intermediate was dissolved in dry dichloromethane, chloroacetyl chloride (1.2 equiv.) 

and triethylamine (2 equiv.) were added dropwise slowly on ice. The reaction was allowed to proceed overnight. Any volatile organic 

solvent was evaporated under reduced pressure, and the crude product was purified by column chromatography on silica gel using 

hexane/ethyl acetate (80:20, v/v) as eluent to afford CL16. 1 H NMR (600 MHz, Chloroform-d) δ 7.66 – 7.54 (m, 2H), 7.44 – 7.39 (m, 1H), 

7.34 – 7.27 (m, 2H), 7.16 (s, 1H), 6.45 – 6.29 (m, 2H), 5.73 (dd, J = 11.7, 4.8 Hz, 1H), 4.65 – 4.53 (m, 2H), 3.70 – 3.53 (m, 2H). 13 C NMR 

(151 MHz, Chloroform-d) δ 164.14, 155.63, 150.46, 147.68, 147.18, 142.37, 127.68, 126.71, 123.74, 121.87, 111.80, 110.73, 109.72, 

108.73, 53.82, 42.35, 37.72. HRMS (ESI+): m/z calc for C 17 H 14 ClN 2 O 3 [M+H]+ 329.0693; observed 329.0698.

1b

1b was synthesized according to the same procedure as 1a except using 2-acetyl-7-hydroxybenzofuran instead of 

2-acetylbenzofuran. The crude product was purified by column chromatography on silica gel using hexane/ ethyl acetate (60:40, 

v/v) as eluent, yielding 1b as a yellow solid. 1 H NMR (600 MHz, Chloroform-d) δ 7.70 (d, J = 15.3 Hz, 1H), 7.65 (s, 1H), 7.57 (d, J = 

1.8 Hz, 1H), 7.43 (d, J = 15.3 Hz, 1H), 7.28 (dd, J = 7.9, 1.0 Hz, 2H), 7.21 (t, J = 7.8 Hz, 1H), 7.03 (ddd, J = 7.0, 5.9, 1.1 Hz, 1H), 

6.79 (d, J = 3.4 Hz, 1H), 6.55 (dd, J = 3.4, 1.8 Hz, 1H). ESI-MS (m/z): [M+H] + 255.1.

2b (1.0 equiv.) was dissolved in acetonitrile. Propargyl bromide (1.5 equiv.) and K 2 CO 3 (2.5 equiv.) was added to the solution 

mixture and heated under reflux overnight. The reaction mixture was quenched by adding water and dried under reduced pressure, 

then the aqueous layer was extracted with dichloromethane. The organic layer was dried by MgSO 4 , filtered and evaporated under 

reduced pressure. The crude product was purified by column chromatography on silica gel using hexane/ethyl acetate (80:20, v/v) as 

eluent to afford the compound 2b. 1 H NMR (600 MHz, Chloroform-d) δ 7.70 (d, J = 15.4 Hz, 1H), 7.62 (s, 1H), 7.57 (s, 1H), 7.52 (d, J = 

15.4 Hz, 1H), 7.35 (d, J = 7.4 Hz, 1H), 7.22-7.27 (m, 1H), 7.11 (d, J = 7.9 Hz, 1H), 6.78 (d, J = 3.4 Hz, 1H), 6.53-6.54 (m, 1H), 4.97 (d, J = 

2.4 Hz, 2H), 2.58 (t, J = 2.4 Hz, 1H). ESI-MS (m/z): [M+H] + 293.3.

Hydrazine (2 equiv.) was added to 2b (1 equiv.) in ethanol and heat under reflux for 3-4 hours. Any organic volatile was evaporated 

under reduced pressure, then the residue was extracted with dichloromethane. The dichloromethane layer was dried over MgSO 4 , 

filtered and evaporated to dryness. Then the intermediate was dissolved in dry dichloromethane, chloroacetyl chloride (1.2 equiv.) 

and triethylamine (2 equiv.) were added dropwise slowly on ice. The reaction was allowed to proceed overnight. Any volatile organic 

solvent was evaporated under reduced pressure, and the crude product can be purified by column chromatography on silica gel us-

ing hexane/ethyl acetate (80:20, v/v) as eluent to afford CL16-alkyne. 1 H NMR (600 MHz, Chloroform-d) δ 7.30 (d, J = 1.8 Hz, 1H),
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7.27 (d, J = 7.4 Hz, 1H), 7.21 (d, J = 7.9 Hz, 1H), 7.16 (d, J = 3.6 Hz, 1H), 7.04 (dd, J = 7.9, 1.1 Hz, 1H), 6.40 (d, J = 3.3 Hz, 1H), 6.32 (dd, 

J = 3.3, 1.8 Hz, 1H), 5.71 (dd, J = 11.6, 4.9 Hz, 1H), 4.93 (d, J = 2.4 Hz, 2H), 4.59 (q, J = 14.3 Hz, 2H), 3.66 (dd, J = 17.6, 11.7 Hz, 1H), 

3.57 (dd, J = 17.6, 4.9 Hz, 1H), 2.57 (t, J = 2.4 Hz, 1H). 13 C NMR (151 MHz, Chloroform-d) δ 171.21, 164.20, 164.18, 150.47, 148.04, 

147.88, 147.26, 147.16, 145.18, 144.46, 143.23, 142.34, 132.89, 130.03, 129.72, 129.55, 124.36, 124.29, 118.35, 116.32, 114.98, 

114.83, 114.13, 110.69, 110.42, 109.98, 109.54, 109.48, 109.40, 108.65, 108.62, 78.06, 76.31, 76.22, 69.94, 60.41, 56.76, 53.83, 

42.35, 42.30, 37.85, 37.82, 29.69, 21.05, 14.19. HRMS (ESI+): m/z calc for C 20 H 16 ClN 2 O 4 [M+H]+ 383.0799; observed 383.0796.

Separation of CL16 racemate into enantiomerically pure products, E1 and E2

CL16 racemate (47 mg) was separated by liquid chromatography using EnantioPak®Y1 column to afford E1 (16.1 mg) and E2 

(18.5 mg), which were eluted at 7.72 and 10.67 min respectively.

Based on our covalent docking results (Figures S3A and S3B), the (S)-enantiomer of CL16 gives a more negative docking score 

compared to the (R)-enantiomer, suggesting a more favorable binding to RhoA. We found that E2 exhibited more promising RhoA 

inhibitory effects and anticancer properties compared to the racemate (Figures S7C and S7D), while E1 showed much lower activ-

ities. In addition, from a previous study on the separation of pyrazoline enantiomers by chiral column and subsequent characteriza-

tion of the stereochemistry by vibrational circular dichroism 68 the enantiomer first eluted from the chiral column (CHIRALPAK AD-H; a 

different chiral column from our experiment) was the (R)-enantiomer. This further suggests that E1 and E2 are likely the (R)- and (S)- 

CL16 respectively.

Gene set enrichment analysis (GSEA)

Unstranded TPM values from open-access colorectal adenocarcinoma tumour tissue RNA-seq results obtained from TCGA were 

used for analysis and GSEA v4.3.3 was used for computation. 69,70 In comparing stages 0-I and IV, the results were divided according 

to AJCC pathological stages. To compare high and low EMT scores 55 the EMT scores were computed for all samples using single 

sample gene set enrichment scores (ssGSEAs) through the hacksig R package. The scores were separated into two groups, relative 

to the median score.

Gel-based activity-based protein profiling (ABPP) for screening

Recombinant human RhoA (0.1 μg; ab101594) was pretreated with cysteine-reactive compounds (20 μM) or DMSO for 1 hour at room 

temperature, followed by incubation with iodoacetamide-rhodamine (IA-Rh; 1 μM) for 1 hour at room temperature. The reaction was 

then quenched by boiling in sampling buffer and samples were subjected to SDS-PAGE to separate proteins bands. In-gel fluores-

cence intensity was measured with a Chemidoc using setting for Rhodamine. Gel was subsequently stained with silver stain (Pierce) 

for visualization of protein content and covalent modification. Band intensity was quantified using ImageJ. Covalent ligands, that 

showed lower than 30% of the ratio (in-gel fluorescence/silver stain) and retained at least 70% intensity in the silver stain compared 

to the DMSO control, were considered as lead compounds.

Covalent docking

Schrö dinger Maestro 13.4 was used for covalent docking. Structure of GDP-bound RhoA (PDB:1CC0) and CL16 ligand were pre-

pared using the protein preparation wizard and LigPrep module respectively by default setting. Covalent docking was performed 

by CovDoc algorithm with nucleophilic substitution selected as reaction type.

Fluorescence assays on RhoA-GTP binding

For GTP binding onto RhoA in the absence of RhoGEF, 2 μL of purified recombinant human RhoA protein (0.75 μg; Cytoskeleton 

#RH01) was dissolved in 11 μL of GTP-exchange buffer (20 mM Tris, 50 mM NaCl, 10 mM MgCl 2 , pH 7.5) in a 384-well plate.

1 μL of DMSO, CL16 or Rhosin was added to the solution, and the mixture was incubated at room temperature for 1 h. After that,

2 μL of GTP-MANT (5.6 μM; ThermoFisher Scientific #M12415) was added to the solution and the fluorescence was measured at 

448±30 nm with photoexcitation at 356±30 nm using a plate reader (Clariostar) at every 30 s for 3 h.

For Dbs-mediated GTP binding onto RhoA, 2 μL of purified recombinant human RhoA protein was dissolved in 8 μL of GTP-ex-

change buffer in a 384-well plate. 1 μL of DMSO, CL16 or Rhosin was added to the solution, and the mixture was incubated at 

room temperature for 1 h. After that, 2 μL of GTP-MANT was added to the solution and the fluorescence was measured at 448 

±30 nm with photoexcitation at 356±30 nm using a plate reader (Clariostar) at every 30 s for 5 cycles. Then, 3 μL of recombinant hu-

man Dbs protein (0.3 μg; Cytoskeleton #GE01) was added to the solution mixture and the fluorescence measurement was resumed 

for every 30 s at room temperature.

MTT assay

HCT116 (2,500 cells/well), HT29 (4,000 cells/well), LOVO (4,000 cells/well), SW620 (4,000 cells/well), CCD-18Co (10,000 cells/well) or 

SW480 (12,000 cells/well) were plated in 96-well plate in triplicates. Cells were treated with concentration gradient of CL16 for 48 

hours. Then, the cells were incubated with MTT solution (5 mg/mL) at 37 ◦ C with 5% CO 2 for 4 hours. Cells were then lyzed in 

10% SDS in 0.01M HCl, and their absorption at 570 nm were measured by Perkin Elmer Victor 3 (Molecular Devices). IC 50 values 

were analyzed by nonlinear best-fit regression using Prism Graphpad 9.
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Wound healing assay

HT29 cells were plated in a 24-well plate at ca. 90% confluency. On the next day, a wound was scratched using a P-20 tip. Followed 

by the removal of cell debris in PBS, CL16 or Rhosin in complete medium was added to the cells. Wound closure was recorded every 

24 hours under light microscope with 10× objective and wound area was measured by ImageJ.

Matrigel invasion assay

SW620 cells (1 x 10 5 cells per well) in serum-free medium with solvent vehicle, CL16 or Rhosin were plated in a Boyden chamber. 

Complete RPMI medium was loaded into the lower chamber as chemoattractant. After 24 h, the bottom of Boyden chamber was 

fixed by 4% paraformaldehyde for 10 min and then stained with crystal violet solution for another 10 min. Excess stain was washed 

out by tap water. Invaded cells were recorded under light microscope with 10× objective and quantified by ImageJ.

Proliferation assay

HT29 cells (5 × 10 4 cells per well) were plated in a 24-well plate in complete medium with CL16 at indicated concentrations. After 48 h, 

the cells were rinsed with PBS, fixed by 4% paraformaldehyde for 10 min and then stained with crystal violet solution for another 

10 min. Excess stain was washed out by tap water. Viable cells were imaged under light microscope with 10× objective and quan-

tified by ImageJ.

Spheroid formation assay

HT29 and SW620 (5,000 cells) were inoculated in serum-free DMEM/F12 medium with 20 ng/mL epithelial growth factor (EGF) in 

96-well round-bottom low-affinity plate (Nunc). Medium was supplemented with CL16 or Rhosin when spheroid has formed an opa-

que core. Images were recorded under a light microscope with 10× objective.

FRET RhoA biosensor to image cellular RhoA activity

HCT116 and HT29 cells were plated on a 8-well Nunc Lab-Tek chambered slide system and allowed to grow in complete medium at 

37 ◦ C with 5% CO 2 to ca. 30 and 50% confluency respectively. The cells were then transfected with the FRET RhoA biosensor 

construct (a gift from Prof Martin Cheung at the University of Hong Kong) and Lipofectamine 2000 (ThermoFisher Scientific) for 

48 h according to manufacturer’s instruction. The transfected cells were starved in serum-free DMEM with CL16 (10 μM) or solvent 

vehicle for 24 h, followed by re-stimulation with 10% FBS for 10 min. The cells were then washed with PBS and imaged in Hanks’ 

Balanced Salt Solution (HBSS) by confocal fluorescence microscopy. The cells were excited at a 458 nm diode laser, and mTFP1 

emission was collected on a META detector between 470 and 495 nm, while FRET channel was collected on a META detector be-

tween 516 and 550 nm. Image analysis was performed by use of ImageJ, with FRET/mTFP1 images generated by the Ratio Plus plu-

gin of ImageJ. For quantification, a region of interest (ROI) was created around individual cell, and cellular FRET/mTFP1 was 

measured. The reported FRET/mTFP1 was determined by averaging the measured intensity from 10 different cells from 3 different 

biological replicates/group.

siRNA knockdown

HT29 cells (3x10 6 cells) in 6-well plate were transfected with siRHOA, siRHOB or siRHOC (5 μM; Horizon #L-003560-00-0010, 

L-008395-00-0005 or L-008555-00-0005) using Dharmafect1 reagent (Horizon) for 48 hours. The target gene expression was then 

examined by immunoblotting.

Immunoblotting and immunohistochemistry (IHC)

For Western blot analysis, cells were washed with PBS and then harvested using cell lysis buffer (1% Triton X100, 10 mM beta glyc-

erol phosphate, 10 mM sodium pyrophosphate, 40 mM HEPES, 4 mM EDTA, pH7.4) with 4% protease/phosphatase inhibitor cocktail 

(Pierce). Cell debris were removed by centrifugation at 5,000g for 10 min at 4 ◦ C. The protein concentration of the lysates was quan-

tified by BCA assay (Pierce), normalized, denatured by boiling in sampling buffer, and separated in 10% polyacrylamide gel (Biorad). 

Subsequent detection of proteins is identical to established Western blot procedure. All primary antibodies were diluted 1:1000 in 5% 

BSA/milk in TBST with 1% NaN 3 .

For tumor samples, proteins were extracted by homogenization of the tumor tissues (∼10 mm 3 ) in RIPA lysis buffer supplemented 

with 4% protease/phosphatase inhibitor cocktail (Pierce). The homogenates were snap-frozen and thawed for better protein extrac-

tion. Clarified proteins samples were normalized and analyzed by immunoblotting as described above.

For IHC analysis, FFPE blocks of the tumor and other major organs from the mice were sectioned to 5μm thick and underwent 

antigen retrieval by incubating in boiling citrate buffer (10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0) for 10min. Sections were 

then blocked with H 2 O 2 and goat serum, followed by staining with hematoxylin/eosin, or with primary antibody overnight in 4 ◦ C. Sec-

ondary antibody conjugated with HRP was added, followed by DAB substrate for development (2 min). Coloration was quenched 

with PBS.

Co-immunoprecipitation to study RhoA-GEF and RhoA-GAP interactions

Purified GST-RhoA (10 μg) was immobilized on 15 μL equilibrated glutathione resin (Pierce) and incubated with CL16 in GTP-ex-

change buffer (20 mM HEPES, 150 mM NaCl, 5 mM MgCl 2 , pH 7.4) with or without EDTA (1 mM) at room temperature for 1 hour.
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Then, the resin was pelleted by centrifugation at 700g for 2 min. 120 μg of total cell lysates with overexpression of indicated proteins 

was added to the resin. After 4 hours incubation with end-to-end rotation at 4 ◦ C, the resin was then washed, eluted and subjected to 

immunoblotting.

RhoA/RhoB/RhoC/Rac1/Cdc42-GTP assay

RhoA-GTP, RhoB-GTP and RhoC-GTP levels were studied by RhoA Activation Assay Biochem Kit (RhoA; Cytoskeleton #BK036), 

while Rac-1 and Cdc42 levels were studied by Rac1 Pull-Down Activation Assay Biochem Kit (Rac1 and Cdc42; Cytoskeleton 

#BK035). According to the manufacturer’s protocol, total cell lysate (0.5mg/mL; 300 μL) was added to 7.5 μL of corresponding beads 

and allowed incubation at 4 ◦ C for 1 hour. Beads were washed with 500 μL of washing buffer once, centrifuged at 5000g for 3 min and 

the supernatant was discarded. Enriched GTP-bound GTPases were then eluted, resolved and immunoblotted by corresponding 

Rho GTPase antibodies.

Flow cytometry experiment on cell cycle of CRC cells treated with CL16

HCT116 cells (5 x 10 5 cells), HT29 RhoA WT (1.3 x 10 5 cells) or HT29 RhoA C16A (1.3 x 10 5 cells) pre-attached to 6-well plates were 

treated with DMSO control or CL16 at the indicated concentration for 24 h. Then, cells were harvested by trypsin digestion, washed 

with PBS, and fixed in 70% cold ethanol on ice for 30 minutes. The cells were then centrifuged at 250g for 5 min and resuspended in 

staining buffer (PBS with 0.05% Triton X-100) containing propidium iodide (50 μg/mL) and RNase (100 μg/mL) for 30 min at 37 ◦ C in the 

dark. The cells were then filtered through a 40 μm strainer and analyzed by flow cytometry. A representative gating strategy is shown 

in Data S4. The NovoCyte Advanteon BVYG analyzer was used to acquire cell events, and the data were processed using 

NovoExpress software.

Apoptosis assay by confocal fluorescence microscopy

HCT116 cells, HT29 RhoA WT or HT29 RhoA C16A were seeded onto a poly-ᴅ-lysine coated Ibidi 8-well chamber slide (20,000 cells) 

and cultured overnight in complete medium at 37 ◦ C with 5% CO 2 . The cells were co-treated with DMSO control, Rhosin or CL16 with 

5 μM of CellEvent™ Caspase-3/7 green in serum-free medium for 24 h. Prior to imaging, the medium was exchanged for HBSS. 

Confocal fluorescence microscopy was performed using a Zeiss laser scanning microscope 880 with a 20× water-immersion objec-

tive lens and ZEN 2.3 (Black Version) software (Carl Zeiss). CellEvent™ Caspase-3/7 green was excited at 488 nm diode laser and 

emission was collected on a META detector between 490 and 525 nm. Image analysis was performed on ImageJ where the number 

of cells expressing fluorescence within the field was counted against the total number of cells to report the percentage of apoptotic 

cells. The average percentage was calculated from 3 separate images from the same well.

Gel-based ABPP to confirm CL16-RhoA engagement

HEK293T cells (3x10 5 cells per well) were plated in a 6-well plate in complete medium and allowed to grow overnight. The cells were 

transfected with pCMV5-FLAG-RhoA (Addgene #11750) using lipofectamine 2000 according to the manufacturer’s protocol, and al-

lowed to grow at 37 ◦ C with 5% CO 2 for 48 h. The cells were treated with DMSO or CL16 at indicated concentrations for 2 hours, 

followed by CL16-alkyne (10 μM) for 2 hours. After treatment, protein lysates were collected. Each sample of 1 mL lysate (1 mg/ 

mL) was pre-cleared by incubation with 50 μL of recombinant Protein G Sepharose (Thermo Scientific, #101241) at 4 ◦ C with 

head-to-head rotation for 2 hours. Sepharose was spun down by centrifugation at 500g for 3 min at 4 ◦ C. Supernatant was transferred 

to a new Eppi tube and incubated with 1 μL of anti-FLAG antibody (CST #8146) at 4 ◦ C with head-to-head rotation overnight. To enrich 

FLAG-RhoA, 50 μL of recombinant Protein G Sepharose was added and samples were incubated at 4 ◦ C with head-to-head rotation 

for 4 hours. Samples were centrifuged at 500g for 3 min at 4 ◦ C, followed by three washes with 500 μL PBS. Sepharose beads were re-

suspended in 50 μL PBS for CuAAC. A master-mix solution was added to the beads in PBS, with the final concentrations of azide-

fluor 545, copper(II) sulfate, TBTA, and TCEP in the solution mixture at 25 μM, 1 mM, 100 μM and 1 mM, respectively. The beads were 

incubated in the dark at room temperature with shaking for 1 h. Then, the proteins were eluted by heating the beads with 4× reducing 

sampling buffer at 90 ◦ C for 5 min, separated by SDS-PAGE, and imaged by ChemiDoc MP (Bio-Rad Laboratories, Inc) for measuring 

in-gel fluorescence. A parallel immunoblotting experiment was performed using anti-FLAG antibody (CST #8146) to confirm the iden-

tity of the fluorescent protein band.

LC-MS/MS experiment on HCT116 cells treated with CL16

HCT116 cells were treated with DMSO or CL16 (25 or 50 μM) in complete medium for 4 hours, washed with PBS, harvested, and lysed 

in PBS by sonication. The protein amount of the samples was determined by BCA assay and normalized. The cell lysates in PBS were 

reduced by TCEP (1 mM) at 65 ◦ C for 30 min, followed by alkylation with iodoacetamide (18 mM) at 37 ◦ C for 30 min in the dark. The 

mixtures were added with prechilled acetone (600 μL) for protein precipitation at -20 ◦ C overnight. The samples were centrifuged at 

8000g for 10 min at 4 ◦ C. The supernatant was discarded and the dried pellet was resuspended in 2M urea in PBS (100 μL). 

Sequencing grade trypsin (Promega #V5111) were added to the samples for overnight digestion at 37 ◦ C with constant shaking. 

The solutions were then acidified with formic acid (FA; final concentration 5%), centrifuged at 13,200 rpm for 30 min at 4 ◦ C. The su-

pernatant was collected and stored at -80 ◦ C before MS analysis. The peptide solutions were dried and desalted by C18 Stage tips, 

and the peptides were loaded onto an Aurora C18 UHPLC column (75 μm i.d. × 25 cm length × 1.6 μm particle size (IonOpticks 

Australia) coupled to timsTOF Pro mass spectrometer (Bruker).
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Chromatographic separation by Aurora C18 UHPLC column (75 μm i.d. × 25 cm length × 1.6 μm particle size (IonOpticks Australia) 

coupled to timsTOF Pro mass spectrometer (Bruker)was carried out using buffer A (98:2 water:acetonitrile, 0.1% formic acid) and B 

(acetonitrile, 0.1% formic acid) with the gradient from 2% to 30% buffer B at a flow rate of 300 nL/min over 90 min, followed by an 

increase from 30% to 50% buffer B over 25 min, an isocratic gradient of 95% buffer B over 8.5 min, a decrease of buffer B to 2% in 

0.5 min and then an isocratic gradient of 2% buffer B for 5.5 min. MS data was collected over a m/z range of 100 to 1700, and MS/MS 

range of 100 to 1700. During MS/MS data collection, each TIMS cycle was 1.1 s and included 1 MS + an average of 10 PASEF MS/ 

MS scans.

Raw files were searched using MaxQuant (v2.0.3.0) with Uniprot human database (UP000005640). The search was specified to 

tryptic digestion (allowed up to 3 cleavages). Cysteine carbamidomethylation (+57.02146) was selected as fixed modification, while 

N-terminal acetylation (+42.01057), methionine oxidation (+15.99491) and CL16-cysteine adduct (+235.06333) were set as variable 

modifications. Peptide false discovery rate (FDR) was set to be 1%. Modified peptides with spectral count less than 2, PEP larger than 

0.01, and lower spectral counts at 50 μM of CL16 than 25 μM were filtered out.

LC-MS/MS for CL16 target identification using CL16-alkyne

HCT116 cells were treated with DMSO or CL16 (25 μM) in complete medium for 2 hours. The cells were washed with PBS, followed by 

incubation with CL16-alkyne (50 μM) for 2 hours. After treatment, the cells were washed with PBS and lysed by probe sonication in 

PBS. Cell debris were removed by centrifugation at 5,000g for 10 min at 4 ◦ C. After conducting a protein assay using BCA and protein 

normalization, the cell lysates (4 mg/mL, 2 mL) were mixed with a master-mix solution for CuAAC reaction. The master-mix solution 

contained CuSO 4 , TBTA, DTB-PEG-azide, and TECP in final concentrations of 1 mM, 100 μM, 100 μM, and 1 mM respectively. After 

incubating the samples with the master mix solution for 1 hour at room temperature with vortexing, pre-chilled acetone (12 mL) was 

added to the samples, and the proteins were allowed to precipitate at -20 ◦ C overnight. The samples were centrifuged at 5,000g at

4 ◦ C for 10 min, and the supernatant was discarded. The protein pellets were then re-dispersed in 1.2% SDS in PBS (w/v) and heated 

at 80 ◦ C for 5 min. Any insoluble solids were discarded by centrifugation at 6,500g for 5 min, and the supernatant was transferred to a 

PBS solution containing Pierce™ Streptavidin Agarose beads (Thermo Scientific #20349) with a final concentration of 0.2% SDS (w/v). 

The samples and beads were incubated at 4 ◦ C with rotation overnight. The beads were then washed with PBS and water, and re-

dispersed in 6M urea in PBS. The samples were reduced by TCEP (1 mM) at 65 ◦ C for 20 min, followed by alkylation with iodoace-

tamide (18 mM) at 37 ◦ C for 30 min in the dark. The beads were then spun down by centrifugation at 1,400g for 2 min, washed with 

PBS, and re-suspended in 2M urea in PBS. The proteins on the beads were digested by sequencing grade trypsin (Promega) at 37 ◦ C 

overnight. The solution mixtures were then transferred to a BioSpin column (Bio-rad), and the tryptic digested peptides were 

collected by centrifugation at 1,400g for 2 min. The beads were washed with PBS (100 μL) twice. The washing was collected by 

centrifugation at 1,400g for 2 min and combined with the tryptic digested peptide solution. The combined solution was dried and 

desalted by C18 Stage tips. Finally, the peptides were sent for LC-MS/MS analysis on timsTOF Pro mass spectrometer and analyzed 

using the aforementioned protocol for the LC-MS/MS experiment. Raw files were searched using MSFragger (v3.7) with Uniprot 

human database (UP000005640). The search was specified to tryptic digestion (allowed up to 3 cleavages). Cysteine carbamidome-

thylation (+57.02146) was selected as fixed modification, while N-terminal acetylation (+42.01057) and methionine oxidation 

(+15.99491) were set as variable modifications. Peptide false discovery rate (FDR) was set to be 1%. For the proteins with zero 

LFQ intensity for all the 3 replicate runs in the control group and non-zero LFQ intensity for all the 3 runs in the treated group, 

they were assigned for LFQ ratio of 20. To eliminate false positives, proteins with average intensity smaller than 100,000, combined 

spectral counts less than 10, or protein probability less than 1 were filtered.

k inact /K i determination

The binding kinetics between CL16 and RhoA was studied by gel-based experiments using CL16-alkyne as the molecule probe. 

Briefly, 10 μg of GST-RhoA were pre-immobilized on glutathione resin (Pierce), followed by incubation with CL16 at indicated dosage 

and duration. The samples were labelled by CL16-alkyne and conjugated to Fluor 545 by CuAAC as in the gel-based ABPP exper-

iment and visualized on SDS-PAGE. In-gel fluorescence intensities from the protein were measured by ImageJ, and the RhoA occu-

pancy by CL16 was determined by:

% of RhoA binding by CL16 = (FL control − FL CL16 ) = FL control

where FL control and FL CL16 are the in-gel fluorescence intensities from the solvent control and CL16 treatment group respectively.

Experiments were performed in duplicate. Data were plotted and analyzed using GraphPad Prism 9. The k obs values were deter-

mined from the initial reactions (slope of the linear region of the % of RhoA binding against time plot) for each CL16 concentration. The 

k obs values were then plotted against [CL16] and plotted by the previously described double reciprocal method to determine k inact /K i 
values. 71

Assessment of CL16 stability by LC-MS/MS

CL16 (10 μM) was added to corresponding buffer (PBS or PBS with 10% FBS; 100 μL) and incubated for indicated durations. Sam-

ples were withdrawn at each time-point and proteins were removed from samples by acetone precipitation. Aqueous supernatants 

containing CL16 were separated by centrifugation at 13,200 rpm for 10 min, diluted in methanol (1:1000, v/v) and then analysed on 

LC-MS/MS (SCIEX QTRAP 5500) at the Biomedical Technology Support Centre at the Hong Kong Science Park. Chromatographic
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separation was achieved using Waters SunFire C18 Sentry Guard Cartridge (100A ˚ , 5 μm, 4.6 mm X 20 mm) with a gradient of 95%

Solvent A (water, 1% formic acid) from 0 min, reaching 100% Solvent B (Acetonitrile, 1% formic acid) at 4 min and lasted till 10 min, 

returning to 95% Solvent A at 10.5 min and equilibrating till 12 min. Molecular ion with m/z of 329 was selected and the intensity of 

fragment ion with m/z of 185, determined by the integration of curve, was used for quantification.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures 2C, 2D, and S2A show results from a single screening experiment. The hit compounds were subsequently confirmed by 

dose-dependent experiments which were run in triplicate/group (Figures 2E, 2F, and S2B). Unless otherwise specified, all the sta-

tistical analyses were performed by two-tailed Student’s t-test by MS Excel and all data were expressed as the mean±SD from at 

least three replicates/group. All of the statistical details of experiments can be found in the figure legends.
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