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Abbreviation 

ALT Aminotransferase 

BIM Bcl-2 like protein 11 

CYP3A Cytochrome P450 isoform 

DAB 3,3-diaminobenzidine tetrahydrochloride 

HER2 Human epidermal growth factor receptor 2 

KRAS Kirsten rat sarcoma 

MEK Mitogen activated protein kinase kinase 

MVD Micro-vessel density 

NSCLC Non-small cell lung cancer 

ORR Objective response rate 

PARP Poly (ADP-ribose) polymerase 

PFS Progression free survival 

TdT terminal deoxynucleotidyl transferase 

TKI Tyrosine kinase inhibitor 
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Abstract 

Anaplastic lymphoma kinase (ALK)-positive non-small cell lung cancer most commonly arises 

through EML4-ALK chromosomal fusion. We have previously demonstrated that combination 

of the ALK inhibitor crizotinib with the MEK inhibitor selumetinib was highly effective at 

reducing cell viability of ALK-positive NSCLC (H3122) cells. In this study, we further 

investigated the efficacy of crizotinib and selumetinib combination therapy in an in vivo 

xenograft model of ALK-positive lung cancer. Crizotinib decreased tumor volume by 52% 

compared to control, and the drug combination reduced tumor growth compared to crizotinib. 

In addition, MEK inhibition alone reduced tumor growth by 59% compared to control. 

Crizotinib, selumetinib, alone and in combination were non-toxic at the dose of 25 mg/kg with 

values for ALT (< 80 U/L) and creatinine (<2 mg/dL) within the normal range. Our results 

support the combined use of crizotinib with selumetinib in ALK-positive lung cancer but raise 

the possibility that a sufficient dose of a MEK inhibitor alone may be as effective as adding a 

MEK inhibitor to an ALK inhibitor. 

Significance Statement 

This study contains in vivo evidence supporting the use of combination MEK inhibitors in 

ALK+ lung cancer research, both singularly and in combination with ALK inhibitors. Contrary 

to previously published reports, our results suggest that is possible to gain much of the benefit 

from combination treatment with a MEK inhibitor alone, at a tolerable dose. 
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Introduction 

Non-small cell lung cancer (NSCLC) is the leading cause of cancer death worldwide 

accounting for approximately 80–85% of lung cancer cases (Ettinger et al., 2013; Ferlay et al., 

2015). Anaplastic lymphoma kinase (ALK) gene rearrangements are found in 2-7% of NSCLC, 

where they are key oncogenic drivers that promote cancer cell proliferation and survival, 

through activation of intra-cellular signalling pathways (Perner et al., 2008; Roskoski, 2013; 

Soda et al., 2007).  

Crizotinib is a first generation ALK tyrosine kinase inhibitor (TKI) approved by the Food and 

Drug Administration and the European Medicines Agency for the treatment of ALK-positive 

NSCLC (Camidge et al., 2012; Kazandjian et al., 2014; Kwak et al., 2010). Based on a Phase 

I dose escalation study, the maximum tolerated dose for crizotinib is 250 mg p.o. twice daily 

(Kwak et al., 2010; Kwak et al., 2009). Treatment related adverse events are mostly grade 1 or 

2 such as gastrointestinal upset, visual disturbances and peripheral oedema. Grade 3 or 4 

adverse events including neutropaenia, raised alanine aminotransferase (ALT) enzymes, 

lymphopaenia and pneumonitis were observed in a minority of patients (Camidge et al., 2012).  

In subsequent trials, ALK-positive NSCLC patients were highly responsive to crizotinib with 

an objective response rate (ORR) of 74% and progression free survival (PFS) of 10.9 months 

compared to standard chemotherapy, which has an ORR of 45% and PFS of 7 months 

(Solomon et al., 2014). However, the majority of patients develop resistance typically within 

12 months of beginning therapy. Mechanisms of resistance include ALK gene alterations such 

as ALK point mutation or copy number gain and activation of bypass signalling via the 

activation of other oncogenes such as insulin-like growth factor-1 receptor (IGF-1R), 

epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2) 

and cKIT or mutations in EGFR or kirsten rat sarcoma (KRAS) (Choi et al., 2010; Doebele et 

al., 2012; Katayama et al., 2012; Sasaki et al., 2011; Zhang et al., 2011). Although new 

generation ALK inhibitors such as alectinib and ceritinib have extended survival times, new 

therapeutic strategies that overcome resistance are needed.  

Previously, we have demonstrated that combination of crizotinib and selumetinib strongly 

inhibited the growth of ALK-positive NSCLC cells. This resulted from a reduction in MAPK 

signalling that in-turn decreased cell proliferation and increased apoptosis via increased 

expression of apoptotic markers BIM, cleaved caspase, cleaved PARP and the cyclin dependent 

kinase inhibitor, p27 and decreased expression of the cell proliferation marker, cyclin D1 
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(Shrestha et al., 2019). These results supported the finding of Hrustanovic et al. who found that 

dual inhibition of ALK/MEK delayed the emergence of drug resistant ALK-positive NSCLC 

cell growth compared to the single drug treatment (Hrustanovic et al., 2015). 

In this study we investigated the efficacy of crizotinib and selumetinib combination treatment 

in an in vivo model of ALK-positive NSCLC. We found that both drugs, either alone or in 

combination, significantly decreased tumor growth compared to control. The combination of 

crizotinib and selumetinib significantly reduced tumor volume compared to all other 

treatments, but unexpectedly, selumetinib alone was almost as effective as the two drugs 

combined. We also investigated the toxicity of crizotinib and selumetinib in Balb/c mice. We 

found no evidence of toxicity from the drugs either singularly or in combination. Body and 

organ weights were unchanged, and plasma markers for liver and kidney injury were within 

the normal range. Lastly, we examined if crizotinib, selumetinib or the combination could 

modulate the catalytic activity of hepatic CYP3A as both drugs are substrates for the 

cytochrome P450 isoform CYP3A (Johnson et al., 2015; Mao et al., 2013). However, we did 

not detect an effect on hepatic microsomal CYP3A catalytic activity, suggesting that the two 

drugs do not cause competitive inhibition of each other’s metabolism in vivo. Our findings 

support clinical investigation of crizotinib and selumetinib combination therapy in ALK-

positive NSCLC, but also suggest that much of the benefit of combination treatment may be 

gained by the use of MEK inhibitors as a monotherapy. 
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Methods and Materials 

Materials 

The human adenocarcinoma ALK-positive non-small cell lung cancer (H3122) cell line 

harbouring EML4-ALK variant 1 fusion gene was kindly gifted from Professor Daniel Costa, 

Harvard University. Selumetinib and crizotinib were purchased from LC laboratories (Woburn, 

Massachusetts, USA). Rosswell Park Memorial Institute medium (RPMI), bovine serum 

albumin (BSA), foetal bovine serum (FBS), penicillin/streptomycin were purchased from Life 

Technologies. DAB substrate kit and streptavidin-horseradish peroxidase were purchased from 

BD Biosciences (San Diego, CA, USA). Haematoxylin quick stain (QS) (modified Mayer’s 

formula), avidin–biotin blocking kit were purchased from Vector Laboratories (Burlingame, 

CA, USA). Hydrogen peroxide (30%) and ApopTag peroxidase in situ apoptosis detection kit 

were obtained from Merck (Billerica, MA, USA). Alanine aminotransferase (ALT) assay kit 

and cryomatrix were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

Creatinine colourimetric assay kit was purchased from Cayman Chemical Company (Ann 

Arbor, MI, USA). Matrigel was purchased from Sigma Aldrich (St Louis, MO, USA). Ki67 

was purchased from Abcam (Cambridge, UK). CD105 was obtained from Antibodies- 

online.com (Limerick, USA). CYP3A and GAPDH antibody were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Polyclonal goat anti-rabbit 

immunoglobulin/biotinylated were purchased from Dako, Denmark. 

Animal housing and care 

Male nude (Nu/J) were purchased from Animal Resource Centre, Australia. Male Balb/c mice 

were purchased from the Hercus-Taieri Resource Unit, Dunedin, New Zealand. Mice were 

housed in pathogen-free condition supplied with free access to sterile water and food (Reliance 

rodent diet). The room was maintained at temperature of 21-24oC on a scheduled 12 h light/dark 

cycle and mice were acclimatised for 4 days prior to experiment. All animal experiments were 

approved by the University of Otago Animal Ethics Committee (AEC Approval No. 18-21 and 

18-82).  

Drug efficacy in a xenograft model of lung cancer 

An ALK-positive NSCLC xenograft model was established by subcutaneous injection of 

H3122 cells (2 × 106 cells in 50 µl Matrigel and 50 uL of media) in the flank region of Nu/J 

mice. Once the tumor volume had reached ~100 mm3, the mice were randomised into four 
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groups (n=7).  Each group received either vehicle (25% DMSO/75% olive oil, 5 ml/kg), 

crizotinib 25 mg/kg, selumetinib 25 mg/kg or their combination p.o once daily for 2 weeks. 

The doses were chosen on the basis that it is equivalent to a well-tolerated human dose 

(Nencioni et al., 2014; Zhou et al., 2012).  Body weight and tumor volume were measured 

daily. Tumor volume (mm3) was calculated by multiplying length (L) x height (H) x width 

(W). At the end of treatment, mice were euthanised by carbon dioxide inhalation and full 

necropsies were performed. 

Immunohistochemistry 

Tumors were fixed in 4% paraformaldehyde, embedded in cryomatrix and sectioned (6 µm). 

The sections were fixed with acetone and endogenous peroxidase activity was blocked with 

3% hydrogen peroxide for 20 min. Heat mediated antigen retrieval was performed by 

incubating sections in 0.01 M citrate buffer pH 6. Sections were then incubated with blocking 

buffer (normal goat serum, BSA, avidin) for 1 h followed by overnight incubation with primary 

antibody (CD105 1:100, Ki67 1:100 along with biotin) at 4oC. For negative controls, antibody 

was replaced with PBS. Sections were incubated with biotinylated secondary antibody for 30 

min and signal was detected using 3,3-diaminobenzidine tetrahydrochloride (DAB). Sections 

were counterstained with haematoxylin, dehydrated and mounted. Slides were then scanned 

with Aperio Image ScanScope System (Leica, Chicago, IL, USA). The nuclear image analysis 

algorithm was used to quantify Ki67 stained (proliferative) cells. The microvessel analysis 

algorithm was used to quantify the MVD at a dark- and light-staining threshold of 180 and 210, 

respectively. 

The TUNEL assay was performed to visualise apoptotic cells using ApopTag in situ detection 

kit as per the manufacture’s instruction. Briefly, sections were fixed in ethanol-acetic acid 

solution (2:1) and incubated with 3% hydrogen peroxide. Sections were then incubated with 

equilibrating buffer followed by terminal deoxynucleotidyl transferase (TdT) enzyme. For 

negative control, TdT enzyme was replaced with PBS. The reaction was stop using stop/wash 

buffer and incubated with anti-digoxigenin peroxidase. The sections were stained with DAB, 

counterstained with haematoxylin, dehydrated and mounted. Slides were then scanned with 

Aperio Image ScanScope System (Leica, Chicago, IL, USA). The nuclear image analysis 

algorithm was used to quantify TUNEL stained (apoptotic) cells. 

Preclinical Toxicity Study 
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Male Balb/c mice were randomly divided into four groups with each group containing 6 mice 

except crizotinib (n=5) and combination (n=7). Mice from each group received either vehicle 

(25% DMSO/ 75% olive oil, 5 ml/kg), crizotinib 25 mg/kg, selumetinib 25 mg/kg or their 

combination p.o once daily for 2 weeks. For positive control of CYP3A assay, mice (n=5) were 

orally administered daily with dexamethasone (50 mg/kg) for 4 days.  At the end of treatment, 

mice were euthanised by carbon dioxide inhalation and full necropsies were performed. Plasma 

was used to measure ALT activity and creatinine levels as markers for liver and kidney injury, 

respectively. 

Erythromycin N-demethylation 

Hepatic microsomes were prepared from treated mice as previously described (Guengerich, 

2014). The erythromycin N-demethylation assay was then performed to determine the catalytic 

activity of CYP3A as described previously (Kitada et al., 1988). Reaction mixture containing 

1 mg of microsomal protein and 0.45 ml erythromycin buffer (0.1 M phosphate buffer pH 7.4, 

0.1 mM EDTA and 0.4 mM erythromycin) was prepared and incubated for 2 min at 37oC in a 

shaking water bath. The reaction was initiated by addition of 0.05 ml of 50 mM NADPH. After 

30 min, 0.33 ml of 15% zinc sulphate was added and was incubated for 5 min at room 

temperature. Next, 0.33 ml of saturated barium hydroxide was added and was further incubated 

for 5 min. The samples were then centrifuged for 10 min. 0.83 ml of supernatant was added to 

0.33 ml of Nash reagent (30% ammonium acetate and 0.4% acetyl acetone). The samples were 

then incubated for 30 min at 60oC, centrifuged and absorbance of supernatant was measured 

on visible spectrophotometer at 415 nm. Catalytic activity of CYP3A was calculated and 

expressed in nmol/mg/min. 

Statistical analysis 

Tumor volume was analysed using a two-way ANOVA mixed effect coupled with a Tukey 

post-hoc test, with a day of treatment as a repeated-measures factor and drug treatment as an 

independent factor. All other data that were independent of time were analysed using a one-

way ANOVA coupled with Bonferroni post-hoc test. Data are presented as the mean ± SD. p 

< 0.05 was the minimal requirement for a statistically significant difference. Data were tested 

for normality using the Kolmogorov-Smirnov test, and non-normal data log-transformed 

before further analysis. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 13, 2020 as DOI: 10.1124/jpet.120.266049

 at A
SPE

T
 Journals on A

pril 8, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 266049 

10 

 

Results 

Combination of crizotinib and selumetinib enhanced antitumor effect in an ALK-positive 

NSCLC xenograft mouse model 

Orally administered crizotinib (25 mg/kg), selumetinib (25 mg/kg) and their combination were 

administered daily by oral gavage for 14 days in Nu/J mice bearing H3122 xenografts. There 

were slight decreases in the body weight of the mice in all four groups (Table 1, but no 

statistically significant difference in body weight between treatment groups and vehicle 

control). Similarly, we found no significant differences in organ weight (expressed as % of 

body weight) among the treatment groups compared to vehicle control (Table 1). 

Crizotinib, selumetinib and their combination treatment significantly decreased tumor volume 

by 52%, 59% and 76% compared to control. Combination treatment showed significant 

decreases in tumor volume (76%) compared to the crizotinib (52%, p < 0.0001, two-way 

ANOVA) and the selumetinib (56%, p < 0.05, two-way ANOVA) single drug treatments. Of 

particular note, unexpectedly mice treated with selumetinib alone had decreased tumor growth 

similar to that for crizotinib alone (Figure 1).  

Neoplastic histology was confirmed by Ki67 immunolabelling (Fig. 2A). Ki67 is a marker of 

proliferating cells, and 60-70% of cells in tumors from all treatment groups were Ki67 positive. 

Because selumetinib alone suppressed tumor growth more than the ALK inhibitor crizotinib, 

we hypothesised that a possible mechanism that could explain this could be inhibition of 

angiogenesis by interference with ERK signalling (Murphy et al., 2006). We, therefore, carried 

out immunohistochemistry for CD105, an endothelial cell marker. However, all tumors from 

all treatment groups were well vascularised as visualised with CD105 staining, with no 

statistically significant difference in micro-vessel density (MVD) among the treatment groups 

and vehicle control (Fig. 2C, p > 0.05, one-way ANOVA).  

We then hypothesised that the frequency of apoptotic cells would be greatest in the treatment 

groups with the greatest tumor suppression (i.e., selumetinib alone and crizotinib plus 

selumetinib combination). However, histological staining for apoptosis using TUNEL 

unexpectedly revealed that the highest frequency of apoptotic cells was in tumors from 

crizotinib treated mice. By contrast, tumors from mice treated for 14 days with selumetinib 

either alone or in combination with crizotinib did not show a significantly different frequency 

of apoptotic cells compared with control mice (Fig. 2B, p > 0.05, one-way ANOVA).  
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Preclinical toxicity of crizotinib and selumetinib singular and combination treatment 

To further investigate potential drug induced toxicity of crizotinib, selumetinib, and their 

combination, we treated Balb/c mice with the vehicle (DMSO/olive oil, 5 ml/kg), crizotinib 

(25 mg/kg), selumetinib (25 mg/kg) and their respective combination orally once daily for 14 

days. Change in body weight was not significantly different between the treatment groups 

(Supplementary Table 1). Furthermore, there was no significant difference in organ weight 

between treatment groups and vehicle control for all major organs (Supplementary Table 1). 

Next, to determine the effect of drugs on kidney and liver function, we measured plasma for 

ALT activity and creatinine levels. ALT activity in treatment groups was not significantly 

different from vehicle control. However, one mouse from the vehicle and crizotinib treated 

groups had ALT activity levels greater than 80 U/L (i.e., 126 and 89 U/L, respectively, Figure 

3A). We further explored the histopathology of liver section by performing H and E staining. 

We found no histopathological differences in liver sections between treatment groups and 

vehicle control. We did not find necrotic cells or lesions in liver section from vehicle or drug 

treatment groups (Supplementary Figure 2). Moreover, there was no significant difference in 

creatinine level (a kidney function marker) between any of the treatment groups, as all mice 

had plasma creatinine values in the normal range (< 2 mg/dl) (Figure 3B).  

Combination of crizotinib and selumetinib does not alter CYP3A activity in vivo. 

We investigated whether crizotinib and selumetinib alone and in combination could alter 

activity of their major metabolising enzyme CYP3A. There was no significant change in 

CYP3A catalytic activity in single or combination treatment of crizotinib and selumetinib 

compared to vehicle control. Used as a positive control to check on assay validity, 

dexamethasone, a CYP3A inducer, significantly increased CYP3A catalytic activity compared 

to vehicle control (p < 0.0001, one-way ANOVA) (Figure 4A). Furthermore, Western blotting 

of microsomal protein showed no change in polypeptide levels of hepatic CYP3A by crizotinib, 

selumetinib or their combination (Figure 3B). Again, we observed a significant increase in 

CYP3A protein by dexamethasone compared to control (Figure 3C) (p < 0.0001, one-way 

ANOVA). These results suggest that neither crizotinib (25 mg/kg) nor selumetinib (25 mg/kg) 

nor a combination of the two alter the metabolism of either drug. 
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Discussion 

We initially aimed to test the hypothesis that the combination of the MEK inhibitor selumetinib 

with the ALK inhibitor crizotinib would reduce tumor growth in a mouse model of ALK-

positive NSCLC to a greater extent than crizotinib alone. In a previous study, the ALK and 

MEK inhibitors ceritinib and trametinib had been found to have such an effect (Hrustanovic et 

al., 2015). Moreover, we had previously found that the addition of selumetinib to crizotinib in 

cell-based assays profoundly suppressed ALK-positive cancer cell growth (Shrestha et al., 

2019). In addition, the drug combination strongly suppressed ERK activation along with 

activation of downstream mediators of cell proliferation, and induction of mediators of 

apoptosis. Here we indeed found that the addition of selumetinib to crizotinib greatly reduced 

tumor growth compared to crizotinib alone (Fig. 1). However, unexpectedly selumetinib alone 

reduced tumor growth to almost to the same degree as the drug combination.  

The difference between our results and those of Hrustonavic et al can be explained by dose; 

trametinib and selumetinib are similar in potency as MEK1 inhibitors (Wu & Park, 2015), but 

whereas Hrustonavic et al administered 1 mg/kg/day of trametinib, in the present study we 

administered 25 mg/kg/day of selumetinib. Nevertheless, the unexpected efficacy of 

selumetinib as a monotherapy in vivo does not support the hypothesis that dual MEK/ALK 

inhibition in ALK-positive cancer would add benefit beyond what could be achieved by a 

sufficient dose of a MEK inhibitor alone. This conclusion is supported by our toxicology 

results. Several studies have shown that both the crizotinib and selumetinib single drug 

treatments can induce adverse events that range from grade 1-2 to grade 3-4 (Camidge et al., 

2012; Carvajal et al., 2014; Catalanotti et al., 2013). But in this study 25 mg/kg/day selumetinib 

did not elevate any of the measures of toxicity and so results comparable to combination drug 

treatment may be achieved by a MEK inhibitor alone at a tolerable dose. 

Our results here are also in contrast to the results of our previously published in vitro 

experiments using H3122 cells, where selumetinib alone was 30-fold less potent at reducing 

cell viability than crizotinib alone (Shrestha et al., 2019). The reasons for the difference 

between these in vitro and in vitro results are unclear. The bioavailability of crizotinib (49%) 

(Kwon & Meagher, 2012) is only slightly less than that of selumetinib (62%) (Dymond et al., 

2016b); an insufficient difference to explain the contrast between the results we obtained in 

vitro previously and in vivo in this study. We considered that possible differences in drug 

metabolism may help explain the results. Crizotinib is the primary substrates of CYP3A, and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 13, 2020 as DOI: 10.1124/jpet.120.266049

 at A
SPE

T
 Journals on A

pril 8, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 266049 

13 

 

according to in vitro studies causes moderate CYP3A protein inhibition and induces mRNA 

expression (Johnson et al., 2015; Mao et al., 2013; Tan et al., 2010). CYP3A4 is also the major 

enzyme responsible for selumetinib metabolism (Dymond et al., 2016a). We hypothesised then 

that CYP3A activity could be greater in mice treated with crizotinib, reducing crizotinib 

exposure compared to selumetinib administered alone. Nevertheless, we did not detect any 

differences in hepatic CYP3A activity nor polypeptide levels between crizotinib, selumetinib, 

or their combination compared to controls. 

We carried out immunolabelling studies in further attempts to determine the reasons for the 

unexpected efficacy of selumetinib as a monotherapy in this study. Both selumetinib and 

crizotinib are known to have anti-tumor activity by increasing apoptosis and decreasing cell 

proliferation and angiogenesis (Cozzo et al., 2016; Dai et al., 2017; Takahashi et al., 2012). We 

first hypothesised that selumetinib may have had an anti-angiogenic effect through suppression 

of ERK activation (Murphy et al., 2006). Contrary to this hypothesis, both single and 

combination treatments did not reduce MVD in tumors taken from mice at day 14 compared to 

control as measured by CD105 immunolabelling (Fig. 2C). We then hypothesised that the 

selumetinib treated tumors would show increased frequency of apoptosis. Contrary to this 

hypothesis apoptosis was upregulated only in the crizotinib group compared to control (Fig. 

2D).  Finally, we hypothesised a cytostatic effect for selumetinib, but in contradiction to this 

there were no differences in proliferating cell frequency as measured by Ki67 immunolabelling 

(Fig. 2B).  

Our in vitro study had demonstrated that crizotinib, selumetinib and their combination 

significantly increased G1 phase arrest using flow cytometry (Shrestha et al., 2019). However, 

Ki67 is present in G1, S, G2 and the mitotic phase, and only absent in the G0 phase of the cell 

cycle (Bruno & Darzynkiewicz, 1992; Guillaud et al., 1989). Therefore, Ki67 labelling may 

not accurately reflect the response to treatment, as it would not differentiate between cells in 

G1 arrest and other cells. Furthermore, in breast cancer clinical trials, the predictive value of 

Ki67 as an indicator of chemotherapy benefit remains controversial, as some trials reported 

that Ki67 was not related to treatment outcome (International Breast Cancer Study, 2002; 

Martey et al., 2019; Martey et al., 2017; Viale et al., 2008; Yerushalmi et al., 2010). Thus, Ki67 

as an independent prognostic factor does not always reflect the response to treatment. 

Moreover, we have shown in a xenograft model of triple negative breast cancer that Ki67 in 

tumor slices from treated mice was unchanged compared control when analysed by univariate 

statistical analysis (Martey et al., 2017) even though significant tumor suppression was 
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observed. However, when multivariate analysis was performed, Ki67 played an important role 

as it was part of a biological network of 16 molecular targets that together predicted treatment 

outcome with a 95% success rate (Martey et al., 2019) Therefore, it is possible that Ki67 also 

contributes to a larger protein network in the suppression of H3122 xenograft tumors.  

Suppression of ERK activation is also known to stimulate T-cells activation in some cancers 

(Ebert et al., 2016). It is highly unlikely that this could account for our results, as the xenograft 

model employed athymic mice.   

Further studies are needed to ascertain the translatability of these findings to humans (Nair et 

al., 2018). Since beginning these studies recruitment has started for a clinical trial investigating 

the use of trametinib with ceritinib in ALK-positive NSCLC (Blakely, 2019), but there are no 

trials to our knowledge investigating selumetinib in similar patients. We used H3122 cells as 

they contain the most common ELM4-ALK variant (variant 1) which is highly sensitive to 

ALK inhibitors (particularly to crizotinib) (Cha et al., 2016; Wilson et al., 2017). Cells 

modelling other less common ELM4-ALK variants, although less clinically relevant, could be 

tested to ascertain if these results are applicable to other forms of lung cancer. 
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Figure Legends 

Figure 1 : Combination of crizotinib and selumetinib significantly supresses tumor 

volume compared to single drug treatment in a mouse xenograft model of H3122 lung 

adenocarcinoma. H3122 xenograft mice were orally administered with a vehicle (olive oil), 

crizotinib (25 mg/kg), selumetinib (25 mg/kg) and their combination daily for 2 weeks. 

Significance was determined by mixed-model two-way ANOVA with Tukey post-hoc tests. 

All data are presented as mean ± SD from n=7. Statistical differences between the growth 

curves as a whole are indicated with asterisks; *p<0.05, ****p < 0.0001. 

Figure 2 : Effect of combination treatment on markers of cell proliferation, apoptosis and 

angiogenesis. The H3122 xenograft mice were orally gavaged daily with vehicle (olive oil), 

crizotinib (25 mg/kg), selumetinib (25 mg/kg) and their combination for 2 weeks. Tumors were 

resected and analysed by IHC. A. Representative IHC staining of Ki67 (first column), CD105 

(middle column) and TUNEL (Last column). B. Quantification of Ki67 positive cells using 

IHC nuclear image algorithm.  C. Qunatification of TUNEL positive cells using IHC nuclear 

image algorithm. D. Quantification of CD105 positive endothelial cells using microvessel 

algorithm.  Significance was determined by one-way ANOVA with Bonferroni post-hoc tests. 

All data are presented as mean ± SD from n=5. Multiple comparison among treatment groups 

and vehicle did not show significant difference in Ki67, CD105 and TUNEL staining (p > 

0.05). Scale bar: 100 µm. 

Figure 3 : Effect of crizotinib, selumetinib and their combination on liver and kidney 

function in Balb/C mice. A. ALT activity B. Plasma creatinine levels after treatment with 

vehicle (25% DMSO/olive oil), crizotinib (25 mg/kg//daily), selumetinib (25 mg/kg//daily), 

and their combination for 2 weeks. Significance was determined by one-way-ANOVA with 

Bonferroni post-hoc test. All data are presented as mean ± SD. None were significantly 

different. 

Figure 4 : Crizotinib and selumetinib alone or in combination do not modulate CYP3A 

polypeptide levels or catalytic activity. Balb/c mice were orally gavaged daily with vehicle 

(25% DMSO/olive oil), crizotinib (25 mg/kg), selumetinib (25 mg/kg) and their combination for 

2 weeks. Liver was harvested and microsomes were prepared. A. CYP3A catalytic activity B. 

Representative Western blots of CYP3A. C. Densitometry of Western blots of CYP3A. V: 

vehicle, C: crizotinib, S: selumetinib, C+S: combination, D: dexamethasone C. Densitometry 
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of Western blots of CYP3A. V: Significance was determined by one-way-ANOVA with 

Bonferroni post-hoc test. All data are presented as mean ± SD. ****p < 0.0001. 
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Table 1 : Body weight and organ weight of Nu/J mice 

 Vehicle 
Crizotinib 

25 mg/kg 

Selumetinib 

25mg/kg 

Crizotinib+ 

Selumetinib 

Body Weight 

Change (g) 

 
-0.2 ± 0.77 

 

-0.45 ± 1.00 -0.4 ± 0.90 -0.03 ± 1.25 

Organ Weight (% of Body Weight)   

Liver 

 

6.05 ± 1.09 

 

5.8 ± 0.56 6.2 ± 0.76 6.5 ± 0.38 

Spleen 

 

0.41 ± 0.18 

 

0.49 ± 0.07 0.47 ± 0.07 0.49 ± 0.05 

Lungs 1.09 ± 0.23 1.17 ± 0.13 1.16 ± 0.18 1.12 ± 0.2 

Heart 0.49 ± 0.22 0.57 ± 0.06 0.57 ± 0.06 0.6 ± 0.04 

Kidneys 1.73 ± 0.77 1.97 ± 0.08 2.07 ± 0.14 2.05 ± 0.07 

Testes 0.8 ± 0.36 0.89 ± 0.13 0.9 ± 0.18 0.85 ± 0.12 

Brain 1.19 ± 0.15  1.23 ± 0.17 1.18 ± 0.20 1.26 ± 0.18 

Statistical significance was determined by one-way ANOVA with Bonferroni post-hoc test. 

All data are presented as mean ± SD from n = 7. Multiple comparison among treatment groups 

and vehicle did not show significant difference in both body and organ weight (p > 0.05).
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Figure 2 
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Figure 3 
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Figure 4 
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