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ABSTRACT Objective: Effective adjuvant therapeutic strategies are urgently needed to overcome MAPK inhibitor (MAPKi) resistance, which is 

one of the most common forms of resistance that has emerged in many types of cancers. Here, we aimed to systematically identify the 

genetic interactions underlying MAPKi resistance, and to further investigate the mechanisms that produce the genetic interactions 

that generate synergistic MAPKi resistance.

Methods: We conducted a comprehensive pair-wise sgRNA-based high-throughput screening assay to identify synergistic 

interactions that sensitized cancer cells to MAPKi, and validated 3 genetic combinations through competitive growth, cell viability, 

and spheroid formation assays. We next conducted Kaplan-Meier survival analysis based on The Cancer Genome Atlas database and 

conducted immunohistochemistry to determine the clinical relevance of these synergistic combinations. We also investigated the 

MAPKi resistance mechanisms of these validated synergistic combinations by using co-immunoprecipitation, Western blot, qRT-

PCR, and immunofluorescence assays.

Results: We constructed a systematic interaction network of MAPKi resistance and identified 3 novel synergistic combinations 

that effectively targeted MAPKi resistance (ITGB3 + IGF1R, ITGB3 + JNK, and HDGF + LGR5). We next analyzed their clinical 

relevance and the mechanisms by which they sensitized cancer cells to MAPKi exposure. Specifically, we discovered a novel protein 

complex, HDGF-LGR5, that adaptively responded to MAPKi to enhance cancer cell stemness, which was up- or downregulated by 

the inhibitors of ITGB3 + JNK or ITGB3 + IGF1R.

Conclusions: Pair-wise sgRNA library screening provided systematic insights into elucidating MAPKi resistance in cancer cells. 

ITGB3- + IGF1R-targeting drugs (cilengitide + linsitinib) could be used as an effective therapy for suppressing the adaptive formation 

of the HDGF-LGR5 protein complex, which enhanced cancer stemness during MAPKi stress.

KEYWORDS Pair-wise sgRNA library; genetic interactions; MAPKi resistance; combinatorial therapy; cancer stemness

Introduction

Aberrant activation of the mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK) path-

way is common in many cancer species. In melanomas, the 

mutation of valine to glutamic acid at amino acid 600 in 

BRAF (BRAFV600E) occurs in more than 50% of patients, 

and can boost kinase activity and constitutively promote 

*These authors contributed equally to this work.
Correspondence to: Xiaohua Lian and Zhen Xie
E-mail: 129hx@sina.com and zhenxie@tsinghua.edu.cn
ORCID ID: https://orcid.org/0000-0002-3682-2087  
and https://orcid.org/0000-0001-8798-9592
Received September 16, 2020; accepted January 13, 2021;  
published online June 09, 2021.
Available at www.cancerbiomed.org
©2022 Cancer Biology & Medicine. Creative Commons  
Attribution-NonCommercial 4.0 International License



230 Yu et al. Synergistic interactions that overcome MAPK inhibitor resistance

the activation of MEK/ERK signaling, which endows cancer 

cells with increased proliferation, survival, and metastasis1-4. 

Although MAPK inhibitors (MAPKi) such as vemurafenib 

(PLX4032), dabrafenib, and trametinib have been approved as 

clinical drugs for late-stage tumors, most patients ultimately 

develop lethal resistance to MAPKi treatment5. Understanding 

the molecular mechanism of MAPKi resistance is therefore 

essential to improving the efficacy of MAPKi treatment and 

preventing disease relapse.

To systematically analyze potential MAPKi resistance  

mechanisms, we selected A375 melanoma cells with typical 

MAPK hyperactivation characteristics as our high-throughput  

screening model. We included regulators that influenced sev-

eral critical biological and cellular processes that have been 

shown to be involved in bypassing the BRAFV600E inhibition in 

melanoma cells; for example, modulators of MAPK, GTPases, 

and epigenetic modifications; regulators of cell proliferation 

and cell death; facilitators of the epithelial-mesenchymal  

transition (EMT); and factors that sustain cancer stem cell 

maintenance6-27. Additionally, the STAGA and MEDIATOR 

complexes, which regulate transcription from RNA polymerase 

II promoters, are essential for vemurafenib resistance, possibly 

due to their contributions to excessive metabolism or repres-

sion of cell apoptosis28-30. However, combinations of multiple 

resistance mechanisms may occur in melanoma cells, and fur-

ther studies are needed to elucidate the functional relationships 

between individual genes involved in MAPKi resistance31,32.

The functional relationships between 2 genes, also termed 

genetic interaction (GI), can be evaluated by comparing the 

phenotypes of cells with simultaneous mutations in 2 genes 

to the phenotypes of cells with a single mutation33. Systematic 

identification of genetic interactions in mammalian cells is 

first facilitated by using pooled screening or large-scale auto-

mated transfection, in which 2 small hairpin RNAs (shRNAs) 

are introduced into individual cells to simultaneously per-

turb 2 genes34,35. More recently, a multiplexed CRISPR/Cas9 

screening approach has been developed by using a library of 

barcoded pair-wise single-guide RNA (sgRNA) combinations 

to search for potential growth-inhibiting gene pairs in cancer 

cells, which can facilitate the development of combinatorial 

cancer therapy36-39. Furthermore, concurrent suppression of 

BRAF, MEK, and ERK has been used to prevent the propaga-

tion of cells with high level amplification of BRAF  mutations, 

highlighting a practical strategy for overcoming vemurafenib 

resistance40. However, until now, these studies have been 

restricted to limited gene combinations, and have been focused 

mainly on MAPK signaling itself and its best known bypassing 

pathways, such as PI3K41. They therefore lack comprehensive 

insight into the cooperative mechanisms responsible for the 

occurrences of effective gene pairs.

Elevated signals related to receptor tyrosine kinases 

(RTKs)17, the EMT, and cancer stem cells (CSCs)42 have 

emerged as 3 major causes of drug resistance in diverse 

species of cancer cells receiving various kinds of therapies. 

However, most studies have focused on only 1 of these regu-

latory processes43,44. How these kinds of signals interact with 

one another to generate adaptive resistance in refractory can-

cer cells remains poorly understood. In this study, we aimed 

to identify genetic interactions among 84 genes reported 

to be involved in the RTK-, EMT-, and CSC-induced drug 

resistances of cancer cells, to identify potent combinatorial 

regimens that are universally applicable in sensitizing a wide 

variety of cancer cells.

To identify the genetic interactions among RTK-, EMT-, 

and CSC-relevant genes, we developed an assembly method 

to efficiently construct a library of more than 40,000 pair-wise 

sgRNA combinations. We then performed pooled CRISPR/

Cas9 screening in cultured human A375 melanoma cells that 

contained the BRAFV600E mutation. Next, we evaluated the 

genetic interaction of each gene pair by calculating the phe-

notypic value of vemurafenib resistance, validated 3 identified 

novel gene pairs with strong GI scores by using a cell growth 

competition assay and small molecule inhibition assay, and 

experimentally identified the underlying synergetic mech-

anisms of multidrug regimens. These results provided com-

prehensive information about potential critical connections 

between essential genes that may influence vemurafenib resist-

ance in melanoma cells. The methods developed in this study 

enabled the efficient assembly of pair-wise sgRNA libraries 

and facilitated systematic analyses of genetic interaction net-

works of complex biological processes.

To deliver an adjuvant sensitizing effect to MAPKi resist-

ance in an expanded panel of cancer cell lines with hyper-

activated MAPK signaling, we also tested our adjuvant 

sensitizing pairs across cell lines within multiple cancer 

species, including melanoma (MeWo), hepatocarcinoma 

(MHCC97H), lung adenocarcinoma (H1299), and breast 

cancer (MCF7) cells.

By analyzing clinical samples from melanoma patients with 

different grades of stemness, we noted that HDGF and LGR5 

correlated with the expression of a commonly used CSC 

marker, CD133, which was co-localized in the microvascular 
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regions of melanoma tissues. Next, using cell line mod-

els, we found that the simultaneous suppression of HDGF 

and LGR5 synergistically disrupted the formation of cancer 

spheroids and downregulated the level of cancer stem cell 

markers. Consistently, we found that they paired as a phys-

ical complex that allowed cancer cells to adapt to the vemu-

rafenib/dabrafenib/trametinib environment. To the best of 

our knowledge, this is the first study to identify and analyze 

a MAPKi stress-responsive protein complex that adaptively 

induced resistance. We also provided a detailed study of the 

coordination of HDGF-LGR5 in achieving adaptive drug 

resistance by sustaining EMT signals and CSC maintenance. 

These observations suggested that HDGF and LGR5 acted in 

concert to affect the stemness and survival of BRAFi (BRAF 

inhibitor)-treated cancer cells, which is worth developing as a 

future therapy.

Materials and methods

Patients

Melanoma patient specimens (No. 882775, No. 848557, No. 

842601, and No. 844583) used for immunohistochemistry 

(IHC) and immunofluorescence (IF) staining were collected 

at the National Cancer Center of Chinese Academy of Medical 

Sciences and Peking Union Medical College, after informed 

written consent was obtained from each patient or each 

patient’s guardian according to the institutional guidelines 

and the principles of the Declaration of Helsinki. Tumor 

tissue sections were stained with anti-ITGB3, anti-IGF1R, 

or anti-phospho-JNK antibodies for IHC analyses, and 

anti-CD133 + anti-BMI1, anti-HDGF + anti-LGR5 antibod-

ies for IF analyses.

Cell culture

The HEK293 (293-FT) cell line was purchased from Life 

Technologies (Carlsbad, CA, USA). The A375 cell line was 

obtained from the National Infrastructure of Cell Line 

Resource (Beijing, China), MeWo cells were purchased from 

Fenghbio (Beijing, China), H1299 and MCF7 cells were 

acquired from Procell Life Science & Technology (Waltham, 

MA, USA), and MHCC97H cells were purchased from 

Beyotime Biotechnology (Jiangsu, China). No cell line used in 

this study was found in the database of commonly misiden-

tified cell lines maintained by ICLAC (https://iclac.org/) and 

NCBI Biosample (https://www.ncbi.nlm.nih.gov/biosample). 

The cell lines tested negative for mycoplasma contamination 

and were regularly treated with mycoplasma removing agent. 

TransStble3 and Trans5 a competent cells were purchased 

from TransGen Biotech (Beijing, China).

Reagents and enzymes

Q5 High-Fidelity DNA polymerase, T4 DNA ligase, and 

restriction endonucleases of BsaI and Esp3I were pur-

chased from New England Biolabs (Ipswich, MA, USA). 

Polyethylenimine (PEI) was purchased from Polysciences 

(Warrington, PA, USA). Polybrene and puromycin were pur-

chased from Sigma-Aldrich (St. Louis, MO, USA). Hoechst/

propidium iodide (PI) double staining system, kanamycin, 

and spectinomycin were obtained from Solarbio (Beijing, 

China). Mycoplasma removing agent was purchased from 

Solarbio. Vemurafenib, cilengitide, linsitinib, and JNK-IN-8 

were acquired from Selleck (Houston, TX, USA). TRIzol 

and SYBR Green PCR Master Mix were purchased from 

Beyotime Biotechnology and Thermal Fisher Scientific 

(Waltham, MA, USA). Primary antibody to BIRC5 was pur-

chased from Solarbio. Primary antibodies to phospho-ERK-

1Thr202/Tyr204/ERK2Thr185/Tyr187, cleaved caspase-3, β-catenin, 

phospho-FAK, BMI1, OCT4, nestin, p75 NGFR, CD133, 

β-actin, and secondary antibodies conjugated to horseradish 

peroxidase were purchased from Beyotime Biotechnology. 

Primary antibody to HDGF was purchased from Proteintech 

(Rosemont, IL, USA) and primary antibody to LGR5 was 

obtained from Sino Biological (Beijing, China).

Efficiency test of 2 promoters in the pair-wise 
sgRNA vector

The coding region of the fluorescence protein of mKate or 

EYFP was split into 2 fragments, and a designed linker that was 

recognized by the CRISPR/Cas9 system was added between 

the fragments (Supplementary Figure S1A and S1C). The 

promoters of U6 and 7SK were then assembled into the vec-

tors, which are listed (the detailed sequence information of 

sgRNA is shown in Supplementary Table S1).

U6-mKate_linker_sgRNA-7SK-negative_sgRNA-EF1α-

spCas9;

U6-negative_sgRNA-7SK-mKate_linker_sgRNA-EF1α-

spCas9;
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U6-mKate_linker_sgRNA-7SK-EYFP_linker_sgRNA-EF1α-

spCas9;

U6-EYFP_linker_sgRNA-7SK-mKate_linker_sgRNA-EF1α-

spCas9;

U6-negative_sgRNA-7SK-negative_sgRNA-EF1α-spCas9;

Next, the PEI induced transfection assays were conducted 

by combining the plasmid carrying expression fragments of 

mKate with either of the first 2 vectors as well as the negative 

control vector V packaged by using PEI at the ratio of 1:3 for 

the single activation test. Additionally, the plasmids carrying 

expression fragments of mKate and EYFP were combined with 

vectors III, IV, or V above, and the same method was separately 

used for double activation testing. These transfection mixtures 

were added into 24-well plates of 293FT cells using 3 experi-

mental replicates.

After 2 days, the cells were harvested and analyzed by fluo-

rescence-activated cell sorting. Subsequently, the percentages 

of mKate in the experimental groups of vectors I and II or the 

percentages of mKate and EYFP in the experimental groups 

of vectors III and IV were divided by the corresponding per-

centage of leaky fluorescence in the negative control groups of 

vector V, which was then defined as the relative fluorescence 

expression level. Finally, we used the 2-tailed unpaired t-test to 

evaluate the statistical significance of the relative fluorescence 

activated by different vectors with adversely located promoters 

of U6 and 7SK.

Construction of plasmid DNA and sgRNA 
libraries

The vectors used in this study were constructed using standard 

molecular cloning techniques, including restriction enzyme 

digestion, ligation, PCR, and Golden Gate Assembly. Custom 

oligonucleotides were purchased from Genewiz (Beijing, 

China). The vector constructs were transformed into E. coli 

strain, Trans5a, and 50 µg/mL of kanamycin/spectinomycin 

was used to isolate colonies harboring the constructs. DNA 

was then extracted and purified. Sequences of the vector con-

structs were verified by DNA sequencing.

We synthesized a control oligo pool for constructing 12 

negative control sgRNAs, and 3 oligo pools for constructing 

sgRNAs. Each oligo pool included 84 sgRNA spacers targeting  

84 genes. To construct the sgRNA vector containing the U6 pro-

moter (U6p) or 7SK promotor (7SKp)-driven expression of a 

sgRNA that targeted a specific gene, the 20 bp sgRNA spacer 

oligos were annealed and cloned into 7SK-pHS-BVC-LW002 

or U6-pHS-BVC-LW003 vectors by using BsaI. To generate the 

pooled sgRNA vector sublibraries, 84 annealed sgRNA spacer 

oligos in each pool were mixed with 12 annealed negative con-

trol sgRNA spacer oligos and the annealed S1:S2 spacer oli-

gos (S1 sequence: 5′-ACCGATCCTCACGGTGAACGTCT-3′; 
S2 sequence: 5′-AAACAGACGTTCACCGTGAGGAT-3′) 

with equal molar ratios and cloned them into the 7SK-pHS-

BVC-LW002 or U6-pHS-BVC-LW003 vectors in a Golden Gate 

reaction by using BsaI, generating single-wise sgRNA libraries 

(7SK-pHS-BVC-LW002-library and U6-pHS-BVC-LW003-

library). The destination pair-wise sgRNA lentiviral vector 

(pHS-BGL-YR001) and single-wise sgRNA libraries (7SK-pHS-

BVC-LW002-library and U6-pHS-BVC-LW003-library) were 

mixed at equal molar ratios in the second round of the Golden-

Gate reaction by using Esp3I, resulting in a pair-wise sgRNA 

library. The pair-wise sgRNA library plasmid DNAs were pre-

pared by using TransStble3 competent cells, and then purified.

Lentivirus production and library screening

Pooled lentiviral library plasmid DNA was a mixture with 

equal molar ratios of 6 pair-wise sgRNA libraries, 3 single-wise 

sgRNA libraries, and a negative control library. Pooled lenti-

viruses were produced and packaged as described with minor 

modifications. Briefly, 20 µg of pooled lentiviral library plas-

mid DNA, 20 µg of pCMV-dR8.2-dvpr, and 15 µg of pCMV-

VSV-G were transfected into HEK293FT cells in a 15 cm petri 

dish by using PEI transfection reagents. Approximately 1 × 108 

Cas9-A375 cells were infected with pooled sgRNA libraries at  

0.3 MOI to maintain library coverage at approximately 1,000-

fold. One day after infection, the cells were selected with 1 mg/mL  

puromycin prior to further experiments. Selected A375 cells 

were then treated with vemurafenib or dimethyl sulfoxide 

(DMSO) for 10 days. The A375 genomic DNA was extracted 

from harvested A375 cells. Approximately 569 bp DNA frag-

ments containing the pair-wise sgRNA region were amplified 

by PCR with 25 thermal cycles from A375 genomic DNA 

using primers (5′-ATTTGTCTCGAGGTCGAGAATTC-3′ 
and 5′-TCATATGCTTACCGTAACTTG-3′) using Q5 high- 

fidelity DNA polymerase. The DNA fragments were used to 

construct DNA libraries (BGI, Yantien, China) by combining 

the fragmented DNA and end repair mix (BGI), then purify-

ing them before conducting the A-tailing reaction to obtain 

the product of the adenylate 3′-end DNA. PCR free index 

adapters, (BGI) and the T4 DNA ligase mix, were added to 
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the A-tailing product for ligation of adapters. Finally, adapter- 

ligated DNA samples were purified for deep sequencing using 

HiSeq 2500 (Illumina, San Diego, CA, USA) with the 250 

nucleotide paired-end mode.

Sequencing data processing

The quality of deep sequencing data was first evaluated by 

using FastQC [Babraham Bioinformatics (https://www.bio-

informatics.babraham.ac.uk/projects/fastqc/)]. The paired-

end sequencing reads were mapped to designed sequences of 

sgRNA expressing library constructs, where an exact match was 

required in the seed region of sgRNA, while two mismatches 

were allowed elsewhere. The paired-end reads that contained 

duplicates of 2 identical promoters and harbored dislocated 

sgRNAs were eliminated in the subsequent analysis. The num-

bers of paired-end reads for each unique pair-wise sgRNA 

combination in a given sample were normalized as follows:

=
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where k was the cell doubling difference of wild-type cells 

cultured between vemurafenib and DMSO, and t denoted the 

cultured time duration. NX was the normalized read count of 

sgRNA combinations targeting single genes (A or B) and gene 

pairs (AB), while NWT represented the median read counts of 

the negative pair-wise sgRNA control in DMSO or the vemu-

rafenib sample. After calculating the r score for each pair-wise 

sgRNA combination, we averaged the sgRNA combinations 

targeting the same gene or gene pair and excluded the minimal 

and maximal scores to obtain the quantitative growth pheno-

type for the corresponding single- or pair-wise perturbation. 

The value of P for a given gene pair was calculated by compar-

ing the distribution of r scores targeting the pair of interest to 

the negative control using the Mann-Whitney U test.

To calculate the genetic interaction strength from the phe-

notypic r score of high-throughput assays, we defined GI 

scores as the deviation of the observed phenotype (robserved) 

from the expected phenotype (rexpected) calculated by linear 

regression analysis using the R package (The R Project for 

Statistical Computing, Vienna, Austria). The GI and r scores 

below the 10th percentile and above the 90th percentile were 

selected to construct the edge-weighted hierarchical network. 

Network hubs were identified by using Eigenvector.

To define the synergistic or antagonistic effect of gene com-

binations, the genetic interaction strength was calculated using 

Loewe’s additivity principle (GIadditivity = |pair-wise pheno-

typic r score|-|single-wise phenotypic r score 1 + single-wise 

phenotypic r score 2|)45.

Kaplan-Meier survival curve plots

The BRAF mutant cohort from The Cancer Genome Atlas 

(TCGA) database was selected, and the RNA expression lev-

els of NF2, ITGB3, and IGF1R from the patients with mutated 

BRAF were discretized into 5 classes as “higher”, “high”, 

“medium”, “low”, or “lower” using the BurStMisc::ntile() func-

tion. The lower expressions of “ITGB3” and “IGF1R” in the 

figure were defined as patients with ITGB3 and IGF1R expres-

sions below the “low” level. The high expression of NF2 in the 

figure was defined as patients with NF2 expressions above the 

“medium” level.

Cell growth competition assays

Cas9-A375 cell lines with sgRNA perturbations of either 

the single or double gene of 3 gene pairs (ITGB3 + IGF1R, 

and NF2 + CCNC) were made using the lentivirus- mediated 

integration system as previously mentioned. The sgRNA 

sequences used are listed in Supplementary Table S2. For 

each gene pair, 2 × 104 cells of individual cell lines for a sin-

gle- or pair-wise gene perturbation were mixed and cultured 

in DMEM media plus 10% fetal bovine serum (FBS). One day 

after cell seeding, the cells were split into 2 halves and treated 

with 2 µM vemurafenib or DMSO in equal volumes for up 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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to 12 days. FACS analysis was conducted using LSRII Fortessa 

(Becton Dickinson, Franklin Lakes, NJ, USA) as previously 

described46. At least 2 × 104 cell events were acquired per sam-

ple. FACS data were analyzed using FlowJo software (https://

www.flowjo.com/).

Small molecule inhibition assays

Small molecule inhibitors (cilengitide for ITGB3, linsitinib for 

IGF1R, and JNK-IN-8) were used in the assays. Approximately 

1 × 104 A375 cells were seeded in a 96-well plate 1 day before 

the inhibition assay with 2 drug combinations of cilengitide 

and linsitinib, or cilengitide and JNK-IN-8. For each combi-

natorial drug treatment, A375 cells were treated with either 

2 µM vemurafenib or DMSO in equal volumes, plus individ-

ual drugs or drug combinations for 2 days. To label live and 

dead cells after drug treatments, 100 µL of Hoechst 33342/PI 

mixed solution was added into each well of the 96-well plate 

and incubated at 4 °C for 20 min. After washing with 100 µL  

phosphate-buffered saline (PBS), A375 cells were measured using 

the high content cellular screening system using UV/488 nm  

dual excitation and emission wavelengths at 460 nm for 

Hoechst 33342 and 575 nm for PI. The number of live cells 

(referred to as N) was calculated as follows: N = total cell 

counts - high blue fluorescence counts - high red fluorescence 

counts. The r scores were calculated using the formula as pre-

viously described.

Quantitative RT-PCR

Total RNAs were extracted from A375 cells using TRIzol 

(Invitrogen, Carlsbad, CA, USA), and the amounts of 

RNA from different samples were measured using a 

Nanodrop2000 (Thermo Fisher Scientific). Then, 1.5 µg 

RNA of the samples was diluted into a whole RNA amplifi-

cation mixture containing oligo(dT) and dNTPs. A reverse 

transcription mixture containing reverse transcriptase, 

dithiothreitol, and first strand buffer were added to the 

amplified RNA mixture to synthesize cDNA. Next, SYBR 

Green was added with primers for the E-cadherin,  vimentin, 

and β-actin loading control into the cDNA template (at a 

final dilution of 1:10). Finally, the expression-fold change 

was calculated using 2−ΔΔCT, where ΔΔCT = ΔCT (gene of 

interest) - ΔCT(loading control) (Table 1).

Western blot assays

Cell lysates were extracted by using RIPA lysis buffer (Beyotime 

Biotechnology), and the protein concentrations of different 

samples were determined using the BCA Protein Assay Kit 

(Beyotime Biotechnology). A total of 25 µg of each protein sam-

ple was separated by SDS-PAGE and transferred to 0.45 µm pol-

yvinylidene difluoride membranes (Beyotime Biotechnology). 

After blocking for 1 h and 30 min, the membranes were treated 

with primary antibodies to cleaved caspase-3, phospho- 

ERK1Thr202/Tyr204/ERK2Thr185/Tyr187, BIRC5, β-catenin, BMI1, 

CD133, OCT4, nestin, or NGFR overnight at 4 °C. The mem-

branes were then washed with TBST (Solarbio) and incubated 

with horseradish peroxidase- conjugated secondary antibodies 

(Beyotime Biotechnology) for 1 h at 25 °C. The protein bands 

were detected using a chemiluminescence detection kit (Beyotime 

Biotechnology), and the optical densities of protein signals were 

calculated using ImageJ software (National Institutes of Health, 

Bethesda, MD, USA), with β-actin as the loading control.

Proliferation assays

Cell proliferation inhibition was assayed using the Cell 

Counting Kit-8 (Dojindo Molecular Technologies, Rockville, 

MD, USA) on an iMark™ Microplate Absorbance Reader 

(Bio-Rad, Hercules, CA, USA). Cells (1 × 105 cells/mL) were 

plated and treated for 72 h in triplicate for each experimental 

condition. Each well was incubated with 10 µL of CCK8 rea-

gent in 100 µL of cell culture medium, then the 96-well plate 

was incubated for 1 h at 37 °C in a humidified atmosphere 

containing 5% CO2. The absorbances were then measured at 

450 nm, which were corrected relative to blank wells contain-

ing CCK8 reagent and medium only.

Table 1 The primer sequences for qPCR amplification of 
E-cadherin, vimentin and β-actin

Primer name Sequence

E-cadherin-F 5’-AAAGGCCCATTTCCTAAAAACCT-3’

E-cadherin-R 5’-TGCGTTCTCTATCCAGAGGCT-3’

Vimentin-F 5’-GACGCCATCAACACCGAGTT-3’

Vimentin-R 5’-CTTTGTCGTTGGTTAGCTGGT-3’

β-actin-F 5’-CATGTACGTTGCTATCCAGGC-3’

β-actin-R 5’-CTCCTTAATGTCACGCACGAT-3’
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Co-IP assays

The cells were cultured to 80%–90% confluence, and treated 

with drug regimens consisting of vemurafenib, dabrafenib, 

vemurafenib + trametinib, dabrafenib + trametinib, or DMSO. 

After a 72 h incubation with the small molecular weight drugs, 

the cell lysates were diluted with lysis buffer (NP-40, supple-

mented with protease inhibitors and phosphatase inhibitors), 

and incubated with 10 µg polyclonal rabbit anti-LGR5 (Sino 

Biological, Beijing, China) or 10 µg monoclonal mouse anti-

HDGF (Proteintech), for 10–14 h at 4 °C with end-over-end 

mixing. Protein A/G-agarose beads (Beyotime Biotechnology) 

were then added and the reaction mixture was further mixed 

for 2 h at 4 °C. The immunoprecipitates were separated from 

the supernatants by centrifugation and washed with PBS con-

taining 1% NP-40. The proteins were extracted from the aga-

rose beads by boiling in 1× SDS gel loading buffer and resolved 

using 10% SDS-PAGE.

Co-inhibition efficiency tests of siHDGF and 
siLGR5

A total of 800 µL cells were initially plated in 12-well plates 

(Corning, Corning, NY, USA) at a density of 2 × 105 cells/mL 

for each treatment with the RPMI 1640 + 10% FBS culture 

medium. Then, 100 pmol siRNA of HDGF and LGR5, or a 

scrambled negative control siRNA, were co-transfected with 

Lipofectamine 3000™ into A375, H1299, or MHCC97H cells 

when the cell confluence reached 70%–80%. The total RNA of 

samples was extracted on the 3rd day after the siRNA trans-

fection. The total RNA was reverse-transcribed into cDNA 

using the PrimeScript™ RT Master Mix (Takara, Shiga, Japan). 

Then, approximately 1 µg cDNA of each sample was added to 

the 2× Taq PCR Master Mix (Syngentech, Beijing, China) with 

corresponding primers to amplify HDGF, LGR5, and β-actin 

sequences. HDGF, LGR5, and β-actin primer sequences were 

obtained from PrimerBank (https://pga.mgh.harvard.edu/

primerbank), where the PrimerBank IDs of HDGF, LGR5, 

and β-actin were 186928818c2, 24475886c1, and 4501885a1, 

respectively.

Spheroid formation assays

A total of 100 µL of cells were initially plated in an ultra-low 

attachment 96-well plate (Corning) at a density of 2 × 105  

cells/mL in F12K/DMEM basic culture medium with 20 µg/mL  

EGF, 20 µg/mL bFGF, 5 µg/mL LIF, 10 µg/mL insulin, 1% 

N2, and 1% B27. After 24 h, the siRNAs of HDGF and LGR5 

were transfected into A375, H1299, and MHCC97H cells 

according to the treatment groups, and after another 24 h, 2 

µM vemurafenib and 2 µM vemurafenib + 10 nM trametinib  

were added to the A375 cells, and 5 µM dabrafenib and 5 

µM dabrafenib + 100 nM trametinib were added to the 

H1299 and MHCC97H cells Then, spheroid images were 

captured by using a 4× microscope objective, every 2 days 

until the 7th day. The spheroid formation efficiency was eval-

uated by AnaSP and ReViSP, which are MATLAB programs 

that can calculate multiple morphological parameters of 

 spheroids47, with the reconstruction of three-dimensional 

(3D) images, which reflected the stereoscopic morphology of 

the spheroids48,49.

Immunofluorescence

A total of 4 × 104 cells were initially plated in cover glasses 

that had been set in the bottom of a 24-well plate, and after 

24 h, the siRNAs of HDGF and LGR5 were transfected into 

cells according to the treatment groups. After another 48 h, 

2 µM vemurafenib or DMSO was added to the cells. After 

72 h of drug treatment, the cells were fixed in 4% formal-

dehyde (Beyotime Biotechnology) in 1× TBS for 10 min at 

room temperature, permeabilized in 0.3% TritonX-100-

TBS or Saponin-TBS for 10 min, washed in 0.1% Tween20-

TBS (TBST) and incubated in blocking solution (Beyotime 

Biotechnology) for 1 h. The cells were then treated with pri-

mary antibodies overnight in TBST with 10% FBS at 4 °C, 

washed in TBST, and treated with secondary antibodies at 

37 °C for 1 h in TBST. After washing, the cells were exam-

ined using an A1 confocal microscope (Nikon, Tokyo, Japan). 

Primary antibodies were anti-mouse-SOX2 (Sino Biological), 

anti-rabbit-KLF4 (Beyotime Biotechnology), anti-rabbit-

Phospho-FAK (Beyotime Biotechnology), and anti-nestin 

(Beyotime Biotechnology).

Ethical approval

Written informed consent was obtained from all patients, and 

the study protocol was approved by the Ethics Committee 

of the National Cancer Center/Center Hospital, Chinese 

Academy of Medical Sciences and Peking Union Medical 

College (Approval No. NCC20190-008).
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Results

Construction of the pair-wise sgRNA library 
and the strategy for screening experiments

We selected 84 genes based on previous CRISPR/Cas9  single 

gene knockout and transcriptional activation screening 

 studies13,21, and other mechanistic reports concerning the sin-

gle key genes involved in MAPKi resistance (Supplementary 

Table S3)7,11,12,14-16,18,19,24,27. These genes function in dif-

ferent biological processes, including basic transcription 

regulation, mitotic progression, cell death regulation, reg-

ulation of GTPase activity, chromatin covalent modifica-

tion, and the transmembrane receptor protein tyrosine 

kinase signaling pathway (Supplementary Figure S2A). We 

then used CRISPR-ERA to design sgRNAs that targeted the 

genes of interest, as well as a set of negative control sgRNAs 

(Supplementary Table S4)50.

To build the pair-wise sgRNA library, the synthesized and 

annealed sgRNA oligos were grouped into a negative con-

trol sgRNA pool and 3 positive sgRNA pools. The 3 positive 

sgRNA pools contained 3 sets of sgRNAs targeting 84 single 

genes (Supplementary Figure S2B). Each sgRNA pool was 

separately cloned into intermediate vectors with either the 

human U6 or 7SK promoter using the Golden Gate clon-

ing method, to generate single sgRNA libraries with ~100× 

transformation coverage (Supplementary Figure S2B). To 

link the single-wise sgRNA libraries into pair-wise sgRNA 

libraries, 2 single sgRNA libraries were simultaneously cloned 

into the lentiviral vector by using a second Golden Gate reac-

tion, to generate sublibraries with 10× transformation cov-

erage (Supplementary Figure S2B). All sublibraries were 

mixed in equimolar amounts to generate the total pair-wise 

sgRNA library that contained more than 40,000 pair-wise  

sgRNA combinations targeting zero (negative control),  

1 (single-wise), or 2 genes (pair-wise) among the 84 selected 

genes (Supplementary Figure S2B). Cas9-expressing A375 

cells (Cas9-A375) were infected with a low titer of the pair-

wise sgRNA library to increase the likelihood of single copy 

lentiviral integration into each genome (Figure 1A). After 

puromycin selection to ensure sufficient lentiviral integra-

tion and Cas9 knockout, infected A375 cells were treated with 

vemurafenib or DMSO for 10 days (Figure 1A). To assess the 

reproducibility of our high-throughput method, we inde-

pendently performed the screening experiment twice. Then, 

the abundances of pair-wise sgRNA combinations in different 

cell populations were quantified by paired-end deep sequenc-

ing of 2 variable sgRNA spacer sequences. The abundances 

were used as a proxy for cell fitness under different treatments 

(Figure 1A). In addition, over 92% of sgRNA combinations 

were recovered in samples of the plasmid library, and cells from 

replicates 1 or 2 in the baseline day (Supplementary Figure 

S2C). We showed that the abundances of individual pair-wise 

sgRNA combinations in plasmid samples were highly corre-

lated with those in either T0 sample, with Pearson’s correla-

tion coefficient > 0.75 (Supplementary Figure S2D and S2E), 

and the plasmid frequencies of the 3 samples were also evenly 

distributed (Supplementary Figure S1).

Phenotypic evaluation of the pair-wise sgRNA 
library

To quantify the growth phenotype of Cas9-A375 cells with 

different pair-wise sgRNA perturbations in response to 

vemurafenib treatment, we defined the r score, which was 

adapted from previous studies (see details in the Materials and 

Methods)34. When mutant Cas9-A375 cells showed resistance 

to vemurafenib treatment compared to wild-type cells, the r 

score was greater than 0. In contrast, a r score below 0 indi-

cated that cells were more sensitive to vemurafenib treatment 

than wild-type cells. From the testing experiments above, we 

found that sgRNA driven by either U6 or 7SK could equally 

cause mutations in a given target gene (Supplementary 

Figure S3). We used the averaged r scores of pair-wise sgRNA 

combinations targeting the same gene or gene pair after 

excluding the minimal and maximal scores as the r score of 

the corresponding single gene or gene pair perturbation for 

further analyses. To identify strong growth phenotypes, we 

analyzed the distribution of obtained r scores and arbitrar-

ily set the 10th and 90th percentiles as thresholds, selecting 68 

gene pairs with strong sensitizing phenotypes and 159 gene 

pairs with strong protective phenotypes, respectively, for fur-

ther analysis (Supplementary Figure S4A and Supplementary 

Table S5). In addition, we found that r scores below the 10th 

percentile threshold and above the 90th percentile threshold 

were well correlated in 2 screening replicates, with a Pearson’s 

correlation coefficient of 0.949 (Supplementary Figure S4B). 

We then constructed a network of identified gene pairs with 

strong r scores. We found 8 genes as the top 10% strong hubs, 

including 6 genes involved in the protective phenotype and 2 

genes involved in the sensitizing phenotype (Supplementary 

Figure S4C).
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Calculation of GI scores from phenotypic scores

To effectively analyze the genetic interaction strength, we per-

formed a linear regression analysis by using the r scores of 84 

single gene perturbations versus the r scores of gene pair per-

turbations that shared a common bait gene (Supplementary 

Figure S5A). This strategy for calculating GI scores was based 

on the assumption that strong GIs are usually rare in large 

gene networks38. The linear fit represented the expected phe-

notype (expected) of gene pair perturbation, and GI scores of 

gene pair perturbations were calculated as the deviation from 

the expected phenotype to the observed phenotype (observed) 

(Supplementary Figure S5A). We observed a large number of 

gene pair perturbations resulting in small GI scores outside 

the linear fit with a 99% confidence interval, suggesting that 

further selection criteria may be needed to choose strong GI 

gene pairs (Supplementary Figure S5A).

To select strong and reliable GIs, we also analyzed the over-

all distribution of obtained GI scores. Similarly, we defined 

the 10th and 90th percentiles of the GI score distributions as 

arbitrary thresholds for selecting strong GIs (Supplementary 

Figure S5B). It has been reported that weak genetic interac-

tions often produce a low correlation between GI scores derived 

from different screening replicates45. Thus, we analyzed the 

association of GI scores between 2 independent screening rep-

licates. We found that 59 gene pairs below the 10th percentile 

threshold and 43 gene pairs above the 90th percentile threshold 

were highly consistent between the 2 replicates, with an over-

all Pearson’s correlation coefficient of 0.924 (Supplementary 

Figure S5C and Supplementary Table S6). In contrast, weak 

GIs were less correlated between 2 replicates compared to the 

strong GIs. To assay the relationships among these identified 

genes and thus identify important biomarkers51, we constructed 

a GI network by using the strong GI gene pairs (Figure 1D).  

Seven genes, including ITGB3, GBP2, BUB1B, PRKRA, YAP1, 

RAP1GAP2, and HDAC6, were identified as hubs with top 

ranked dense connectivities with other gene nodes (Figure 1D).  

Notably, only RAP1GAP2 was recognized as the hub node in 

both networks constructed with strong GI scores and strong r 

scores (Figure 1D and Supplementary Figure S4C).

Phenotypic confirmation of candidate genetic 
interaction pairs 

We confirmed that the GI scores of all 4 selected gene pairs 

(ITGB3 + IGF1R, ITGB3 + Jun, NF2 + CCNC, and HDGF + 

LGR5) fell outside the linear fit with a 99% confidence inter-

val (Figure 2A–2C, Supplementary Figure S6A and S6B, S6D 

and S6E, and S6G and S6H). Subsequently, we compared the 

normalized read counts of pair-wise sgRNA perturbations to 

the normalized read counts of single sgRNA perturbations 

and negative control sgRNAs (Figure 2C and Supplementary 

Figure S6C, S6F, and S6I). We confirmed that pair-wise genetic 

perturbations of ITGB3 + IGF1R and ITGB3 + Jun resulted 

in strong sensitizing phenotypes, and perturbation of NF2 + 

CCNC caused a strong protective phenotype (Figure 2C and 

Supplementary Figure S6C, S6F, and S6I).

For gene pairs of ITGB3 + IGF1R and NF2 + CCNC, we 

engineered 3 Cas9-A375 cell lines that expressed either the 

EBFP or EYFP fluorescent protein along with a single sgRNA 

targeting individual genes or expressed 2 sgRNAs and the 

mKate fluorescent protein. The 3 engineered Cas9-A375 cell 

lines with either single or pair-wise gene perturbation(s) were  

mixed with Cas9-A375 cells in 4 equal proportions and 

cultured with vemurafenib or DMSO for up to 12 days 

(Figure 2D). By using flow cytometry analysis, we confirmed 

that perturbations of ITGB3 + IGF1R gene pairs generated a 

sensitizing growth phenotype (Figure 2E and Supplementary 

Figure S7A) and that perturbation of the NF2 + CCNC gene 

pair caused a protective growth phenotype (Figure 2F and  

Supplementary Figure S7B). Next, we assayed the growth 

phenotypes of A375 cells after treatment with clinically 

approved small molecular weight inhibitors, including cilen-

gitide for ITGB3, linsitinib for IGF1R, and JNK-IN-8 for the 

downstream effector of Jun-c-Jun N-terminal kinase 1 (JNK). 

Consistent with our previous findings, when A375 cells were 

treated with a combinatorial treatment of varying amounts of 

cilengitide and linsitinib, a significant sensitizing growth phe-

notype and a strong synergistic effect were observed (Figure 

2G). Additionally, because Jun lacks an inhibitor at the pro-

tein level, the small molecule JNK-IN-8 was used to inhibit 

JNK, which is the upstream regulator of Jun52. We confirmed 

that co-targeting JNK and ITGB3 also cooperatively sensitized 

A375 cells to vemurafenib (Figure 2H). We subsequently asked 

whether these combinatorial hits were also potentially applica-

ble in other cancer types and whether the use of vemurafenib 

+ trametinib or dabrafenib + trametinib plus the combina-

torial adjuvant hits would achieve a superior effect compared 

with the sole use of vemurafenib or dabrafenib. We thus tested 

cell viabilities by using the combinatorial drug regimens of 

cilengitide + linsitinib and cilengitide + JNK-IN-8 across mul-

tiple cancer cell lines, including melanoma (MeWo), head and 
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neck squamous carcinoma (FaDu), and breast cancer (MCF7) 

cells. The cell viability results showed that the melanoma 

MeWo cell line was sensitized by all 3 combinations, except 

cilengitide + JNK-IN-8 paired with vemurafenib + trametinib 

(Supplementary Figure S8). In contrast, FaDu was sensitized 

only by cilengitide + JNK-IN-8 paired with dabrafenib alone 

or dabrafenib + trametinib. However, in the breast cancer cell 

line MCF7, only cilengitide + JNK-IN-8 paired with dabrafenib 

produced sensitization (Supplementary Figure S8). Notably, 

we found that the combinatorial use of MAPKi had a minor 

function in enhancing the cooperative adjuvant combinatorial 

sensitizing effects. These results indicated that our pair-wise 

sgRNA screening strategy could be used to efficiently identify 

gene pairs with both sensitizing and protective phenotypes.

The synergistic sensitizing mechanisms 
of combinatorial drug treatments

To understand the mechanisms responsible for the synergis-

tic sensitization produced by using the drug combinations 

of vemurafenib + cilengitide + linsitinib and vemurafenib + 

cilengitide + JNK-IN-8, A375 cells were treated with 8 sub-

combinations of each group of triple drugs. Using qRT-PCR, 

we found that the relative mRNA expression of E-cadherin 

was dramatically elevated in cells treated with vemurafenib + 

cilengitide + linsitinib compared to cells treated with vemu-

rafenib alone or cilengitide + linsitinib (Supplementary 

Figure S9B). In contrast, the mRNA expression of vimentin in 

A375 cells treated with vemurafenib + cilengitide + linsitinib 

sharply declined compared to that in A375 cells treated with 

cilengitide + linsitinib (Supplementary Figure S9C). These 

results indicated that a potential cellular transformation from 

the mesenchymal status to the epithelial status was induced 

in A375 cells with the administration of triple drugs (vemu-

rafenib + cilengitide + linsitinib).

As a hub node in the genetic interaction network of vemu-

rafenib resistance (Figure 1D), both ITGB3 and IGF1R are 

responsible for the reactivation of ERK1/223,53. By using 

Western blot, we found that linsitinib was essential for 

repressing the expression of phospho-ERK1/2 (Figure 3A), 

suggesting that IGF1R rather than ITGB3 might be the main 

relay for the reactivation of ERK. In addition, vemurafenib 

blocked the activity of BRAFV600E. Notably, vemurafenib and 

linsitinib cooperatively inhibited the promotion of β-catenin 

by cilengitide (Figure 3B). Furthermore, cilengitide and 

vemurafenib synergistically enhanced the level of cleaved 

caspase-3 (Figure 3C). These results suggested that lins-

itinib + cilengitide cooperated to decrease the downstream 

oncogenic signal of BRAFV600E, cilengitide played a key role 

in inducing apoptosis with vemurafenib, and linsitinib lim-

ited the oncogenic effect of cilengitide in upregulating the 

expression of β-catenin.

We also examined the protein levels of cleaved caspase-3 and 

phospho-ERK1/2 in the 8 subcombinations of vemurafenib + 

cilengitide + JNK-IN-8, showing that among the groupings of 

these 3 drugs, vemurafenib + JNK-IN-8 epistatically reduced 

the expression of phospho-ERK1/2 relative to treatment with 

vemurafenib alone (Figure 3D). Triple drug treatment (vemu-

rafenib + cilengitide + JNK-IN-8) had a considerable impact 

on the induction of cleaved caspase-3 (Figure 3E). These results 

showed that the cooperative sensitizing phenotype of cilengitide 

+ JNK-IN-8 during vemurafenib pressure was achieved by the 

joint stimulation of apoptotic facilitators through co-targeting 

of ITGB3 + JNK and the inhibition of the oncogenic signal of 

phosphorylated ERK1/2 through targeting of JNK.

Clinical relevance of combinatorial targets

To bridge the gap between our in vitro results and the demands 

of clinical applications, we aimed to examine the expression of 

genes and proteins from the candidate synergistic pairs in mel-

anoma patients, which might have a potential impact on cur-

rent clinical practices for melanoma treatment. Because NF2 

was reported as a vital tumor suppressor54, we constructed a 

Kaplan-Meier plot of data from 8,277 patients in the ICGC55 

melanoma database to identify the relationship of NF2 gene 

combinatorial growth competition assay. The r scores were calculated by using the relative abundances of individual Cas9-A375 derivatives  
(see details in the Materials and Methods). The data are the mean ± s.d. (N = 3) from 3 independent replicates. “*” designates significant  
difference (P < 0.01) between single and pair-wise sgRNA perturbations tested by unpaired 2-tailed Student’s t-tests. (G, H) Cilengitide, lins-
itinib, and JNK-IN-8 are small molecular weight inhibitors of ITGB3, IGF1R, and JNK, respectively. A375 cells were treated with the indicated 
amounts of inhibitors. Vemurafenib resistance strength was calculated based on the number of live cells from different treatment groups. Data 
points are the mean ± s.d. (N = 4) from 3 independent replicates. “*” designates significant difference (P < 0.01) between single drug and 
combinatorial drug treatments tested by unpaired 2-tailed Student’s t-tests.
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expressions in melanomas and patient survivals (Figure 4A). 

We found that a decreased Neurofibromin 2 (NF2) mRNA level 

was associated with a shortened survival in melanoma patients 

(PNF2 < 5.204 × 10-9). It has been reported that integrin subu-

nit beta 3 (ITGB3) is positively related to a higher frequency 

of malignant melanomas than benign lesions, and insulin-like 

growth factor 1 receptor was found to be involved in adap-

tive bypass of BRAFV600E inhibition44,56. After analyses of the 

clinical survival information of melanoma patients with BRAF 

mutations using TCGA database57, we performed survival 

analyses that associated the discretized NF2, ITGB3, and IGF1R 

expression status (higher, high, medium, low, and lower) of 

every individual patient with overall survivals. Notably, we 

found that BRAF mutation patients with lower expressions of 

ITGB3 and IGF1R exhibited a significantly higher survival than 

patients in the other groups (Figure 4B and 4C).
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Using CD133 and BMI1 as biological markers of cancer 

malignancy58,59, we found that melanoma patient tissues 

with high grade expression of CD133 and BMI1 were asso-

ciated with high levels of ITGB3, IGF1R, and JNK, as well 

as co-expression of LGR5 + HDGF (Figure 4D–4H), where 

these hits were selected from the pair-wise sgRNA screening 

library and calculated as efficient synergistic pairs for sensi-

tizing BRAFi resistance. We also found that G-protein cou-

pled receptor 5 (LGR5) and hepatoma-derived growth factor 

(HDGF) were usually co-expressed with CD133. Because 

LGR5 is a biomarker for hair follicle stem cells, it plays a role 

in sustaining skin homeostasis, and the cells expressing this 

protein are thought to be a subset of cells with high stemness 

that contribute to tumor development60,61. We also found 

that HDGF and LGR5 co-localized morphologically in the 

microvasculature regions, suggesting that HDGF and LGR5 

might both be involved in tumor angiogenesis and cancer 

stemness.

Thus, we were particularly interested in the combinatorial 

targets of ITGB3 + IGF1R, ITGB3 + JNK, and HDGF + LGR5, 

not only because of their high clinical significance, but also 

because ITGB3 + IGF1R and ITGB3 + JNK are FDA-approved 

drug targets, and HDGF + LGR5 potentially interact in a phys-

ical complex to contribute to tumor angiogenesis and cancer 

stemness.

HDGF and LGR5 specifically respond to MAPK 
inhibitors as protein complexes, and complex 
formation is regulated by cilengitide + 
linsitinib and cilengitide + JNK-IN-8

HDGF has been implicated in cancer cell proliferation and 

angiogenesis62,63. However, it has been usually studied as a 

nuclear targeting mitogen that exerts its effect through inter-

nalization64. How HDGF regulates intracellular signals by 

interacting with cell surface receptors remains unknown. We 

found that HDGF and LGR5 usually co-localized in the cel-

lular polarized tip apex of the A375 cell membrane, especially 

in morphologically mesenchymal-like cells (Figure 5A). We 

further showed that HDGF physically interacted with the cell 

surface protein, LGR5, in A375 cells with or without vemu-

rafenib + trametinib treatment or vemurafenib treatment 

alone. However, the abundance of the HDGF-LGR5 com-

plex increasingly responded to MAPKi stress in A375 cells 

(Figure 5B). Moreover, the A549 and H1299 cell lines also 

showed highly active complex formation of LGR5-HDGF 

during dabrafenib treatment (Supplementary Figure S10). 

These data suggested that HDGF may physically associate with 

LGR5 as a response mechanism to the stress of MAPK signa-

ling inhibition. In contrast to these results, a normal melano-

cyte cell line, PIG1, showed decreased HDGF-LGR5 complex 

formation in response to the addition of vemurafenib + tra-

metinib or vemurafenib alone (Figure 5C), and the cell viabil-

ity of PIG1 stalled after 72 h with the adjuvant perturbation 

of HDGF and LGR5 (Supplementary Figure S11), suggesting 

that the complex might be essential for cell viability during 

MAPKi stress. However, we found that vemurafenib + cilen-

gitide + linsitinib decreased HDGF-LGR5 complex formation, 

whereas complex formation was dramatically increased when 

vemurafenib + cilengitide was added along with the MAPK 

inhibitor, JNK-IN-8 (Figure 5D).

We also found that the protein level of CD133 was increased 

when A375 cells were treated with vemurafenib + cilengitide 

+ JNK-IN-8, but the effective co-inhibition of HDGF and 

LGR5 in A375 cells abrogated the CD133 expression stimu-

lated by vemurafenib + cilengitide + JNK-IN-8 (Figure 5E, 

Supplementary Figure S12, and Supplementary Table S7). 

These results suggested that the expression of CD133 may be 

associated with the formation of the LGR5-HDGF protein 

complex.

In summary, a potential relationship was found between 

responsive HDGF-LGR5 complex formation and emerging 

MAPKi resistance. These results indicated that LGR5 and 

HDGF might be critical adaptive mechanisms in the process 

of MAPKi resistance.

Disruption of both HDGF and LGR5 
synergistically represses the emergence 
of BRAFi-responsive oncogenic signals

Kruppel-like factor 4 (KLF4) and sex-determining region 

Y-box 2 (SOX2) have been reported as essential transcription 

factors that maintain CSC stemness and invasion activity in 

melanomas, in addition to many other cancer cells65-71. We 

further observed that digenic knockdown of HDGF and LGR5 

inhibited the nuclear localization of KLF4 (Figure 6A). In 

addition, SOX2 could also be essential for the preservation of 

cancer stemness (Rybak and Tang, 2013), and the heterodimer-

ization of KLF4 and SOX2 is an important indicator of the ini-

tiation of CSC pluripotency67. We found that co-localization 

of KLF4-SOX2 was predominantly abrogated (Figure 6A). It 

was also equally important that phospho-FAK, whose nuclear 
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localization has been shown to be an indicator of accelerated 

cell proliferation and enhanced cell survival72, was excluded 

from the cell nucleus in the tri-drug group (Figure 6A). We 

also observed that the expression of nestin, another CSC 

marker that indicates poor prognosis73,74, was decreased 

when HDGF and LGR5 were simultaneously knocked down 

and vemurafenib was added (Figure 6B). Consistently, BMI1, 

CD133, and NGFR were downregulated by HDGF and LGR5 

double knockdown with exposure to BRAFi in A375 cells 

(Figure 6B). However, the combination of vemurafenib + tra-

metinib was the only drug pair that downregulated the expres-

sion of OCT4, but not other CSC markers, implying its limited 

function in cancer stemness inhibition. Together, these results 

suggested that HDGF and LGR5 might play a necessary role in 

the responsive activation of stemness signals and induction of 

MAPKi resistance.

Typically, TGFβ3 is a positive modulator of the PI3-kinase/

AKT signaling pathway and a bypass signaling molecule 

promoting survival when MAPK signaling is inhibited75. 

Moreover, phospho-SMAD2, a tumor suppressor in mela-

nomas76, was found to be essential for nelfinavir to sensitize 

MAPKi resistance by repressing PAX3-mediated upregulation 

of MITF77. We found that phospho-SMAD2 was downreg-

ulated in SK-MEL-28 cells by the pair-wise perturbation of 

HDGF and LGR5 (Figure 6C), and we did not observe com-

plex formation between LGR5 and HDGF in SK-MEL-28 cells 

(Supplementary Figure S13). In contrast, phospho-SMAD2 

was not affected by the pair-wise perturbation of HDGF and 

LGR5 in A375 cells (Figure 6C). Together, these results sug-

gested that HDGF-LGR5 complex formation might be a pro-

tective mechanism allowing specific kinds of tumor cells to 

sense MAPK repression, and thus strengthen tumor stemness 

for enhanced survival (Figure 6D).

BRAFi with adjuvant genetic perturbation of 
HDGF-LGR5 sensitizes spheroid formation in 
cancer cells

Because LGR5 has been considered a specific stem cell marker 

within the hair follicle and intestine60,78, and to validate the 

MAPKi sensitizing effect of co-inhibition of HDGF and LGR5, 

we determined the spheroid formation ability in A375 cells 

and expanded our investigated cancer types to hepatoma 

and NSCLC cancer cells, which could better illustrate the 

stemness maintenance property of LGR5. We therefore used 

the AnaSP and ReViSP evaluation methods to analyze the 

spheroid parameters and then produced 3D image reconstruc-

tions47,48. The spheroid parameters were analyzed mainly in 

terms of volume, convexity, solidity, sphericity, and quantity. 

We found that spheroids originating from different cancers 

exhibited different morphological patterns. For example, A375 

and H1299 grew as a single spheroid, but MHCC97H was  

composed of many individualized clones (Figure 7A–7F and 

Supplementary Figure S14). For A375 cells, we observed that 

the volumes of spheroids during treatment with vemurafenib 

+ siHDGF + siLGR5, vemurafenib + siHDGF, vemurafenib + 

siLGR5, and vemurafenib + trametinib were not significantly 

different. However, the volumes associated with these com-

binations were decreased compared to those of other combi-

natorial groups, including the single use vemurafenib group 

(Figure 7B and 7C). We next analyzed the spheroid parameters 

of convexity, solidity, and sphericity to evaluate the morpho-

logical quality of spheroid formation48, and found that vemu-

rafenib + siHDGF + siLGR5 disrupted the A375 spheroid 

morphology by influencing convexity, solidity, and sphericity, 

when compared to other groups (Figure 7B and 7C). In H1299 

cells, we found that dabrafenib + siHDGF + siLGR5 and dab-

rafenib + trametinib resulted in equal decreases in spheroid 

volumes (Figure 7D and 7E). Simultaneously, these two com-

binations achieved the highest efficiency in controlling the 

volume of spheroids among these combinations of perturba-

tions (Figure 7E). Notably, the use of 5 µM dabrafenib or 5 

µM dabrafenib + 100 nM trametinib had an equivalent minor 

impact on the prohibition of MHCC97H spheroid counts and 

areas, when compared to the negative control group. However, 

the MHCC97H spheroids exhibited remarkable reductions in 

quantity and area in the HDGF + LGR5 interference group 

when treated with dabrafenib (Supplementary Figure S14). 

Together, these results showed that pair-wise genetic pertur-

bation of HDGF and LGR5 with the addition of MAPKi effi-

ciently disrupted the formation of tumor spheroids in the 3D 

growth environment.

Discussion

Using conventional strategies of dissecting vemurafenib resist-

ance in BRAFV600E melanomas, various key players in multi-

ple signaling pathways have been identified10,14,24,31. Because 

of the complexity of BRAFV600E melanomas in response to 

vemurafenib intervention79,80, it is essential to use a system-

atic approach to analyze genetic interactions between impor-

tant gene nodes. To accomplish this goal, we developed a 
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CRISPR/Cas9-based pair-wise sgRNA functional screening 

and data mining platform, enabling us to systematically eval-

uate paired functional interactions among 84 genes involved 

in vemurafenib resistance. Although inhibiting a single target 

gene, such as ROCK1 and NGFR, can sensitize vemurafenib- 

resistant melanoma cells14,24, our results showed that pair-wise 

perturbation of ROCK1 + NF2 or NGFR + NF2 conferred a 

strong protective phenotype during vemurafenib treatment 

(Supplementary Figure S5A and S5B). Furthermore, our 

identified drug combinations (cilengitide + linsitinib and 

cilengitide + JNK-IN-8) strongly sensitized A375 cells to 

vemurafenib single drug intervention. These combinations 

have not previously been reported as effective adjuvant regi-

mens for overcoming drug resistance in tumors. In conclusion, 

these results highlighted the importance of studying genetic 

interactions among the genes involved in drug resistance.

While r scores quantified the growth phenotypes of sgRNA 

perturbations, GI scores reflected the extent of enhancement 

or inhibition relationships between 2 genes in response to 

drug treatment. Both types of information could be useful 

and are sometimes complementary to each other. Although 

the GI score alone may offer insights into strongly interacting 

genes, the r score, but not the GI score, can provide informa-

tion on whether these strongly interacting genes are essential 

in the drug resistance phenotype. Consistent with previous 

findings38, we showed that weak genetic interactions displayed 

a low correlation among different screening replicates. In our 

study, the number of gene pairs with strong GI scores was 

smaller than the number of pairs with strong r scores, suggest-

ing that genetic interactions may be more sensitive to exper-

imental settings than cell growth phenotypes. Combining 

genetic interactions and growth phenotypes may therefore 

provide insightful information regarding cellular responses to 

drug interventions.

This study found that cilengitide + linsitinib and cilen-

gitide + JNK-IN-8 sensitized A375 cells to vemurafenib. 

Although both drug combinations shared a common target, 

the drug cooperation mechanisms might differ, especially in 

their downstream effects on HDGF and LGR5 complex for-

mation. Identifying multiple drug combinations for different 

genetic conditions is therefore necessary to provide effec-

tive cancer therapy via mutual neutralization of side effects 

caused by individual drug treatments81 and cooperative inhi-

bition of multiple key targets to induce drug resistance. More 

importantly, because drug resistance has been frequently 

used in clinical practice during treatment with vemurafenib, 

dabrafenib, vemurafenib + trametinib, and dabrafenib + tra-

metinib82,83, finding a therapeutic solution that overcomes 

the setbacks encountered with the current treatments at the 

molecular level may prolong patient survival. In the present 

study, we showed that the combined use of vemurafenib + 

trametinib blocked the expression of OCT4, which also plays 

a role in the maintenance of normal somatic stem cells84; 

however, CSC markers such as NGFR, BMI1, CD133 and nes-

tin were not downregulated in the vemurafenib + trametinib 

group (Figure 6B), although these highly malignant factors 

have been thought to be the cause of tumorigenicity and can-

cer recurrence14,74,81,85,86. Thus, comparing the mechanistic 

molecular differences among different therapeutic combi-

nations is advantageous for identifying tumor vulnerabilities 

when resistance arises. It is well-known that LGR5 is one of 

the best prognostic biomarkers for drug resistance or tumor 

relapse for many types of cancers87-89 and has been usu-

ally reported as an activator of the Wnt/β-catenin signaling 

pathway90.

However, the abundance of nuclear-localized HDGF is 

considered a remarkable prognostic factor in various can-

cers91,92, but its function in cancer has never been identified. 

In the present study, we proposed a novel molecular mech-

anism involving its prognostic significance, suggesting that 

LGR5 formed a protein complex with HDGF on the cell 

membrane, to function as a MAPKi response element, and 

promote cell survival by enhancing cancer stemness and the 

nuclear localization of FAK to protect tumor cells against 

MAPKi agents. This adaptive complex-forming mechanism is 

a newly discovered function that differs from the previously 

combinatorial genetic perturbations of HDGF and LGR5 with or without MAPKi. Bar plots show the mean ± s.d. (N = 3) from 3 independent 
replicates. “*” and “**” designate significant differences (P < 0.05 and 0.01, respectively) between the combinatorial drug regimen of vemu-
rafenib + siHDGF + siLGR5 and other drug treatments using the unpaired 2-tailed Student’s t-test. (D) Images of H1299 spheroids during drug 
perturbations in different combinations. Images were captured with a 4× microscope objective. (E) The 3D reconstruction images of H1299 
spheroids. (F) Estimated volume of H1299 spheroids with combinatorial genetic perturbations of HDGF and LGR5 with or without MAPKi. Bar 
plots show the mean ± s.d. (N = 3) from 3 independent replicates. “**” designates significant difference (P < 0.01) between the combinatorial 
drug regimens of vemurafenib + siHDGF + siLGR5 and other drug treatments using the unpaired 2-tailed Student’s t-test.
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well characterized roles of LGR5 in the R-spondin-LGR5-

Wnt/β-catenin axis and the previously defined functional 

mitogenic role of HDGF in the nucleus91,92. To the best of our 

knowledge, this is the first report of an adaptive protein com-

plex formation mechanism that affects resistance to MAPKi 

in cancer cells, so it is important to characterize the protein 

interaction interfaces between HDGF and LGR5 in future 

studies to develop potential drugs to block the formation of 

the HDGF-LGR5 protein complex.

Conclusions

In summary, we used a pooled pair-wise sgRNA screening and 

data analysis pipeline to comprehensively study the genetic 

interactions involved in vemurafenib resistance, which may 

facilitate an understanding of vemurafenib resistance mech-

anisms in many types of cancer cells. In addition, our strategy 

to identify sensitizing and protective gene pairs led to the dis-

covery of novel combinatorial targets with clinical relevance, 

especially for the drug regimen of cilengitide + linsitinib and 

genotype combination of HDGF- + LGR5-, which were found 

to be potent in overcoming MAPKi resistance in multiple 

cancer cells, which provided novel biological insights into a 

responsive protein complex formation mechanism that can 

adapt cancer cells to environmental stress. Combined with the 

clinical sample data, we propose that these insights can pro-

vide therapeutic opportunities.
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