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Abstract

TWIST1, an epithelial-mesenchymal transition (EMT) transcription factor, is critical for 

oncogene-driven non-small cell lung cancer (NSCLC) tumorigenesis. Given the potential of 

TWIST1 as a therapeutic target, a chemical-bioinformatic approach using connectivity mapping 

(CMAP) analysis was used to identify TWIST1 inhibitors. Characterization of the top ranked 

candidates from the unbiased screen revealed that harmine, a harmala alkaloid, inhibited multiple 

TWIST1 functions including single-cell dissemination, suppression of normal branching in 3D 

epithelial culture, and proliferation of oncogene driver-defined NSCLC cells. Harmine treatment 

phenocopied genetic loss of TWIST1 by inducing oncogene-induced senescence or apoptosis. 

Mechanistic investigation revealed that harmine targeted the TWIST1 pathway through its 

promotion of TWIST1 protein degradation. As dimerization is critical for TWIST1 function and 

stability, the effect of harmine on specific TWIST1 dimers was examined. TWIST1 and its dimer 

partners, the E2A proteins, which were found to be required for TWIST1-mediated functions, 

regulated the stability of the other heterodimeric partner post-translationally. Harmine 

preferentially promoted degradation of the TWIST1-E2A heterodimer compared to the TWIST-

TWIST1 homodimer and targeting the TWIST1-E2A heterodimer was required for harmine 

cytotoxicity. Finally, harmine had activity in both transgenic and patient-derived xenograft (PDX) 

mouse models of KRAS mutant NSCLC. These studies identified harmine as a first-in-class 

TWIST1 inhibitor with marked anti-tumor activity in oncogene-driven NSCLC including EGFR 
mutant, KRAS mutant and MET altered NSCLC.

Keywords

KRAS; TWIST1 inhibitor; lung cancer; EMT; E2A

INTRODUCTION

As the leading cause of cancer deaths in the U.S. and worldwide, lung cancer remains a 

major public health problem. Recent advances in classifying non-small cell lung cancer 

(NSCLC) into molecularly-defined subgroups that respond to targeted therapies have shifted 

the treatment paradigm in NSCLC from standard chemotherapy to a personalized 

therapeutic approach. While initial response rates to these targeted therapies are high, 

resistance is all but inevitable (1–3). Additionally, patients with the most frequent molecular 

driver, mutant KRAS, lack effective targeted therapies (4). New strategies are needed to 

effectively and durably target oncogene-driven NSCLC.

Epithelial-mesenchymal transition (EMT) is a reversible biological process that allows for 

the transdifferentiation of epithelial cells to adopt a mesenchymal phenotype, resulting in an 

increase in motility and a loss of epithelial polarity (5). EMT-transcription factors (EMT-TF) 

such as the TWIST, SNAIL and ZEB proteins are drivers of the EMT transcriptional 
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program. Expression of EMT-TFs and subsequent induction of EMT is associated with 

invasion, dissemination, metastasis, suppression of oncogene-induced senescence (OIS) and 

apoptosis, and promotion of a cancer stem cell phenotype (5,6). Additionally, induction of 

EMT and expression of EMT-TF have also been implicated in resistance to chemotherapy, 

radiation and targeted therapies (2,7,8). Developing molecules that can effectively inhibit the 

activity of EMT-TFs would have significant therapeutic implications given the diverse role 

of EMT-TF in both tumorigenesis, metastasis and therapeutic resistance.

We previously demonstrated that TWIST1 is required for tumorigenesis in NSCLC 

characterized by defined oncogenic drivers including KRAS mutant, EGFR mutant and 

MET amplified/mutant tumors (9,10). We have also demonstrated that Twist1 cooperates 

with mutant Kras to induce lung adenocarcinoma in vivo and that suppression of Twist1 

expression can lead to OIS and oncogene-induced apoptosis (OIA) (9,10). TWIST1 has been 

shown to promote tumorigenesis in breast and prostate carcinomas through induction of 

EMT, invasion, and metastasis as well as suppression of OIS and apoptosis (11–17). While 

TWIST1 has been implicated in tumorigenesis through its ability to promote EMT and 

metastasis, we have demonstrated that TWIST1 in oncogene-driven NSCLC functions to 

primarily suppress OIS and OIA (9,10). Taken together, data from these previous studies 

suggests that pharmacological inhibition of TWIST1 may be a valuable therapeutic strategy 

across multiple solid tumors. In the current study, we identified and characterized harmine as 

the first pharmacologic inhibitor of TWIST1 with significant anti-tumor activity in 

oncogene-driven lung cancer.

Materials and Methods

Cell Lines and Reagents

All human non-small cell lung cancer cell lines, (A549, H460, H358, H23, H727, H23, 

Calu-1, Calu-6, PC-9, H1975, H3255, Hcc827, H1650, H1437, H596, H1648, and H1993) 

and embryonic kidney cell line HEK 293T were obtained from the American Type Culture 

Collection (ATCC) and grown in media as recommended by ATCC. Cell lines were 

authenticated using a short tandem repeat (STR) DNA profiling from the cell bank from 

which they were acquired. Cell lines were authenticated when initially acquired and every 

six months using a commercial vendor. Cell lines were tested for mycoplasma every six 

months using MycoAlert Detection Kit (Lonza). Harmine (286044-1G) and cyclohexamide 

(C4859) was purchased from Sigma-Aldrich and Q-VD-oPH (A1901) was purchased from 

ApexBio Technology.

Cell viability assays

For all harmine experiments, NSCLC cell lines were seeded in 96 wells at appropriate cell 

density based on their optimal growth rates. Following a 24 hour incubation, cells were 

treated with harmine for 24, 48, 72 hrs. For all E2A knockdown and Twist1-E2A harmine 

rescue experiments, NSCLC cell lines were seeded in 96 wells at appropriate cell density 

and were infected with lentivirus for 24 hours. Following 24 hours of infection, lentivirus 

was replaced with normal growth media or media with harmine. Cell viability was assessed 

at 24 and 48 hours following harmine treatment or at Day 4, 5 and 6. Cell viability was 
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assessed using CellTiter96® Aqueous One Solution Cell Proliferation Assay kit (Promega) 

or CellTiter-Glo (Promega) according to manufacturer’s protocol. For all viability 

experiments, experimental treatment groups were performed in quadruplet and experiments 

were performed at least twice to ensure consistent results. All viability data was normalized 

to its appropriate non-treated control. IC50 values were calculated using Prism V6 software.

SA-β-galactosidase staining

SA-β-galactosidase staining was performed as previously described utilizing the Senescence 

β-Galactosidase Staining Kit (Catalogue #9860) from Cell Signaling (10).

Colony formation assay

On day 4 or 6 after infection with the indicated shRNA lentiviruses, cells were plated in 12-

well plates at a density of 5,000–10,000 cells/well. On day 12, the cells were stained with 

crystal violet (0.5% in 95% ethanol) as previously described (10). For all colony forming 

experiments, experimental treatment groups were performed in triplicate and experiments 

were repeated at least twice to ensure consistent results.

Quantitative RT-PCR

Total RNA was isolated from cells using the QIAprep RNeasy Kit (Qiagen) according to 

manufacturer’s protocol. Using 1μg of RNA, cDNA was generated using the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). 34 ng equivalents of cDNA were 

applied for amplification of the transcript described below using an Applied Biosystems 

StepOne RT-PCR system (Perkin Elmer Applied Biosystems) for 40 cycles using the 

PowerUp™ SYBR® Green Master Mix (Perkin Elmer Applied Biosystems) or TaqMan® 

Universal PCR Master Mix (Perkin Elmer Applied Biosystems) according to manufacturer’s 

protocol. Taqman was used for determine baseline TWIST1 and TCF3 mRNA levels in Fig. 

3B, while SYBR Green was used in Fig. 4E. Following amplification, data was analyzed 

using the Applied Biosystems StepOne Real-Time PCR Software (Perkin Elmer Applied 

Biosystems). For each sample, the RNA levels of genes of interest were standardized using a 

housekeeping gene (18s) within that sample. The level of gene of interest was normalized to 

the expression of that gene from the appropriate comparator sample. Primer list is available 

in Supplementary Table 2–3.

Immunoblot analysis

After treatment with harmine or infection with lentivirus, cells were lysed and protein was 

quantified, prepared, and western blots were performed as previously described (10). 

Supplementary Table 4 contains details of primary antibodies used. The antigen-antibody 

complexes were visualized by chemiluminescence (ECL and ECL-plus reagent by GE 

Healthcare).

Connectivity MAP analysis

A gene signature after silencing of TWIST1 was generated based on our previous published 

data (10) and used to query against publically available gene expression profiles for a panel 
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of drugs (http://www.broad.mit.edu/cmap). Connectivity analysis was performed as 

previously described (19).

3D organoid assay

Generation of the 3D organoid system, activation of TWIST1, and subsequent analysis of 

dissemination and branching was performed as previously described (20).

Lentiviral shRNA and cDNA Overexpression Experiments

293T cells were seeded (4 × 106 cells) in T-25 flasks and lentiviral particles were generated 

using a four-plasmid system and infected as according to the TRC Library Production and 

Performance Protocols, RNAi Consortium, Broad Institute (21), and as previously described 

(10). A full list of constructs used is available in Supplemental Tables 5–7. The sequence of 

these constructs and any primers used are available upon request.

Luciferase promoter reporter assay

Luciferase promoter reporter assays were performed as previously described (18). Cell 

extracts were prepared 48 hours after transfection in passive lysis buffer, and the reporter 

activity was measured using the Dual-Luciferase Reporter Assay System (Promega).

Transgenic mice

All mice were housed in pathogen free facilities and all experimental procedures were 

approved by the Institutional Animal Care and Use Committee of The Johns Hopkins 

University.

Inducible Twist1/KrasG12D transgenic mice in the FVB/N inbred background were of the 

genotype: CCSP-rtTA/tetO-KrasG12D/Twist1-tetO-luc (CRT). All the mice were weaned 3–4 

weeks of age and then placed on doxycycline at 4–6 weeks of age. The CRT mice treated 

had similar levels of tumor burden per CT. Micro-CT imaging and quantification of tumor 

burden was performed as previously described (9).

For in vivo experiments, harmine was dissolved in normal saline by heating and sonication. 

The mice received 10 mg/kg harmine or saline via intraperitoneal injection daily, 5 days a 

week for 3 weeks.

For the 3D epithelial cell culture experiments, mammary organoids were isolated from the 

previously described, CMV::rtTA;TRE-Twist1 mice (9,20).

Histology and immunohistochemistry

Immunohistochemistry and Histology were performed as previously described (22). Primary 

antibodies were used at the following dilutions: Ki-67 at 1:2000 and cleaved caspase 3 at 

1:500.

Statistics

Student’s t-test was performed where indicated. For dissemination experiments (Figure 1C–

J), data did not follow a normal distribution, therefore non-parametric comparison testing 
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was performed (Kruskal-Wallis). For PDX experiment, a Student t-test was performed on the 

finalized tumor volumes between the harmine and vehicle treated groups.

RESULTS

Identification of novel TWIST1 inhibitors with a Connectivity MAP analysis

Transcription factors, such as TWIST1, have long been considered a potential therapeutic 

target for cancer, given their essential role in modulating transcriptional networks that drive 

tumorigenesis. Despite their potential as drug targets, effective small molecule therapies that 

inhibit transcription factor function remain elusive (23). Therefore, the identification of 

inhibitors of oncogenic EMT transcription factors would be a significant advance in cancer 

therapeutics and potentially lead to therapies which would not only inhibit tumor growth but 

metastatic potential as well. Connectivity mapping (CMAP) is a tool that compares gene 

signature changes associated with biological manipulation or disease to corresponding 

changes produced by potential drugs (19). In order to identify potential TWIST1 targeting 

chemical compounds, we utilized our previously published TWIST1 knockdown expression 

profile (10) as the query signature for CMAP analysis. CMAP analysis generated a rank list 

of the 6100 compounds based on statistical correlation between changes in global gene 

expression signature induced by drug versus that induced by TWIST1 knockdown (Fig. 1A, 

Supplementary Table 1). We selected eight of the top thirty ranked compounds based on a 

review of the literature suggesting that these compounds inhibited pathways important in 

tumorigenesis or anti-cancer activity. These compounds were evaluated for their respective 

cytotoxic activity in vitro in KRAS mutant NSCLC cell lines (Fig. 1A). Of these 

compounds, only four demonstrated anti-proliferative effects in NSCLC (Figure 1B). To 

identify inhibitors of TWIST1 that suppress TWIST1-dependent processes that are 

independent of proliferation such as single-cell dissemination, we utilized our previously 

published 3D organoid assay with primary breast epithelial cells derived from our 

doxycycline inducible CMV:rtTA;TRE-Twist1 mouse model (9,20). We have previously 

shown that expression of Twist1 inhibits normal branching morphogenesis and leads to rapid 

and widespread dissemination of primary breast epithelial cells from the 3D organoid (Fig. 

1C) which can be reversed by removing doxycycline from the medium (20). We therefore 

examined whether selected candidate compounds could inhibit the Twist1-dependent 

dissemination in this model. Remarkably, all of seven compounds tested resulted in a 

significant decrease in Twist1-mediated dissemination (Fig 1D–J) compared to the vehicle 

control (Fig. 1C). In this 3D organoid system, FGF2 treatment induces normal branching 

morphogenesis of primary breast epithelial cells (Supplementary Fig. 1A–C) (20). We next 

examined the ability of these compounds to restore FGF2-induced branching which we have 

previously shown is inhibited by Twist1 expression in this model (20). Two compounds, 

meteneprost and the harmala alkaloid, harmine were able to restore FGF2-induced 

branching in a dose dependent manner (Figure 1D, 1H) compared to the vehicle control (Fig. 

1C). Interestingly, three harmine analogues were in the top 80 compounds identified in the 

CMAP analysis, with two of the compounds being in the top 40 (Supplementary Table 1). 

Previous studies have reported that harmine and its analogues have marked anti-tumor 

activity (24–26). While two compounds screened, harmine and meteneprost, inhibited 

TWIST1-dependent single epithelial cell dissemination and TWIST1-suppresion of 
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epithelial organoid branching (Figure 1D, 1H), harmine was the only compound screened 

that inhibited growth in lung cancer cell lines as well as the aforementioned TWIST1-

dependent functions in our mammary 3D organoid system. Given these factors, we decided 

to further characterize the biological activities of harmine as a TWIST1 inhibitor.

Harmine inhibits growth in oncogene driver defined NSCLC cell lines and phenocopies 
loss of TWIST1

We first characterized the growth inhibitory effects of harmine (Fig. 2A) across a panel of 

oncogene driver defined NSCLC lines which we had previously reported as dependent on 

TWIST1 expression (10). Similar to genetic silencing of TWIST1, we found harmine 

treatment to be cytotoxic across the panel of oncogene driver defined NSCLC lines (KRAS 
mutant, MET amplified/mutant, and EGFR mutant) (Fig. 2B). While harmine was more 

potent in cell lines with high TWIST1 levels (Fig. 2B), harmine also had activity in cell lines 

with low TWIST1 expression (Supplementary Fig. 2) (27). Additionally, harmine had 

activity in NSCLC cell lines with primarily epithelial or mesenchymal phenotypes, 

suggesting that the activity of harmine is independent of EMT status (27–29). We had 

previously demonstrated that inhibition of TWIST1 leads to oncogene-induced senescence 

(OIS) in KRAS mutant NSCLC lines (9). Similar to silencing of TWIST1, treatment of the 

KRAS mutant NSCLC lines A549, H460, and H358 with harmine-induced changes 

characteristic of OIS, including positive Senescence-Associated Beta-galactosidase (SA-β-

Gal) staining and induction of p21 and p27 (Fig. 2C). We also found that harmine treatment 

induced OIS in NSCLC cell lines with EGFR and MET mutations (Supplementary Fig. 3A–

B). We have previously shown that TWIST1 is required for suppression of OIA in a subset 

of lung cancer cells including Calu-6 and H23 (10). Consistent with a TWIST1-suppressive 

effect, after harmine treatment, we observed a significant induction of apoptosis, in a dose 

dependent manner in both lines (Supplementary Fig. 4A). The growth inhibition by harmine 

in these cells was dependent on apoptosis as co-treatment with the pan caspase inhibitor, Q-

VD-oPH, prevented the cytotoxic effects of harmine (Supplementary Fig. 4B). Furthermore, 

BCL-2 overexpression partially prevented harmine-induced apoptosis, suggesting that the 

intrinsic apoptotic pathway is required for the growth inhibitory effects of harmine in these 

lines (Supplementary Fig. 4C).

Harmine treatment results in TWIST1 protein degradation

Previous studies have demonstrated that modulation of TWIST1 protein stability is a critical 

regulatory mechanism of TWIST1 function (30–33). To determine whether harmine directly 

targets TWIST1 or the TWIST1 pathway, we first examined the effect of harmine on 

TWIST1 protein stability. Harmine treatment reduced the levels of TWIST1 protein in a 

dose and time dependent manner as shown by western blotting and this was accompanied by 

a reciprocal induction of p21 (Fig. 3A, Supplementary Fig. 5A), a known TWIST1 repressed 

transcriptional target gene (34,35). The effect of harmine on TWIST1 expression appears to 

occur through a post-translational mechanism as harmine treatment did not decrease 

TWIST1 mRNA levels (Fig. 3B) but did decrease the half-life of the TWIST1 protein (Fig. 

3C, Supplementary Fig. 5B).
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In addition to harmine, several other harmala alkaloid compounds were identified in our 

CMAP analysis. To determine if particular structural features of harmala alkaloids were 

important for the induction of TWIST1 degradation, we selected three related compounds 

that differed from harmine in key structural positions (Fig. 3D, left panel). We were 

interested in both the 7-methoxy structural moiety which has previously been shown to 

effect cytotoxicity and neurotoxicity and the saturation level of the pyridine ring, which has 

been demonstrated to affect the biological activity of beta-carbolines (24–26,36). Of note, 

harmine and harmaline have a methoxy group, whereas harmol and harmalol have hydroxyl 

groups at the position R7. Conversely, harmine and harmol contain pyridine rings with three 

versus two double bonds found in harmaline and harmalol. The compounds (harmine and 

harmol) which contained pyridine rings with three double bonds exhibited the most 

cytotoxicity suggesting that this feature was critical for tumor growth inhibition and 

TWIST1 degradation (Fig. 3D–E). However, the presence of a methoxy or hydroxyl group, 

at the position R7 did not correlate with increased cytotoxicity and the ability to degrade 

TWIST1. Notably, the relatively potency of these compound directly correlated with their 

ability to lead to TWIST1 degradation (Fig. 3D–E).

TWIST1 and the E2A proteins reciprocally stabilize each other and harmine leads to 
degradation of both components of this dimer

The TWIST1 protein forms both homo- and hetero-dimers and its functions are dependent 

on its respective dimer partner (37). We and others have previously shown that 

heterodimerization with the proteins encoded by the TCF3 gene, here after referred to as the 

E2A proteins (E12 and E47), are critical for TWIST1 function in tumorigenesis and EMT 

(18,38,39) and potentially TWIST1 protein stability in osteoblasts (31). Therefore, we 

decided to examine the role of the E2A proteins in regulating both TWIST1 protein stability 

in NSCLC and response to harmine. To examine the effect of modulating the levels of 

TWIST1 and E2A proteins on the stability of the dimer partner, we knocked down and 

overexpressed each of the proteins and examined the effect on the protein level of its dimer 

partner. Silencing of TCF3 in the KRAS mutant NSCLC cell line A549 induced modest 

downregulation of TWIST1 (Fig. 4A) and conversely overexpression of the E12 or E47 

induced robust upregulation of TWIST1 (Fig. 4B). In both KRAS mutant (A549, H460), 

MET-amplified (H1648, H1993) NSCLC cell lines, silencing of TWIST1 induced 

downregulation of E2A proteins (Fig. 4C). Conversely, overexpression of TWIST1 in the 

same KRAS mutant lines and an EGFR mutant NSCLC cell line (PC9) increased E2A 

protein expression (Fig. 4D). To explore the mechanism of TWIST1 regulation of E2A, we 

analyzed TCF3 mRNA levels following TWIST1 overexpression. We found that H460 and 

PC9 cell lines TWIST1 overexpression does not result in a marked increase in TCF3 RNA 

levels, and in fact decreases TCF3 mRNA levels in PC9 cells, suggesting that it is unlikely 

that TWIST1 regulates E2A transcriptionally. Additionally, we found that TWIST1 

overexpression in multiple cell lines leads to an increase in E2A protein half-life (Fig. 4E, 

Supplementary Fig. 5C–D). These results suggest that TWIST1 regulates expression of the 

E2A proteins post-translationally.

Given the ability of the E2A proteins and TWIST1 to reciprocally stabilize each other, we 

examined the effect of harmine on the E2A proteins. Remarkably, treatment with harmine 
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resulted in a dose-dependent decrease of E2A protein expression in both KRAS mutant and 

MET-mutant/amplified NSCLC cell lines (Fig. 5A). Additionally, this decrease in E2A 

protein appears to be post-transcriptional as harmine treatment does not decrease TCF3 
RNA levels (Fig. 3B). To further characterize the potential role of the E2A proteins in 

TWIST1-mediated lung tumorigenesis, we silenced TCF3 in KRAS mutant NSCLC cell 

lines. Silencing of TCF3 also resulted in OIS, phenocopying silencing of TWIST1. Similar 

to our previously published results (9,10), both growth inhibition in colony formation assays 

and OIS as evidenced by increased SA-β-Gal staining and p21/p27 levels were observed 

with silencing of TCF3 (Fig. 5B).

As discussed above, TWIST1 is required for suppression of OIA in a subset of lung cancer 

cells and we wanted to examine whether we could observe a similar phenotype after 

silencing of TCF3 (10). Genetic silencing of TCF3 in the KRAS mutant cell lines, Calu-6 

and H23, resulted in significant growth inhibition and a corresponding increase in apoptosis 

(Supplementary Fig. 6A–C) phenocopying our previous studies with silencing of TWIST1 
(10) and studies above with harmine (Supplementary Fig. 4). Furthermore, we demonstrated 

that the growth inhibition after silencing of TCF3 was dependent on apoptosis as pre-

treatment with the pan caspase inhibitor, Q-VD-oPh rescued cell viability (Supplementary 

Fig. 6C).

The TWIST1/E2A heterodimer is critical for TWIST1 function and therapeutic response to 
harmine

The exact mechanism of how TWIST1 and E2A interact to promote lung tumorigenesis is 

unknown; however we propose two potential mechanisms for the cooperation between 

TWIST1 and the E2A proteins, E12 or E47, to promote their neoplastic phenotypes. In the 

first scenario (dimerization), the TWIST1-E12 heterodimer is directly required for the 

transcriptional activity of TWIST1 and induces tumorigenesis (Fig. 6A). The second 

scenario (sequestration) suggests that E12/E47-mediated sequestration of Ids (Inhibitor of 

DNA-binding proteins) leads to TWIST1 transcriptional activity through allowing increased 

TWIST1 homodimer formation (Fig. 6A). In order to determine which mechanism is 

important for TWIST1 transcriptional activity, we first performed a luciferase assay utilizing 

the promoters of SNAI2 and YBX1, known transcriptional targets of TWIST1 (40,41). As 

expected, increased induction of SNAI2 and YBX1 promoter activity was seen in cells 

transiently overexpressing Twist1. To determine the transcriptional function of the TWIST1 

homo- and heterodimeric proteins, we expressed Twist1 tethered Twist1, Twist1 tethered 

E12 and Twist1 tethered E47 fusion proteins in these luciferase assays (42,43). The Twist1-

E12 and Twist1-E47 had significantly increased transcriptional activity compared to the 

Twist1-Twist1 homodimer or Twist1 alone (Fig. 6B). Since the Twist1-E2A heterodimers 

appeared to be the most potent inducer of transcription and harmine led to degradation of 

both TWIST1 and the E2A proteins we examined the relative effect of harmine on stability 

of the TWIST1 homo and heterodimers. We observed that harmine was most effective 

against the Twist1-E12 heterodimer following harmine treatment (Fig. 6C). Further 

supporting a role for the TWIST1 heterodimer in TWIST1 function and therapeutic 

response, overexpression of TWIST1 or the E2A proteins, E12 and E47, were able to rescue 

the harmine-induced growth inhibition in the KRAS mutant NSCLC cell lines A549 and 
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H460 (Supplementary Fig. 7A–C). Furthermore, overexpression of the Twist1-E12 

heterodimer similarly lead to a rescue of harmine-induced cytotoxicity, while overexpression 

of the Twist1-Twist1 heterodimer failed to lead to such rescue at most doses of harmine (Fig. 

6D). Together these data support the model that the E2A proteins are necessary for TWIST1 

functions and that degradation of TWIST1-E2A heterodimer is critical for harmine-induced 

cytotoxicity.

Harmine has in vivo activity in both transgenic and patient-derived xenograft mouse 
models of KRAS mutant lung cancer

Having observed in vitro activity in KRAS mutant NSCLC cell lines, we wanted to 

determine whether harmine would have in vivo efficacy in a KrasG12D/Twist1 mouse model 

of autochthonous lung adenocarcinoma. We treated the CCSP-rtTA/tetO-KrasG12D/Twist1-
tetO7-luc (CRT) mice, which overexpress mutant Kras and Twist1 predominantly in the type 

II cells of the mouse lung and form lung adenocarcinoma by 15 weeks (9), with harmine for 

3 weeks and measured index lung tumor volumes in mice at baseline and weekly with serial 

micro-computed tomography (microCT). Micro-CT images, comparing tumor volume at 

baseline and at the end of treatment, revealed that treatment with harmine decreased the 

tumor volume growth rate (Fig. 7A). Of note, the anti-tumor activity of harmine in our Kras/

Twist1 transgenic was similar to the tumor stasis seen in the same mice following genetic 

suppression of Twist1 expression as we have previously published (9) Additionally, harmine 

significantly inhibited tumor growth in a patient-derived xenograft (PDX) mouse model of 

KRAS mutant lung cancer (Supplementary Fig. 8A). Treatment of the animals with harmine 

resulted in no observable toxicity and body weight was unaffected (data not shown).

We then examined the potential mechanisms of growth inhibition after harmine treatment in 
vivo. We first examined whether a decrease in proliferation was responsible for the observed 

growth inhibition, however, we observed no significant difference in proliferation rate as 

measured by Ki-67 staining after harmine treatment (Fig. 7B). We next examined whether 

increased apoptosis contributed to the growth inhibitory effects of harmine and we did 

observe increased apoptosis as measured by cleaved caspase 3 and cleaved PAPP with 

harmine (Fig. 7B–C; Supplementary Fig. 8B). Most notably, harmine treatment led to 

marked decrease in Twist1 protein in the mouse lung tumors (Fig. 7C, Supplementary Fig. 

8B). Thus, harmine has cytotoxic effects in vivo on Kras mutant, Twist1 overexpressing lung 

adenocarcinoma, which are accompanied by Twist1 degradation.

DISCUSSION

Using a Connectivity MAP chemical-bioinformatic analysis, we identified multiple 

compounds that recapitulated the genetic signature of TWIST1 knockdown. We 

subsequently assayed seven of the top ranked candidates from this screen for their ability to 

inhibit multiple TWIST1-mediated in vitro phenotypes that included single-cell 

dissemination and suppression of FGF2-dependent branching of mammary epithelial cells in 

a 3D organoid system. All seven compounds tested were able to inhibit TWIST1-mediated 

dissemination, while the harmala alkaloid compound, harmine, was also able to restore 

FGF2-dependent mammary epithelial cell branching. We chose to further characterize 
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harmine and demonstrated that it had significant growth inhibitory activity in multiple 

oncogene-driven NSCLC cell lines. We demonstrated that harmine not only leads to 

TWIST1 degradation but also phenocopied the loss of TWIST1 by inducing either OIS or 

OIA in previously defined subsets of NSCLC cell lines. Remarkably, in our mouse model of 

Kras mutant, Twist1 overexpressing lung cancer, harmine had significant anti-tumor activity, 

no overt toxicity, and led to decreased expression of Twist1 protein in vivo.

These studies also found that TWIST1 and its binding partners, the E2A proteins 

reciprocally regulate the stability of each other. Additionally, we demonstrated that genetic 

silencing of TCF3 in part phenocopies the loss of TWIST1, with loss of TCF3 expression 

reactivating latent senescence and apoptotic programs. Our data also suggests that the 

TWIST1-E2A heterodimer, rather than the TWIST1-TWIST1 homodimer, is critical for the 

transcriptional activation of TWIST1 target genes important for tumorigenesis. Interestingly, 

the TWIST1-E12 heterodimer has been previously shown to be critical for the ability of 

TWIST1 to cooperate with RAS to promote mammary tumorigenesis and suppress 

senescence (38). Additionally, the metastatic ability of TWIST1 in prostate cancer cells 

requires the ability of TWIST1 to heterodimerize with the E2A proteins (18). Our data 

demonstrated that harmine preferentially induces degradation of the TWIST1-E2A 

heterodimer rather than the TWIST1-TWIST1 heterodimer and degradation of the 

heterodimer is required for the cytotoxic effects of harmine. Future studies will be aimed at 

determining the mechanism(s) by which harmine leads to TWIST1 degradation, specifically 

the TWIST1-E2A heterodimer.

While harmine was not associated with overt toxicity in our in vivo model, harmine has been 

found to have potentially dose-limiting neurotoxicity in humans (25,44). Previous structure-

activity studies have determined that harmine derivatives with substituents at position-2 and 

-9 can modulate the cytotoxic effects of harmine, while the addition of a bulky substituent at 

the -7 position can ameliorate the neurotoxicity associated with harmine (24–26,44). While 

micromolar range doses were required for harmine-mediated cytotoxicity in vitro, it should 

be noted that we were able to achieve doses in vivo that both inhibited tumor growth and 

promoted TWIST1 degradation without noticeable side effects. Current efforts in our 

laboratory are ongoing to identify harmine analogues or related compounds that allow for 

more potent inhibition of TWIST1 transcriptional activity without associated neurotoxicity.

In summary, we identified harmine as a first-in-class inhibitor of TWIST1 with broad 

cytotoxic activity in the three major classes of oncogene-driven NSCLC, EGFR-mutant, 

KRAS mutant, and c-MET-amplified/mutant. Given that we have previously established the 

requirement of TWIST1 for tumorigenesis in oncogene-driven lung cancer with these 

genetic backgrounds (10), using harmine derivatives may be a viable therapeutic option to 

treat oncogene-driven NSCLC both in the treatment-naïve and acquired resistance setting. 

Additionally, as TWIST1 is rarely expressed post-natally (45,46), pharmacological 

inhibition of TWIST1 may be associated with minimal side-effects. TWIST1 has been 

implicated in oncogenesis, EMT, metastasis, therapeutic resistance, and tumor stem cell 

maintenance, across multiple solid tumors including head and neck, lung, breast, and 

prostate cancers (18,47–51). The use of harmine and potential analogues has far-reaching 

therapeutic implications given the diverse roles of TWIST1 in tumorigenesis, metastasis and 
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therapeutic response. For this reason, we are currently screening harmine derivatives that 

allow for more potent, specific inhibition of TWIST1 which we can bring to the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IMPLICATIONS

TWIST1 is required for oncogene-driven NSCLC tumorigenesis and EMT, thus harmine 

and its analogues/derivatives represent a novel therapeutic strategy to treat oncogene-

driven NSCLC as well as other solid tumor malignancies.

Yochum et al. Page 16

Mol Cancer Res. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Connectivity MAP (CMAP) analysis identifies compounds which inhibit NSCLC 
proliferation, TWIST1-dependent dissemination and TWIST1-suppression of organoid 
branching
(A) CMAP Analysis Schematic. A gene signature for TWIST1 knockdown was utilized to 

query the Connectivity Map (Broad Institute). (B) Chart depicting eight of the top 30 ranked 

compounds which were selected for further analysis. IC50 was determined in two KRAS 
mutant NSCLC cell lines (A549 and H460) at 72 hours using MTS assays. (C) TWIST1 

induction with doxycycline results in profound dissemination of cells and prevents 

branching (DMSO, upper left panel). Primary Twist1 inducible breast epithelial cells are 

implanted as organoids in 3D culture. Red arrowheads indicate disseminated cells. (D–J) 
Candidate compounds inhibit Twist1-induced 3D dissemination and/or restore FGF2-

induced branching of primary breast epithelial cells in vitro. Values within the graph indicate 

the number of organoids quantified per treatment condition. Dissemination data is 
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normalized to the median of each experimental replicate. Error bars, 95% Confidence 

Intervals. Treatment with small molecules listed at the indicated doses induced statistically 

significant (Kruskal-Wallis test, P<.05) reductions in dissemination. (D) Branching data is 

presented as mean of each experimental replicate. See Supplementary Fig. 1A–C for 

representative images of unbranched vs. branched organoids. Error bars, ±SD. Treatment 

with harmine at the indicated doses induced statistically significant (One-way ANOVA, P<.

05) increases in branching. Scale bar, 50μm.
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Figure 2. Harmine inhibits growth through the induction of oncogene-induced senescence (OIS) 
in oncogene driver defined NSCLC cell lines
(A) Chemical structure of the harmala alkaloid, harmine. (B) MTS assays demonstrating 

growth inhibition in the indicated KRAS mutant, EGFR mutant, and MET mutant/amplified 

NSCLC cells following harmine treatment at 72 hours. Data represent mean ±SD (n=4 

technical replicates). (C) UPPER: Senescence-Associated Beta-galactosidase (SA-β-Gal) 

staining demonstrating that harmine (Har) treatment leads to oncogene-induced senescence 

(OIS) in KRAS mutant NSCLC cell lines. Cells were treated at the indicated doses for 72 

hours and stained 7 days following treatment. Images were obtained with bright field 

objective at 40× magnification. LOWER: Western blot demonstrating a marked increase in 

p21 and p27 expression 48 hours after harmine treatment at the indicated doses.
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Figure 3. Harmine treatment leads to TWIST1 protein degradation
(A) LEFT: Representative western blots demonstrating 72 hours of harmine treatment 

promotes TWIST1 degradation and subsequent oncogene-induced senescence (p27 and/or 

p21) and apoptosis (Cl-Parp) in a dose-dependent manner in the EGFR mutant NSCLC cell 

line, PC-9. RIGHT: Western blot demonstrating reduction of exogenous TWIST1 protein 

expression as well as induction of p21 after 72 hours of harmine treatment in the KRAS 
mutant NSCLC cell line, H460. (B) Quantitative RT-PCR analysis of TWIST1 and TCF3 
transcripts following 72 hours of harmine treatment in A549 and H460 cells which failed to 

detect a decrease in mRNA levels of TWIST1 or TCF3. All harmine treatment groups are 

normalized to untreated group. Data represent mean ±SD (n=3 technical replicates). (C) 
Harmine treatment decreases the half-life of TWIST1 protein. Protein concentration was 

quantified using densitometry and protein half-lives were determined using linear regression. 
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(D) LEFT: Chemical structures of Harmala Alkaloid compounds identified as potential 

TWIST1 inhibitors from CMAP analysis. RIGHT: MTS assays demonstrating growth 

inhibition of a H460 TWIST1 NSCLC cell line in a dose dependent manner following 

treatment with indicated harmala alkaloids at 72 hours. Data represent mean ±SD (n=4 

technical replicates). (E) Western blot demonstrating reduction of exogenous TWIST1 

protein expression by harmine and harmol in H460 TWIST1 overexpressing cells 72 hours 

after treatment with the indicated doses.
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Figure 4. The E2A proteins and TWIST1 reciprocally stabilize each other
(A) Silencing of TCF3 leads to downregulation of TWIST1 in the KRAS mutant NSCLC 

cell line, A549. Cells were infected with the indicated shRNAs and were harvested for 

western blot analysis 96 hours following infection. (B) Overexpression of the E2A proteins, 

E12 or E47 induces upregulation of TWIST1 in 293T cells as well as in KRAS mutant 

NSCLC cells (A549, H460). 293T cells were harvested 72 hours following transfection. 

Experiments in A549 and H460 were performed in stable E12 or E47 overexpressing cell 

lines. (C) Silencing of TWIST1 induces downregulation of E2A proteins in KRAS mutant 

(A549, H460) as well as in MET amplified (H1648, H1993) NSCLC cell lines. Cells were 

infected with the indicated shRNAs and were harvested for western blot analysis 96 hours 
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following infection. (D) Overexpression of TWIST1 induces the E2A proteins in KRAS 
mutant NSCLC cells (H460) and EGFR mutant NSCLC cells (PC-9). H460 cells were 

harvested once stable cell lines were established. PC9 TRE3G-TWIST1 cells were harvested 

following 500 ng/ml treatment of doxycycline for 24 hours. (E) LEFT: TWIST1 induction of 

E2A proteins is not accompanied by a robust upregulation of TCF3 mRNA in KRAS mutant 

(H460) and EGFR mutant NSCLC cells (PC-9). All TWIST1 overexpressing groups are 

normalized to untreated group (n=3 technical replicates). Data represent mean ±SD. RIGHT: 

TWIST1 overexpression increases the half-life of E2A proteins. Protein concentration was 

quantified using densitometry and protein half-lives were determined using linear regression.
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Figure 5. Harmine leads to degradation of the E2A proteins which are required for suppression 
of OIS
(A) Western blot demonstrating dose-dependent downregulation of E2A proteins in KRAS 
mutant (H460, A549 and Calu-6) and MET mutant/amplified (H596 and H1993) NSCLC 

cell lines following 72 hours of harmine treatment. (B) UPPER: shRNA silencing of TCF3 
in KRAS mutant NSCLC cell lines (A549 and H460) leads to growth inhibition as 

demonstrated in triplicates of crystal violet staining. MIDDLE/LOWER: shRNA silencing of 

TCF3 induces OIS as shown by western blot demonstrating a marked increase in p21 and/or 

p27 expression and positive SA-β-Gal staining (LOWER). For western blotting, cells were 

infected with the indicated shRNAs for 96 hours and harvested. For SA-β-Gal staining cells 

were infected with the indicated shRNAs and stained for 10 days following infection. 

Images were obtained with bright field objective at 40× magnification.
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Figure 6. The TWIST/E2A heterodimer is critical for TWIST1 function and therapeutic 
response to harmine
(A) Proposed model of potential mechanism(s) of TWIST1/E2A cooperation in 

tumorigenesis. (B) Luciferase assay showing increased induction of SNAI2 and YBX1 
promoter activity in cells transiently overexpressing either Twist1 alone, Twist1-Twist1 

homodimer, or Twist1-E12 heterodimer compared to the reporter activity with the vector 

alone (fold induction = 1) after 48 hours. All luciferase values were normalized to the 

corresponding renilla luciferase value in each well. Differences were statistically different 

for each loci for Twist1-E12 or Twist1-E47 versus Twist1 or Twist1-Twist1, p < 0.0005, 2-

tailed Student’s t-test. (C) Western blot demonstrating preferential downregulation of the 

Twist1-E12 heterodimer in A549 KRAS mutant cell line following 48 hour treatment with 

harmine at the indicated doses. (D) Representative Cell-Titer Glo assay demonstrating that 

overexpression of Twist1-E12 heterodimer rescues harmine-induced growth inhibition in a 

KRAS mutant NSCLC cell line (H460), while the Twist1-Twist1 heterodimer fails to 

prevent harmine-induced cytotoxicity. Data represent mean ±SD (n=4 technical replicates). 

*, p<.05, 2-tailed Student’s t-test.
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Figure 7. Harmine has activity in a KrasG12D/Twist1 mouse model of autochthonous lung 
adenocarcinoma
(A) Representative microCT images of autochthonous lung tumors showing decreased lung 

tumor growth 3 weeks following treatment with harmine versus vehicle in the CCSP-rtTA/

tetO-KrasG12D/Twist1-tetO7-luc (CRT) mice. Contoured lung tumors represent index 

lesions followed serially for tumor volume quantification. (B) Lung tumor volumes were 

quantified at baseline and weekly with serial micro-computed tomography (microCT) in the 

same CRT mice. Micro- CT images were reviewed by a board certified radiation oncologist 

on multiple index tumors in a blinded fashion (n=18 tumors for vehicle from 6 mice and 

n=16 from 5 mice for harmine). Difference was statistically different using a Mann-Whitney 

test, P=0.0025. Volumes were normalized to the starting volume, t= 0 before harmine 

treatment, and percent tumor volume growth was then calculated by (normalized tumor vol. 

× 100%) − 100%. (C) LEFT: Treatment with harmine results in similar proliferation levels 

as measured by Ki-67 staining, but increased apoptosis as measured by cleaved caspase 3 
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staining indicated by black arrows. RIGHT: Quantification and comparison of Ki-67 staining 

(n=12 tumors for vehicle and n=15 for harmine) (p= 0.3621) and cleaved caspase 3 IHC 

(n=12 tumors for vehicle and n=16 for harmine) (p= 0.0453). (D) Quantification of Twist1 

and cleaved PARP protein levels in vehicle and harmine treated animals at 3 weeks. Proteins 

were normalized to luciferase protein levels to control for possible differences in tumor 

burden. Differences were statistically significant (using Student’s T-Test) for Twist1 (n=15 

tumors for vehicle and n=20 tumors for harmine), P < 0.04 and c-PARP (n=9 tumors for 

vehicle and n=12 tumors for harmine), P < 0.005 respectively.
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