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Abstract 29 

Cisplatin, 5FU and docetaxel (TPF) are the most common chemotherapy regimen used for 30 

advanced OSCC.  However, many cancer patients experience relapse, continued tumor growth, 31 

and spread due to drug resistance, which leads to treatment failure and metastatic disease. Here, 32 

using a CRISPR/Cas9 based kinome knockout screening, Misshapen-like kinase 1 (MINK1) is 33 

identified as an important mediator of 5FU resistance in OSCC.  Analysis of clinical samples 34 

demonstrated significantly higher MINK1 expression in the tumor tissues of chemotherapy non-35 

responder as compared to chemotherapy responders. The nude mice and zebrafish xenograft 36 

experiments indicate that knocking out MINK1 restores 5FU mediated cell death in 37 

chemoresistant OSCC. An antibody based phosphorylation array screen revealed MINK1 as a 38 

negative regulator of p53. Mechanistically, MINK1 modulates AKT phosphorylation at Ser473, 39 

which enables p-MDM2 (Ser 166) mediated degradation of p53.  We also identified lestaurtinib 40 

as a potent inhibitor of  MINK1 kinase activity. The patient derived TPF resistant cell based 41 

xenograft data suggest that lestaurtinib restores 5FU sensitivity and facilitates a significant 42 

reduction of tumor burden. Overall, our study suggests that MINK1 is a major driver of 5FU 43 

resistance in OSCC.  The novel combination of MINK1 inhibitor lestaurtinib and 5FU needs 44 

further clinical investigation in advanced OSCC.  45 
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Introduction 46 

Majority of head and neck cancer is originated from mucosal epithelium collectively termed as 47 

Oral squamous cell carcinomas (OSCC) 
1
. It is the most prevalent neoplasm in developing 48 

country like India with approximately 80000 new cases diagnosed every year 
2
. Unfortunately, 49 

most of the patients present with advanced OSCC are without having any preclinical history of 50 

pre malignant lesions. The treatment modalities for advanced OSCC includes surgical removal of 51 

tumor followed by concomitant chemoradiotherapy.  Neoadjuvant chemotherapy is frequently 52 

prescribed for surgically unresectable OSCC tumors 
3
. However, despite of having all these 53 

treatment modalities the 5-year survival rate of advanced tongue OSCC is less than 50%. 54 

Chemoresistance is one of the major causes of treatment failure in OSCC
4
. The 55 

chemotherapeutic regimen used for OSCC are cisplatin, 5FU and Docetaxel (TPF)
3
. Though 56 

chemotherapy drugs show initial positive response, tumor acquires resistance gradually and 57 

patients experience continued tumor growth and metastatic disease.  58 

Reprogramming resistant cells to undergo drug induced cell death is a viable way to overcome 59 

drug resistance. This can be achieved by identifying the causative factors for acquired 60 

chemoresistance and discovering novel agents to target critical causative factors, which will 61 

restore drug-induced cell death in chemoresistant OSCC. Kinases, which transfer a reversible 62 

phosphate group to proteins, play important role in regulating several phenotypes of 63 

carcinogenesis including growth, proliferation, angiogenesis, metastasis and evasion of antitumor 64 

immune responses 
5
. There are approximately 538 known kinases in human which are known to 65 

regulate different kinase signaling. A few of them  are also known to regulate drug resistance in 66 

HNSCC. A kinome study revealed, microtubule-associated serine/threonine kinase 1 (MAST1) is 67 

a major driver of cisplatin resistance in HNSCC. MAST1 inhibitor lestaurtinib efficiently 68 
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sensitized chemoresistant cells to cisplatin. Overall, the study suggests that MAST1 is a viable 69 

target to overcome cisplatin resistance 
6
. Ectopic overexpression of receptor tyrosine kinase in 70 

HNSCC mediates acquired resistance against cetuximab. For example, hyper activation of AXL 71 

was observed in clinical samples those are resistant to cetuximab 
7
. It was also found that RAS-72 

MAPK are key mediator for cetuximab resistance in OSCC 
8
. However, very limited studies are 73 

available about the kinases those mediate 5FU resistance in OSCC.  74 

MINK1 belongs to germinal center kinase (GCK) family and it is involved in regulation of 75 

several important signaling cascades 
9
. Recently, it is reported that MINK1 can regulate the 76 

planner cell polarity, which is essential for spreading of cancer cells. The PRICKLE1 encodes 77 

the planner cell polarity protein that binds to MINK1 and RICTOR (a member in mTOR2 78 

complex) and this complex regulates the AKT meditated cell migration. Selectively targeting 79 

either of MINK1, PRICKLE1 or RICTOR can significantly decrease the migration of cancer cell 80 

in breast carcinomas 
10

.  Ste20-related kinase, misshapen (msn), a Drosophila homolog of  81 

MINK1 regulates embryonic dorsal closure through activation of c-jun amino-terminal kinase 82 

(JNK) 
11

.  83 

The goal of this study is to find out the potential kinase(s) those are major driver(s) of 5FU 84 

resistance in OSCC, for which a CRISPR based kinome screening was employed on 5FU 85 

resistant OSCC lines.  The top ranked protein MINK1 was selected for validation in multiple cell 86 

lines and patient derived cells. In addition to this, lestaurtinib was identified to inhibit MINK1 87 

kinase activity, which can reverse 5FU mediated cell death in chemoresistant OSCC lines.  88 

Ultimately, we demonstrated that MINK1 regulates the p53 in 5FU resistant OSCC. MINK1 89 

activates AKT by phosphorylation at Ser473, which phosphorylates MDM2 at Ser166, the later 90 

in turn triggers degradation of p53. 91 
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Materials and Methods 92 

Cell culture: The human tongue OSCC lines (H357, SCC4 and SCC9) were obtained from 93 

Sigma Aldrich, sourced from European collection of authenticated cell culture. All OSCC cell 94 

lines were cultured and maintained in DMEM F12 supplemented with 10% FBS (Thermo Fisher 95 

Scientific), penicillin–streptomycin (Pan Biotech) and  0.5 ug/ml sodium hydrocortisone 96 

succinate. HEK 293T cells were maintained in DMEM supplemented with 10% FBS and 97 

penicillin–streptomycin (Pan Biotech).  98 

High Content Screening: 1000 cells/ well were seeded in black flat bottom 96 well plate 99 

(Thermo Scientific™ Nunc) and divided into two experimental groups, one without 5FU 100 

treatment and the other with 5FU treatment. A CRISPR based kinome-wide screening was 101 

performed using a lentiviral sgRNA library (LentiArray™ Human Kinase CRISPR Library, 102 

Thermo Fisher Scientific, M3775) that knocks out 840 kinase and kinase related genes 103 

individually with total number of 3214 sgRNA constructs. Transduction of lentiviruses (MOI:2) 104 

containing pooled sg RNAs (up to 4) targeting each of 840 genes along with positive and 105 

negative control lentiviruses into individual wells was carried out in presence of polybrene 106 

(8µg/ml). At 48 hours post transduction, selection with puromycin (0.5µg/ml) was performed for 107 

next 2-3 days, followed by treatment of vehicle control and 5FU at sub lethal dose respectively 108 

in both groups for 48h. Finally, cells were stained with LIVE/DEAD™ Viability/Cytotoxicity 109 

Kit (Thermo Fisher Scientific Cat # L3224) and high content screening was performed using 110 

CellInsight CX7 High-Content Screening (HCS) Platform. The green fluorescence indicates the 111 

living cells and red fluorescence indicates dead cells. Images from 20 fields per well were 112 

acquired using 10X objective lens. Two different fluorescent channels (excitation wavelengths -113 

488nm and 561nm) were used for acquiring images. Image analysis was performed using the 114 
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HCS Studio software.  A threshold value for each channel was set once and used for the entire 115 

screening. To identify the cells, segmentation was done. Some of the clumped and poorly 116 

segmented cells were excluded from further analysis on the basis of area, shape and intensity. On 117 

the basis of intensity, number of live and dead cells were counted and an objective mask (blue 118 

lines in the images) was created around each cell. For positive control, Cas9 over expressing 119 

cells were transduced with lentiviruses expressing sgRNA targeting human hypoxanthine 120 

phosphoribosyltransferase 1 (HPRT1) (LentiArray™ CRISPR Positive Control Lentivirus, 121 

human HPRT, Thermo Fisher Scientific Cat # A32829). HPRT1 knockout cells shows resistance 122 

to 6-thioguanine (6TG) induced cell death. For negative control, Cas9 over expressing cells were 123 

transduced with lentiviruses expressing gRNA with no sequence homology to any region of the 124 

human genome (LentiArray™ CRISPR Negative Control Lentivirus, Thermo Fisher Scientific, 125 

Cat # A32327).  126 

Patient Derived Xenograft: BALB/C-nude mice (6-8 weeks, male, NCr-Foxn1nu athymic) 127 

were purchased from Hylasco Bio-Technology Pvt. Ltd. For xenograft model early passage of 128 

patient-derived cells (PDC2) established from chemo non-responder patient (treated with TPF 129 

without having any response) was considered. Two million cells were suspended in phosphate-130 

buffered solution-Matrigel (1:1, 100 μl) and transplanted into upper flank of mice. The PDC 131 

MINK1WT cells were injected in right upper flank and PDC MINK1KO cells were injected in 132 

the left upper flank of same mice. These mice were randomly divided into 2 groups (n=5) once 133 

the tumors reached a volume of 50 mm
3
 and injected with vehicle control or 5FU (10mg/kg) 134 

intraperitonially twice a week. In another experimental set up, PDC2 WT cells were injected in 135 

right upper flank of mice. These mice were randomly divided into 4 groups (n=5) after the 136 

tumors have reached a volume of 50 mm
3 

and injected with vehicle control, 5FU (10mg/kg), 137 
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Lestaurtinib (20mg/kg) and 5FU (10mg/kg) and Lestaurtinib (20mg/kg) respectively in each 138 

individual group, intraperitonially twice a week.  Tumor size was measured using digital Vernier 139 

caliper twice a week until the completion of experiments. Tumor volume was determined using 140 

the following formula: Tumor volume (mm
3
) = (minimum diameter)

2
 × (maximum diameter)/2.  141 

Phospho-Protein Profiling: For performing the Phospho Explorer Antibody Array (Full Moon 142 

Biosystems Cat# PEX10), 5X10
6 

 number of H3575FUR MINK1WT and H3575FUR 143 

MINK1KO cells were seeded and lysates were isolated, after which the protein samples were 144 

labelled with biotin as described by manufacturer. Biotinylated protein samples were further 145 

blocked in skim milk and were subjected to coupling with the 1318 number of antibodies present 146 

on the array slides. Then for the detection of expression of phospho proteins, Cy3-streptavidin 147 

(Sigma, Cat#S6402) was added. Array slides were scanned at Fullmoon Biosystems array 148 

scanning service and the image analysis was done using ImageJ software. 149 

In vitro MINK1 kinase activity assays: MINK1 Kinase Enzyme System (Promega Cat No# 150 

V3911) and ADP-Glo™ Kinase Assay (Promega Cat No#V9101) were procured to perform the 151 

in vitro kinase assay. Selected compounds (10 µM) were incubated at room temperature for 1 hr 152 

with recombinant human MINK1 kinase along with substrate MBP and ATP to perform the 153 

kinase reaction using 1X kinase buffer. Further ADP-Glo™ Reagent was added at room 154 

temperature for 40 mins to stop the kinase reaction and deplete the unconsumed ATP, hence 155 

leaving only ADP. Then Kinase detection reagent was added and incubated at room temperature 156 

for 30 mins to convert ADP to ATP and introduce luciferase and luciferin to detect ATP. Finally, 157 

the luminescence was measured using VICTOR® Nivo™ Multimode Plate Reader (Perkin 158 

Elmer). 159 
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Statistical analysis: All data points are presented as mean and standard deviation and Graph Pad 160 

Prism 9.0 was used for calculation. The statistical significance was calculated by one-way 161 

variance (one-way ANOVA), Two-Way ANOVA and considered significance at P≤0.05. 162 

Study approval: This study was approved by the Institute review Board and Human Ethics 163 

committees (HEC) of Institute of Life Sciences, Bhubaneswar (110/HEC/21) and All India 164 

Institute of Medical Sciences (AIIMS), Bhubaneswar (T/EMF/Surg.Onco/19/03). The animal 165 

related experiments were performed in accordance to the protocol approved by Institutional 166 

Animal Ethics Committee of Institute of Life Sciences, Bhubaneswar (ILS/IAEC-204-AH/DEC-167 

20). Approved procedures were followed for patient recruitment and after receiving written 168 

informed consent from each patient, tissues samples were collected. Institutional biosafety 169 

committee (IBSC) approved all related experiments.  170 

Results 171 

Establishment and characterization of 5FU resistant OSCC lines: The 5FU resistant OSCC 172 

lines were established by prolonged treatment of 5FU to OSCC cell lines as described in 173 

materials and methods. Monitoring the cell viability of 5FU sensitive (5FUS)  and resistant 174 

(5FUR) pattern of H357, SCC4 and SCC9 cell lines by MTT assay suggest that 5FUR cells 175 

achieved acquired resistance (Fig. S1A,B).  Enhanced cancer like stem cells (CSCs) and elevated 176 

expression of ATP-binding cassette (ABC) transporters are the hallmarks of chemoresistant cells. 177 

qRT-PCR data suggest that CSC markers (SOX2, OCT4 and NANOG) as well as majority of 178 

ABC transporters expression were elevated in 5FUR cells as compared to 5FUS cells (Fig. S1C, 179 

D).  180 
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Kinome wide screening identifies MINK1 as a potential driver of 5FU resistance in OSCC: 181 

To identify the kinases those play important role in 5FU resistance, a CRISPR based kinome-182 

wide screening was performed using a lentiviral sgRNA library knocking out 840 kinases 183 

individually with a total number of 3214 sgRNA constructs. To target the individual kinase, upto 184 

4 sgRNA lentiviral constructs were pooled together. For kinome screening, Cas9 overexpressing 185 

5FU resistant OSCC lines were established (Fig. S2), which showed similar drug resistant 186 

pattern with parental 5FUR OSCC lines(Fig. S3A). We also determined the polybrene and 187 

puromycin tolerance concentration in Cas9 overexpressing clones (Fig. S3B, C). The 5FUS and 188 

5FUR lines were treated with 5FU and cell death was measured in high content analyzer using a 189 

fluorescent cell viability dye, the data suggest significantly lower cell death in 5FUR cells as 190 

compared to 5FUS cells, which is in harmony with the previously measured 5FU tolerance in 191 

both lines (Fig. S4A-C). The screening protocol was optimized using appropriate positive and 192 

negative control. When   6TG (6-Thioguanine) was treated to HPRT1 (Hypoxanthine 193 

Phosphoribosyltransferase 1) KO lines, which is used as positive control for screening, it showed 194 

resistance to cell death, whereas HPRT1 WT cells were sensitive to 6TG, suggesting optimized 195 

screening protocol (Fig. S4D, E).  As a negative control, lentivirus expressing scrambled sgRNA 196 

was used.   197 

For primary screening, the  5FU resistant line (H357 5FUR) was transduced with a lentivirus  198 

containing sgRNAs targeting each of the 840 individual kinases, after which sub lethal dose of 199 

5FU was treated for 48h followed by measuring cell death in high content analyzer using a 200 

fluorescent cell viability dye (Fig. 1A). From primary screening, 334 kinases  out of 840 were 201 

selected for further consideration by rejecting rest of sgRNA clones which alone induced cell 202 

death more than 30 % (Fig. 1B, C).  The 60 candidate kinases having lowest survival fraction 203 
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score were evaluated in the secondary screening using three more chemoresistant lines i.e SCC4 204 

5FUR, SCC9 5FUR and H357 CisR. From the primary and secondary screening, MINK1, SBK1 205 

and FKBP1A emerged as the only  three  common kinases among the 5FUR lines with MINK1  206 

having the lowest survival fraction score, which sensitize the chemoresistant cell to 5FU 207 

mediated cell death the most (Fig. 1 C-E). In secondary screening, MINK1 knock out showed 208 

minimal efficacy in sensitizing cisplatin resistant cell lines to cisplatin (Fig.  1D), indicating the 209 

specific role of MINK1 towards acquired 5FU resistance. Next, monitoring the expression of 210 

MINK1 in OSCC resistant lines, we found the expression of MINK1 is significantly higher in 211 

5FUR lines as compared to 5FUS lines of OSCC (Fig. 1F). With the evaluation of clinical 212 

samples, the expression of MINK1 was found to be elevated in tumor tissues of chemotherapy 213 

non-responders as compared to chemotherapy responders (Fig. G, H). We also evaluated the 214 

MINK1 expression in drug-naive and post-CT nonresponder paired tumor samples from the 215 

same patient and observed that the post–CT-treated tumor samples showed higher MINK1 216 

expression (Fig. I, J).  217 

MINK1 is an important target to overcome 5FU resistance in OSCC:   To confirm the 218 

finding from the kinome screening, MINK1KO (knock out) clones were generated, using 219 

lentivirus expressing two different sgRNAs, in Cas9 overexpressing 5FUR OSCC lines and 220 

patient derived line 2 (PDC2) (Fig. S5A). PDC2 was isolated and characterized earlier from 221 

tumor of chemotherapy-non-responder patient, who was treated with neoadjuvant TPF without 222 

any response 
22

. The colony forming, MTT and spheroid assay  data suggest that knocking out 223 

MINK1 significantly reduced the cell viability when the chemoresistant cells were treated with 224 

5FU (Fig. S5B, C and Fig.2A). Here onwards we used sgRNA 1 for rest of the experiments. 225 

Similarly, knocking out MINK1 induced 5FU mediated cell death in chemoresistant cells (Fig. 226 
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2B). Enhanced p-H2AX and cleaved PARP was observed in MINK1KO cells followed by 227 

treatment with 5FU indicating the potential role of MINK1 in mediating 5FU resistance (Fig. 228 

2C,D). Further, to test the in vivo efficacy of the kinome screening data, we implanted PDC2 229 

MINK1WT cells into right upper flank and PDC2 MINK1KO cells into the left upper flank of 230 

nude mice followed by treatment with 5FU. Treatment with 5FU (10 mg/kg) significantly 231 

reduced the tumor burden in the MINK1KO   but not in MINK1WT group (Fig. 2E-G). 232 

Immunohistochemistry data suggests markedly decreased cell proliferation signal (Ki67) in 5FU-233 

treated MINK1KO tumors (Fig. 2H). Earlier it is known that selective knockdown of MINK1 234 

decreases the migration of human breast cancer lines 
10

. To evaluate whether depletion of 235 

MINK1 also reduces migration of chemoresistant OSCC lines and PDC2, Boyden chamber 236 

assays and scratch/wound healing assays were performed. The data suggest that knock out of 237 

MINK1 followed by treatment with 5FU significantly reduces the relative number of migrated 238 

cells (Fig. S6A).  Similarly, scratch area analysis suggest that percentage of scratch area is 239 

significantly higher when 5FU is treated to MINK1KO drug resistant cells (Fig. S6B, C).  Next, 240 

we used Zebrafish (Danio rerio) [Tg(fli1:EGFP)] tumor xenograft model to further validate our 241 

findings. Equal number of the WT and PDC2MINK1 KO cells were stained with Dil (1,1'-242 

Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate) and injected into perivitelline 243 

space of 48-hour post fertilized zebrafish embryos. After 3 days of injection, embryos were 244 

treated with vehicle control or 5FU (500µM). After 5 days of injection, the primary tumors and 245 

metastatic distribution of cancer cells were documented using a fluorescence microscope. The 246 

tumor growth, as measured by fluorescence intensity of primary tumors, was found to be 247 

significantly reduced in the MINK1 KO group with the treatment of 5FU (Fig. 2I, J). Also, 248 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2022. ; https://doi.org/10.1101/2021.08.19.456939doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456939
http://creativecommons.org/licenses/by-nd/4.0/


12 
 

cancer cells showed reduced distal migration from the primary site in the case of MINK1 KO 249 

5FU treated group (Fig. 2K). These data indicate MINK1 dependency of 5FU resistant OSCC. 250 

Ectopic expression of MINK1 promotes 5FU resistance in OSCC: To confirm the potential 251 

role of MINK1 in 5FU resistance, we performed gain of function study. For this, using a 252 

lentiviral approach we generated MINK1ShRNA stable clones in 5FUR lines and PDC2 253 

(MINK1UTRKD), where the shRNA targets the 3’UTR of MINK1 mRNA. For ectopic 254 

overexpression of MINK1, the MINK1UTRKD cells were transfected with pDESTCMV/TO 255 

MINK1 vector (Fig. 3A).  The cell viability and cell death data suggest that knocking down 256 

MINK1 in 5FUR cells result in sensitizing the resistant cells to 5FU, however ectopic 257 

overexpression of MINK1 rescues the 5FU resistant phenotype (Fig.  3B, C). Similarly, 258 

immunostaining data suggest enhanced p-H2AX signal in MINK1UTRKD cells, whereas ectopic 259 

overexpression of MINK1 reduces the p-H2AX signal indicating rescue of 5FU resistance in 260 

OSCC cells (Fig. 3D).  We also observed the rescue of cleaved PARP with ectopic expression of 261 

MINK1 suggesting reduced cell death (Fig. 3E). Finally, when MINK1 was overexpressed in 262 

OSCC sensitive lines, cells showed resistance to 5FU induced cell death (Fig. 3F).   263 

MINK1 downregulates the expression of p53 in chemoresistant OSCC through activation 264 

of AKT and MDM2: To understand the specific role of MINK1 in 5FU resistant OSCC, we 265 

performed high-throughput phosphorylation profiling with 1,318 site-specific antibodies from 266 

over 30 signaling pathways in 5FUR cells stably expressing MINK1KO and MINK1WT. From 267 

this study,  phosphorylation of p53 at Ser33 and Ser15 were found to be significantly up 268 

regulated in MINK1KO cells as compared to MINK1WT cells. In addition to this, 269 

phosphorylation of AKT at Ser473 and phosphorylation of MDM2 at Ser166 were found to be 270 

down regulated in MINK1KO cells as compared to MINK1WT (Fig. 4A). Further, 271 
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immunoblotting was performed to validate the finding of phosphorylation profiling antibody 272 

array. The data suggest that phosphorylation of p53 at Ser15 and Ser33 is significantly 273 

upregulated and phosphorylation of MDM2 at Ser166 is profoundly downregulated in 274 

MINK1KO cells as compared to MINK1WT chemoresistant cells (Fig. 4B). OSCC lines H357 275 

and SCC4 have mutant p53, whereas MCF7 and HEK 293 have wild type p53 expression.  276 

Further, p53 expression was also found to be inversely correlated with MINK1 irrespective of its 277 

mutation status. (Fig. 4B, S7). Next, when MINK1 was ectopically overexpressed in MINK1KD 278 

(shRNA targeting 3’UTR) clones, downregulation of p53, p-p53 (Ser33) and p-p53 (Ser15) were 279 

observed in chemoresistant OSCC lines (Fig. 4C). In harmony to our finding of phosphorylation 280 

array, p-AKT(Ser473) was found to be down regulated in MINK1 depleted cells, which was 281 

rescued with ectopic overexpression of MINK1  (Fig. 4 D, E).  To confirm the potential role of 282 

AKT in modulating MINK1 mediated p53 regulation, we ectopically overexpressed 283 

constitutively active AKT (myrAKT) in MINK1KO cells. The immunoblotting data suggest that 284 

expression of p53, p-p53 (Ser33) and p-p53 (Ser15) were downregulated when MyrAKT was 285 

overexpressed in MINK1KO cells (Fig. 4F).  Similarly, when MINK1 over expressing cells were 286 

treated with AKT inhibitor (Akti-1/2) , the p53 expression was rescued along with 287 

downregulation of p-MDM2 (Ser166) (Fig. 4G). p53 target genes were also evaluated in MINK1 288 

KO cells and the immunoblotting data suggest that expression of p21, NOXA and TIGAR in 289 

MINK1KO clones were upregulated as compared to MINK1WT clones (Fig. 4H).  290 

Evaluation of Lestaurtinib as MINK1 inhibitor to reverse 5FU resistance in OSCC:  From 291 

the screening data, we observed that MINK1 expression is elevated in chemoresistant OSCC and 292 

genetic inhibition of the same sensitizes drug resistant lines to 5FU induced cell death. Hence, 293 

MINK1 can be  a potential therapeutic target to overcome chemoresistance in OSCC. Very 294 
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limited information on the inhibitors of MINK1 is available in the literature. Hence, we looked 295 

for the potential MINK1 inhibitors in the international union of basic and clinical pharmacology 296 

(IUPHAR) database, where a screen of 72 inhibitors against 456 human kinases binding activity 297 

is provided.  Among the potential twelve MINK1 inhibitors, we tested the MINK1 inhibitory 298 

activity of three inhibitors i.e., staurosporine, pexmetinib and lestaurtinib. The kinase assay data 299 

suggest that lestaurtinib and pexametinib have highest inhibitory activity for MINK1 (Fig. 5A). 300 

The 50% MINK1 inhibitory activity was observed at concertation of 100 nM in case of 301 

lestaurtinib and 10 µM for pexmetinib (Fig. 5B). Next, cell viability assay was performed to 302 

select a dose of lestaurtinib and pexmetinib that does not affect cell viability when treated alone 303 

(viability > 80%) in 5FU resistant OSCC lines (Fig. 5C, D). Further, the cell viability, spheroid 304 

assay and cell death data suggest that the selected sub lethal dose of lestaurtinib (50nM) and 305 

pexmetinib (500µM) can efficiently restore 5FU mediated cell death in chemoresistant OSCC 306 

lines and PDC2 (Fig. 5 E, F and S8A). The IC50 value of 5FU in H3575FUR is 20.49μM, 307 

however combination of lestaurtinib (50nM)  decreases the IC50 value to 4.82 μM  and 308 

combination of pexmetinib (500µM)  lowers the IC50 value of 5FU to 7.08 µM (Fig. 5 E). As 309 

lestaurtinib, with a much lower concentration (50nM) as compared to pexmetinib (500nM) 310 

sensitize 5FU to chemoresistant cells, from here on lestaurtinib was considered for rest of the 311 

study. Enhanced expression of p-H2AX and cleaved PARP was observed only in combination 312 

group with lestaurtinib and 5FU indicating programmed cell death (Fig. 5G and S8B). Boyden 313 

chamber assays data suggests that  combinatorial  treatment of  lestaurtinib  and 5FU 314 

significantly reduces the relative number of migrated cells (Fig S8C). In harmony to the 315 

observation made by knockout of MINK1 in chemoresistant cells, we also found that lestaurtinib 316 

significantly decreased the phosphorylation of  MDM2(Ser166) and AKT(Ser473) and  elevated 317 
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the expression of p53 in chemoresistant cells (Fig. 5H).  Further, we found that lestaurtinib failed 318 

to sensitize 5FU mediated cell death in MINK1 knocked out 5FUR lines (Fig. 5I), which 319 

suggests that lestaurtinib conferred 5FU sensitivity by inhibiting MINK1 kinase activity. To 320 

check the in vivo efficacy of this novel combination, nude mice xenograft model was performed 321 

using patient derived cells (PDC2). The in vivo data suggest that the combination of lestaurtinib 322 

(20mg/kg) and 5FU (10mg/kg) profoundly reduced the tumor burden as compared to treatment 323 

with either of the single agents (Fig. 6A-C). Immunohistochemistry data suggest significant 324 

reduction in CD44 and Ki67 expression along with increased expression of cleaved caspase 3  in 325 

combination group  (Fig. 6D). Finally, we performed combinatorial anti-tumor effect of non-326 

cytotoxic extremely low dose of cisplatin (1μM), 5FU (1μM) and lestaurtinib (50nM) in PDC2. 327 

The cell viability, cell death,  western blotting and colony forming assay data suggest 328 

significantly higher cell death  in cisplatin, 5FU and lestaurtinib combinatorial group, as 329 

compared to any other possible combinatorial group, i.e. 5FU and lestaurtinib or  cisplatin  and 330 

lestaurtinib  or cisplatin and 5FU (Fig. S8). 331 

Discussion: The hallmark chemoresistant phenotypes of cancer cells are reduced apoptosis, 332 

altered metabolic activity, enhanced cancer stem cells like population, increased drug efflux and 333 

decreased drug accumulations. However, the causative factors which are responsible for acquired 334 

chemoresistance is largely not known.  It is well known that kinases play key role in various 335 

processes of carcinogenesis and kinase inhibitors are established as potential anti-tumor agents. 336 

In this study, for the first time, we have performed a kinome screening in drug resistant cancer 337 

cells to explore the potential kinase(s) those mediate 5FU resistance in OSCC. From the primary 338 

and secondary kinome screening, MINK1 was found to be top ranked kinase that can re-sensitize 339 

drug resistant cells to 5FU. Overall, MINK1 is known to regulate cell senescence, cell motility 340 
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and migration. Till date the potential role of MINK1 in modulating chemoresistanace is still 341 

unknown.  Here in this study, we found the novel function of MINK1 by which it regulates 5FU 342 

resistance in OSCC.  343 

To understand the mechanism by which MINK1 regulates 5FU resistance, we performed a high-344 

throughput phosphorylation profiling in 5FUR cells stably expressing MINK1sgRNA. From this 345 

study, we found p- p53 (Ser33) and p-53(Ser15) to be significantly up-regulated in MINK1KO 346 

cells and p-AKT (Ser473) and p-MDM2 (Ser166) were found to be down-regulated in 347 

MINK1KO cells as compared to MINK1WT.  The tumor suppressor p53 is phosphorylated at 348 

various amino acids by different kinases, which tightly regulates its stability 
23

.  It is well known 349 

that MDM2 (a E3 ubiquitin ligase) acts as a negative regulator of p53. MDM2 forms a complex 350 

with p53 and facilitates the recruitment of  ubiquitin molecules for its degradation 
24

. Earlier, it 351 

was established that insulin induced activated AKT (Ser473) phosphorylates MDM2 at Ser 166 352 

and Ser 186, which can lead to MDM2 mediated proteasomal degradation of  p53 in cytoplasm 353 

as well as in nucleus 
25, 26

. These events lead to blocking of p53-mediated transcription of genes 354 

those generally involve in apoptosis, cell cycle regulation and senescence.  In addition to this, 355 

p53 is phosphorylated at Ser15 by ATM, DNA-PK and ATR in response to DNA damage 
27, 28, 

356 

29
. Hence, phosphorylation of Ser15 and Ser33 leads to activation and stabilization of p53 as they 357 

attenuate the MDM2 mediated degradation of p53 
30, 31

. Overall, in this study we found that 358 

MINK1 regulates the expression of p53 through activation of AKT which in turns triggers p-359 

MDM2 (Ser 166) (Figure 6 E).   360 

Jin et al 2018 performed a kinome screening in cisplatin resistant cells to explore the potential 361 

kinases those confer cisplatin resistance in HNSCC. The data suggests that microtubule-362 

associated serine/threonine-protein kinase 1 (MAST1) mediates cisplatin resistance in HNSCC 363 
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by phosphorylating MEK1, triggering cRaf-independent activation of MEK1, which led to down 364 

regulation of BH3 only protein BIM. Jin et al 2018 also found that lestaurtinib to be a potent 365 

inhibitor of MAST1. Lestaurtinib successfully restores the cisplatin induced cell death in 366 

cisplatin resistant cells 
6
.  Lestaurtinib not only inhibits MAST1 activity but also known as an 367 

inhibitor of JAK2, Trk and FLT3 
32, 33

. In this study, we found that lestaurtinib inhibits activity of 368 

MINK1 and lestaurtinib can resensitize the drug resistant OSCC to 5FU. The most common 369 

chemotherapy regimen for OSCC is the combination of cisplatin, 5FU and Docetaxel (TPF). 370 

Finally, our data suggests that combination of extremely low dose of cisplatin (1μM), 5FU 371 

(1μM) and lestaurtinib (50nM) can overcome chemoresistance in OSCC (Fig. S8).  Currently 372 

lestaurtinib alone or in combination with other chemotherapy drug is under clinical investigation 373 

(phase II) for patients having AML and it is well tolerated in human beings 
34

.  374 

Overall, our data suggests that MINK1 is a mediator of 5FU resistance in OSCC. Besides this, 375 

though we have demonstrated that MINK1 negatively regulates P53 through AKT/MDM2 axis 376 

in 5FU resistant OSCC, the 5FU specificity of this MINK1 driven signalling cascade remains to 377 

be fully elucidated. Further, genetic or pharmacological (Lestaurtinib) inhibition of MINK1 378 

successfully resensitized chemo resistant lines to 5FU. This novel combination of 5FU and 379 

Lestaurtinib needs further clinical investigation.  380 
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Figure Legends 518 

Figure 1: CRISPR based Kinome screening revealed MINK1 as a potential mediator for 519 

5FU resistance in OSCC. A) Schematic presentation of approach for CRSPR/Cas9 based 520 

kinome knockout screening to discover the potential kinase responsible for 5FU resistance in 521 

OSCC. B-C) Primary screening of 840 kinases was performed with sublethal dose of 5FU 522 

(8μM). The kinases (n=506 nos) whose knockout alone induced significantly higher cell death (> 523 

30%) depicted in red were excluded.  From the rest of the kinases (n=334 nos) depicted in green, 524 

the survival fraction (5FU treated/ Vehicle Control) was determined and top 60 candidates 525 

having lowest survival fraction were considered for secondary screening. D) For secondary 526 

screening with top 60 kinases, four cell lines were considered i.e., H357 5FUR, SCC4 5FUR, 527 

SCC9 5FUR and H357CisR. After overlapping all three 5FUR cell lines, MINK1, SBK1, 528 

FKBP1A were found to be the common kinases among them. MINK1 was selected as a potential 529 

kinase target purely based on having the lowest survival fraction among all common candidates. 530 

E) The fluorescent images acquired from high content analyzer with indicated treated group 531 

during kinome screening. F) Lysates were collected from indicated cells and immunoblotting 532 

was performed with indicated antibodies. G) Protein expression of MINK1 was analyzed by IHC 533 

in chemotherapy- responder and chemotherapy-non-responder OSCC tumors. Scale bars: 50 μm. 534 

H) IHC scoring for MINK1 from panel G (Q Score =Staining Intensity × % of Staining), 535 

(Median, n=11 for chemotherapy-responder and n=23 for chemotherapy-non-responder) *P < 536 
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0.05 by 2-tailed Student’s t test. I) Protein expression of MINK1 was analyzed by 537 

immunohistochemistry (IHC) in pre- and post-TPF treated paired tumor samples from 538 

chemotherapy-non-responder patients. Scale bars: 50 μm.  J) IHC scoring for MINK1 from panel 539 

I (Q Score =Staining Intensity × % of IHC Staining). *P < 0.05 by 2-tailed Student’s t test. 540 

Figure 2: Selectively targeting MINK1 restores 5FU induced cell death in chemoresistant 541 

OSCC: A) 5FU resistant cells stably expressing MINK1sgRNA (#1 and #2)  and NTsgRNA 542 

were treated with 5FU for 48h  and cell viability was determined by MTT assay (n=3 and 2-way 543 

ANOVA). B) Indicated cells were treated with 5FU for 48h,  after which cell death was 544 

determined by annexin V/7AAD assay using flow cytometer.  Bar diagrams indicate the 545 

percentage of cell death (early and late apoptotic) with respective treated groups (Mean ±SEM, 546 

n=3, Two-way ANOVA).  C) Indicated cells were treated with 5 μM of 5FU for 48h, after which 547 

immunostaining was performed for γ-H2AX. D) Indicated cells were treated with 5FU for 48h 548 

and immunoblotting was performed with indicated antibodies. E) PDC2 MINK1WT cells were 549 

implanted in right upper flank of athymic male nude mice and PDC2 MINK1KO cells were 550 

implanted in left upper flank, after which they were treated with 5FU at indicated concentration. 551 

At the end of the experiment mice were euthanized, tumors were isolated and photographed 552 

(n=5). F) Tumor growth was measured in indicated time points using digital slide caliper and 553 

plotted as a graph (mean ± SEM, n = 5). Two-way ANOVA. G) Bar diagram indicates the tumor 554 

weight measured at the end of the experiment (mean ± SEM, n = 5). Two-way ANOVA. H) 555 

After completion of treatment, tumors were isolated and paraffin-embedded sections were 556 

prepared as described in materials and methods to perform immunohistochemistry with indicated 557 

antibodies. Scale bars: 50 μm. I, J) Lateral view of fluorescent transgenic [Tg(fli1:EGFP)] 558 

zebrafish embryos at Day 0 and Day 5 injected with Dil-Red stained PDC2 control and MINK1 559 
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KO cells with and without treatment of 5FU (J). The tumor growth and migration was assessed 560 

by an increase in fluorescence intensity on the 5th day compared to the day of injection. n=6. 561 

The quantitation of fluorescence intensity (I) was performed using ImageJ software and 562 

represented as fold change of fluorescence intensity where day 0 reading was taken as baseline. 563 

K) Zoomed image of distal part of embryo (5days post injection) to monitor migration of tumor 564 

cells.  565 

Figure 3:  Ectopic overexpression of MINK1 rescued the drug resistant phenotype in 566 

MINK1KD drug resistant OSCC: A) Using a lentiviral approach, 5FU resistant OSCC lines 567 

and PDC2 were stably transfected with ShRNA which targets 3’UTR of MINK1 mRNA 568 

(MINK1 UTRKD). For ectopic overexpression, pLenti CMV/TO Puro DEST MINK1 and 569 

control vector were transiently transfected to indicated MINK1 UTRKD cells and 570 

immunoblotting (n=3) was performed with indicated antibodies. B) MINK1 was ectopically 571 

overexpressed in 5FUR cells stably expressing MINK1ShRNA targeting UTR and treated with 572 

5FU at indicated concentration for 48 h, after which cell viability was determined by MTT assay  573 

(n=3),  2-way ANOVA. C) Cells were treated as indicated in B panel and cell death (early and 574 

late apoptotic) was determined by annexin V/7AAD assay using flow cytometer.  Bar diagrams 575 

indicate the percentage of cell death with respective treated groups (Mean ±SEM, n=3), 2-way 576 

ANOVA. D) MINK1 was overexpressed in 5FUR cells stably expressing MINK1ShRNA 577 

targeting UTR and treated with 5FU  for 48h, after which immunostaining was performed for γ-578 

H2AX as described in materials and methods. E) MINK1 was overexpressed in chemoresistant 579 

cells stably expressing MINK1ShRNA targeting 3’ UTR, followed by 5FU treatment for 48 580 

hours, and immunoblotting (n = 3) was performed with indicated antibodies. F) 5FU sensitive 581 

OSCC lines were transfected with pLenti CMV/TO Puro DEST MINK1 followed by treatment 582 
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with 5FU at indicated concentration for 48h, after which cell viability was determined by MTT 583 

assay (n=3), 2-way ANOVA. 584 

Figure 4: MINK1 regulates the expression of p53 in 5FU resistant OSCC lines through 585 

AKT/MDM2  586 

A) High-throughput phosphorylation profiling with 1,318 site-specific antibodies from over 30 587 

signaling pathways was performed in the lysates of MINK1KO and MINK1WT clones of H357 588 

5FUR cells as described in methods. The top 20 upregulated phosphoproteins (MINK1 589 

KO/MINK1WT) is represented in left panel, whereas top 20 downregulated phosphorylated 590 

proteins is represented in right panel. The upregulated targets considered in the study is marked 591 

in green red box, whereas downregulated targets in green box. B) Lysates were collected from 592 

indicated cells and immunoblotting was performed with indicated antibodies. C) 593 

pDESTCMV/TO MINK1 (ectopic overexpression of MINK1) was transiently transfected in 594 

5FUR lines stably expressing MINK1 ShRNA (targeting 3’UTR) and immunoblotting was 595 

performed with indicated antibodies. D) Lysates were collected from indicated cells and 596 

immunoblotting was performed with indicated antibodies. E) MINK1 was ectopically 597 

overexpressed in 5FUR lines stably expressing MINK1 ShRNA (targeting 3’UTR) and 598 

immunoblotting was performed with indicated antibodies. F) pLNCX myr HA Akt1 (ectopic 599 

overexpression of myr AKT) was transiently transfected in indicated MINK1KO cells and 600 

immunoblotting was performed with indicated antibodies.  G) MINK1 was ectopically 601 

overexpressed in 5FUR lines stably expressing MINK1ShRNA (UTRKD) as described in panel 602 

C and treated with AKT inhibitor  (Akti-1/2) for 24h and immunoblotting was performed with 603 

indicated antibodies.  H) Lysates were collected from indicated cells and immunoblotting was 604 

performed with indicated antibodies.  605 
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Figure 5: Evaluation of Lestaurtinib as a MINK1 inhibitor to restore 5FU sensitivity in 606 

drug resistant OSCC: A) In vitro MINK1 kinase assay was performed using three compounds 607 

potentially binding to MINK1 (based on IUPHAR database). All compounds (10 µM) were 608 

incubated with recombinant human MINK1 along with substrate MBP and ATP and further 609 

subjected to ADP-Glo™ Kinase Assay as described in materials and methods section. B) 610 

Determination of EC50 value for kinase activity of top two MINK1 inhibitors selected from 611 

panel (A). C-D) Selection of highest dose of Lestaurtinib and Pexmetinib that does not affect cell 612 

viability when treated alone (viability > 80%) in 5FU resistant OSCC lines (n=3),  2-way 613 

ANOVA. E) 5FU resistant cells were treated with indicated  dose of MINK1 inhibitor (50 nM 614 

Lestaurtinib, 500 nM Pexmetinb)  in combination  with increasing concentrations of 5FU for 48 615 

h, after which cell viability was determined by MTT assay (n=3),  2-way ANOVA. F) 5FU 616 

resistant OSCC lines and PDC2 cells were treated indicated  dose of MINK1 inhibitor (50 nM 617 

Lestaurtinib, 500 nM Pexmetinb)  in combination  with increasing concentrations of 5FU for 48 618 

h, after which cell death (early and late apoptotic) was determined by annexin V/7AAD assay 619 

using flow cytometer.  Bar diagrams indicate the percentage of cell death with respective treated 620 

groups (Mean ±SEM, n=3). Two-way ANOVA.  G) Indicated 5FU resistant OSCC lines and 621 

PDC2 cells were treated with 5 μM of 5FU and/or 50nM of Lestaurtinib for 48h, after which 622 

immunostaining was performed for γ-H2AX as described in materials ad methods.  H) Indicated 623 

5FU resistant OSCC lines and PDC2 cells were treated with Lestaurtinib for 48h, after which 624 

immunoblotting was performed with indicated antibodies. I) Effect on 5FU IC50 upon 625 

Lestaurtinib treatment in cells with or without MINK1 knockout in indicated 5FU resistant 626 

OSCC lines and PDC2 cells (n=3), *P < 0.05 by 2-way ANOVA. 627 
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Figure 6: Lestaurtinib and 5FU synergistically reduced tumor burden in vivo in drug 628 

resistant OSCC: A) Patient-derived cells (PDC2) were earlier established from tumor of 629 

chemotherapy (TPF) non-responder patient. PDC2 were implanted in the right upper flank of 630 

athymic male nude mice, after which they were treated with 5FU and/or Lestaurtinib at indicated 631 

concentrations. At the end of the experiment mice were euthanized, and tumors were isolated and 632 

photographed (n = 5). B) Bar diagram indicates the tumor weight measured at the end of the 633 

experiment (mean ± SEM, n = 5). Two-way ANOVA. C) Tumor growth was measured at the 634 

indicated time points using digital slide caliper and plotted as a graph (mean ± SEM, n = 5). 635 

Two-way ANOVA. D) After completion of treatment, tumors were isolated, and paraffin-636 

embedded sections were prepared as described in Methods to perform IHC with indicated 637 

antibodies. Scale bars: 50 μm. E) Schematic presentation of the mechanism by which MINK1 638 

regulates p53 expression through AKT/MDM2 axis. 639 

Figure 7: Evaluation of combinatorial anti-tumor effect of low dose of cisplatin, 5FU and 640 

lestaurtinb in TPF resistant patient derived cells (PDC2). A-B) PDC2 cells were treated with 641 

indicated concentrations of  cisplatin, 5FU and   lestaurtinib for 48h and cell viability was 642 

measured by MTT assay(n=3 and *P < 0.05 by 2-way ANOVA). C) PDC2 cells were treated 643 

with indicated concentrations of  cisplatin, 5FU and   lestaurtinib for 48h after which cell death 644 

was determined by annexin V/7AAD assay using flow cytometer.  Bar diagrams indicate the 645 

percentage of cell death (early and late apoptotic) with respective treated groups (Mean ±SEM, 646 

n=3 by Two-way ANOVA).  D) PDC2 cells were treated with indicated concentrations of  647 

cisplatin, 5FU and   lestaurtinib for 48h and immunoblotting was performed with indicated 648 

antibodies. E) PDC2 cells were treated with indicated concentrations of  cisplatin, 5FU, 649 

lestaurtinib for 12 days and colony forming assays were performed as described in method 650 
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section. Left panel: Bar diagram indicate the relative colony number (n=3 and *P < 0.05 by 2-651 

way ANOVA). Right panel: representative photographs of colony forming assay in each group. 652 
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Figure 07
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