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Abstract: Cutaneous squamous cell carcinoma (cSCC) is the second most lethal skin cancer. Due to ultraviolet 
light-induced damage, cSCCs have a high mutation rate, but some genes are more frequently mutated in aggressive 
cSCCs. Lysine-specific histone methyltransferase 2D (KMT2D) has a two-fold higher mutation frequency in metastat-
ic cSCCs relative to primary non-metastatic associated cSCCs. The role of KMT2D in more aggressive phenotypes 
in cSCC is uncharacterized. Studies of other tumor types suggest that KMT2D acts to suppress tumor development. 
To determine whether KMT2D loss has an impact on tumor characteristics, we disrupted KMT2D in a cSCC cell 
line using CRISPR-cas9 and performed phenotypic analyses. KMT2D loss modestly increased cell proliferation and 
colony formation (1.4- and 1.6-fold respectively). Cells lacking KMT2D showed increased rates of migration and 
faster cell cycle progression. In xenograft models, tumors with KMT2D loss showed slight increases in mitotic indi-
ces. Collectively, these findings suggest that KMT2D loss-of-function mutations may promote more aggressive and 
invasive behaviors in cSCC, suggesting that KMT2D-related pathways could be targets for cancer therapies. Future 
studies to determine the downstream genes and mechanism of phenotypic effect are needed.
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Introduction

Cutaneous squamous cell carcinoma (cSCC) is 
the second most lethal skin cancer after mela-
noma, resulting in an estimated 3900-8800 
deaths in the United States each year [1, 2]. 
Unlike SCCs arising in other sites, cSCC has a 
low rate of metastasis. Two to five percent of 
primary cSCCs metastasize resulting in an 
overall 2.1% risk of disease-specific death 
[2-5]. Aside from recent promising clinical trials 
of immune checkpoint inhibitors, the majority 
of treatment options for invasive cSCCs are of 
low efficacy with a mortality rate of approxi-
mately 25-45% for cSCC lymph node metasta-
ses and 89% for distant metastases [5]. cSCCs 
have some of the highest mutation burdens 
across all tumor types due to ultraviolet radia-

tion (UV)-induced mutations, which may make 
them more responsive to immune checkpoint 
inhibitors [6-9]. However, the safety of immune 
checkpoint inhibitors is not established for  
individuals with suppressed immune systems, 
who tend to have more aggressive tumors, and 
these therapies are not currently recommend-
ed for this population [7, 10]. Thus, an under-
standing of the pathways leading to metastasis 
in cSCC is important in order to develop new 
therapeutic approaches.

To identify somatic mutations predictive of 
metastasis and/or those to aid in design of 
therapeutic strategies, we and others per-
formed exome and targeted-sequencing stud-
ies leading to the identification of genes more 
commonly mutated in aggressive/metastatic 
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cSCCs relative to primary non-aggressive 
cSCCs [11-17]. Many genes showing high muta-
tion rates across all cSCCs were also mutated 
in a variety of SCC types and were part of a 
“squamousness” gene signature [18]. Of note, 
somatic TP53 variants are more common in 
aggressive cSCCs compared to non-aggressive 
cSCCs which has also been reported in head 
and neck SCCs [19, 20]. Our studies found that 
KMT2D, a gene not included in the squamous-
ness gene signature, had a two-fold higher 
mutation frequency in aggressive cSCCs (62% 
of tumors) relative to non-aggressive cSCCs 
(31%) [17].

KMT2D (also known as MLL2) encodes a his-
tone lysine methyltransferase that methylates 
K4 of histone H3 (H3K4) predominantly in  
gene enhancers [21]. KMT2D is mutated at a 
high rate in many tumor types, and some have 
postulated this is due to passenger mutations 
as it is extremely large (5537 amino acids). 
Functional studies evaluating the impact of 
KMT2D mutations on tumor phenotypes have 
been done for a number of cancers including 
bladder, lung, colorectal, and leukemia. Inter- 
estingly, KMT2D expression appears to act to 
promote more aggressive tumor phenotypes 
for some cancer types, but for others, it app- 
ears to be tumor suppressive [22]. Differences 
may be due in part to the type of mutation that 
predominates in the tumors (missense versus 
nonsense/frameshift) or in total loss versus 
haploinsufficiency of the protein. Missense 
mutations in KMT2D are associated with more 
aggressive bladder cancer and a higher expres-
sion of the protein. Interestingly, unlike many 
classic tumor suppressor genes, most cancers 
with KMT2D loss-of-function (LOF) mutations 
only have a mutation of one allele, suggesting 
that haploinsufficiency rather than total LOF 
may be important for driving tumorigenesis 
[23].

We found KMT2D somatic mutations to be 
much more frequent in aggressive and meta-
static cSCCs relative to non-aggressive pri- 
mary cSCCs, but it is unknown if the difference 
in frequency was due to a greater mutational 
burden in the metastatic tumors or if KMT2D 
mutations induce more aggressive pheno-
types. The goal of this study was to determine  
if loss of KMT2D expression in cSCC contrib-
utes to more aggressive tumor phenotypes in 

order to determine if this pathway is worthy of 
studies to identify targeted therapies for meta-
static or aggressive cSCC.

Materials and methods

Cell lines

COLO-16 cells were provided by Kenneth Tsai, 
MD (Moffitt Cancer Center) [24, 25] and cul-
tured in DMEM/F12 supplemented with 10% 
Fetal Bovine Serum (Gibco; complete medium) 
with 1% penicillin/streptomycin at 37°C in 5% 
CO2. Retroviral packing cell line 293RTV was 
purchased from Cell Biolabs and grown in 
DMEM supplemented with 10% Fetal Bovine 
Serum. COLO-16 cell lines were authenticated 
by microsatellite genotyping using the Pro- 
mega GenePrint 10 kit in the Ohio State 
University Comprehensive Cancer Center Ge- 
nomics Shared Resource (GSR) prior to pheno-
typic experiments. Phenotypic experiments 
were performed at low passages, and all cell 
lines were tested for mycoplasma regularly.

CRISPR-cas9 knock-out of KMT2D

We utilized a lentiviral system (p.LentiCRISPR 
v.2) from GenScript. Two different CRISPR- 
Cas9 plasmids with KMT2D guide RNAs 
X18314 (5’ CAGAGAGCACAACGCCGCAC 3’)  
and X18449 (5’ CCGACCATGCAGCACACCAA  
3’) and a control plasmid with no guide RNA 
(empty vector) were used. Packaging plasmid, 
pCMF-dR8.2 and envelope plasmid pMD2.D 
were transfected into 293RTV cells at 70%  
confluency along with 1 μg of each lentivirus 
plasmid using Lipofectamine 2000 (Ther- 
moFisher) according to the manufacturer’s rec-
ommended conditions. Eighteen hours post-
transfection, transfection media was exchang- 
ed for high growth media (DMEM with 30% 
FBS). Viral supernatant was collected every 
6-12 hours over the next 24 hours. After col- 
lection was complete, viral supernatant was 
spun at 1250 rpm for 5 minutes and superna-
tant filtered through a 0.45 μM syringe filter. A 
1:1 mixture of viral supernatant and growth 
media with polybrene (8 μg/ml) was added to 
cells plated at 70% confluency. The viral super-
natant/media mixture was replenished after 6 
hours. Approximately 24 hours post-transduc-
tion, media was replaced with regular growth 
media plus puromycin (1 μg/ml). Media with 
puromycin was replenished every 3 days until 
about 10 days. Surviving cells were plated  
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as single colonies in regular growth media. 
KMT2D knockdown was confirmed by RT-qPCR 
and normalized to HPRT expression (data not 
shown). Clones with knockdown by cDNA 
expression were sequenced verified using 
Sanger sequencing and by western for knock-
down of protein (Figure 1). One clone of each 
CRISPR-cas9 guide per cell line was chosen for 
phenotypic studies.

Li-Cor Odyssey Fc. Protein bands were quanti-
fied using ImageJ software.

Sanger sequencing

To determine the exact site of KMT2D muta-
tions generated using CRISPR, PCR products 
using primers flanking the expected cut site 
were treated with ExoSAP-IT (ThermoFisher) 

Figure 1. KMT2D knockdown using CRISPR-Cas9. (A) Western blot of KM-
T2D protein expression from COLO-16 control and two KMT2D knockdown 
cell lines (X18314 and X18449). The ratios of KMT2D protein levels rela-
tive to GAPDH are shown. Sanger sequencing data for KMT2D wildtype and 
knockdown cells at the location for guideRNA X18314 (B) and X18449 (C) 
are shown. Guide RNAs are denoted with a blue line.

Western analysis 

Protein from whole cell ex- 
tracts was extracted using 
RIPA buffer (500 μl 1 M Tris 
base pH 8, 300 μl 5 M NaCl,  
1 mL 10% NP40, and 100 μl 
10% SDS) and 25X protease 
inhibitor (Roche). Typically, 30 
μg of protein was run on 7% 
SDS-PAGE gels in a Bio-Rad 
mini-gel system at 150 volts 
for approximately 90 minut- 
es. Protein was transferred 
onto nitrocellulose membrane 
(Amersham Protan, 0.45 um, 
#10600008) 4°C overnight  
at 45 volts. Following over-
night transfer, the membrane 
was blocked using 5% milk in 
TBST (10× TBS: 1.2% Tris, 
8.8% NaCl) for 2 hours. 
Primary antibody incubations 
were completed overnight at 
4°C. Primary antibody dilu-
tions were: KMT2D primary 
antibody (ThermoFisher Sci- 
entific, Anti-KMT2D, PA5-57- 
490) 1:500, and GAPDH (In- 
vitrogen, AM4300) 1:2500. 
Following washes with 1× 
TBST (100 mL 10× TBS, 1 mL 
Tween 20, 900 mL dH2O), 
membrane was incubated 
with secondary antibody for 2 
hours. Secondary antibody 
and dilution was as follows: 
anti-rabbit IgG, HRP-linked 
antibody (Cell Signaling, #70- 
74) 1:5000. SuperSignal Pico-
PLUS chemiluminescent sub-
strate (Thermo Scientific) was 
added at a 1:1 ratio. Protein 
signal was visualized using a 
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according to manufacturer’s recommended 
conditions and were sent to the GSR for San- 
ger sequencing. Sequence traces were ana-
lyzed using SeqmanPro16 from the DNAStar 
LaserGene17 software package.

Proliferation

Proliferation was measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide, 
MTT, Cell Proliferation Kit I (Roche) per manu-
facturer’s recommended conditions. Four thou-
sand cells per well were plated in a 96 well 
plate (CellStar) in quadruplicate. Each plate 
was read in a Biotek Synergy 2 microplate read-
er at wavelengths of 550 and 670 nm at time 
points 0, 24, 48, 72 and 96 hours post-plating 
at multiple times during this study. Cells were 
also tested for mycoplasma and were myco-
plasma free. Negative controls included media 
only. The absorbance value provided by the 
blanks was subtracted by the absorbance value 
for the samples. The percent cell viability was 
calculated by dividing the value of absorbance 
for treated cells by the value of absorbance for 
control cells and then multiplying by 100.

Clonogenic cell colony formation

A clonogenic cell colony formation assay was 
carried out by plating 500 cells per well in tripli-
cate in a 6-well cell culture plate (Greiner bio-
one Cellstar). Seven days post-plating, cells 
were fixed for 10 minutes using 2 mL of fixing 
buffer (1 part acetic acid to 7 parts methanol) 
and stained in 2 mL 0.5% Crystal violet diluted 
in 10% methanol for 30 minutes. Excess crys-
tal violet was removed, the plates were washed 
with water and air-dried. Prior to destaining 
photos were taken using the ProteinSimple 
FluorChemE imaging system. For experiments 
in which there were distinct colonies, colonies 
were counted manually from the photos by two 
blinded reviewers. Averages and standard devi-
ation across the triplicate platings of each con-
dition were calculated. Colonies were destained 
on a shaker using 1 mL of 100% methanol for 1 
hour. To quantify staining intensity, 150 μl of 
supernatant from each well was added in tripli-
cate to a 96 well optically clear plate. Plates 
were read at 580 nm on a SPECTRAmax M2 
spectrophotometer (Molecular Devices).

Apoptosis

Apoptosis was measured using a FITC Annexin 
V Apoptosis Detection Kit I (BD PharmingenTM) 

according to the manufacturers recommended 
conditions. Cells were harvested and trypsin-
ized using 0.25% Trypsin (Corning). Cells were 
counted and resuspended in 1× Binding Buffer 
at a concentration of 1×106 cells/mL. In a 5 mL 
culture tube, 5 μl of FITC Annexin V and 5 μl of 
propidium iodide (PI) was added to 100 μl of 
cell suspension. Cells were vortexed and incu-
bated for 15 minutes in the dark, at room tem-
perature (RT). After incubation, 400 μl of 1× 
Binding Buffer was added. Samples were ana-
lyzed immediately by flow cytometry on a BD 
LSRFortessaTM. Gates were created for Annexin 
V-/PI- (quadrant 3, viable cells), Annexin V+/PI- 
(quadrant 2, early apoptotic cells), Annexin V+PI+ 
(quadrant 4, late apoptotic necrotic cells), and 
Annexin V-PI+ (quadrant 1, late necrotic cells). 
Cell numbers in quadrant 2 and quadrant 4 
were combined to determine the percentage of 
cells in early and late apoptosis.

Cell cycle analysis

Cells were trypsinized using 0.25% Trypsin 
(Corning) and washed once with PBS. After 
washing, 500 μl of ice cold 70% EtOH was 
added dropwise while vortexing at a low speed. 
Cells were then incubated for 10 minutes on 
ice, spun down at 800× g, and resuspended in 
100 μl RNase-A-PBS (180 vg/ml, Pharmacia). 
Cells were incubated at RT for 30 minutes. 
Following incubation, 200 μl PI-PBS (75 μg/ml, 
GBiosciences) was added to a final concentra-
tion of 50 μg/ml and total volume of 1×106 cells 
in 300 μl. Following a 15 minute RT incubation 
period suspensions were analyzed by flow 
cytometry on a BD LSRFortessaTM in the Analy- 
tic Cytometry Shared Resource.

Cell migration

Cell migration assays were performed using 33 
mm two-well culture inserts (Ibidi, Fitchberg, 
WI). Inserts were placed in a 60 mm ×15 mm 
cell culture dish (Corning Incorporated, Corning 
NY). For each experiment, 70 μl of media with 
1% serum containing 49,000 cells was plated 
on each side of the insert and incubated at 
37°C overnight. The following morning, inserts 
were removed, and migration was visualized by 
microscope until a separation between the two 
sides of the insert in at least one of the experi-
mental groups could no longer be seen. Each 
sample was plated in duplicate and each exper-
iment was repeated in triplicate.



Role of KMT2D in cutaneous squamous cell carcinoma

1313 Am J Cancer Res 2022;12(3):1309-1322

Xenograft models

All animal studies were approved by the Ohio 
State University Animal Care and Use Commit- 
tee. Outbred athymic nude mice (NCr-nu/nu) 
were acquired from the athymic nude mouse 
colony maintained by the OSU Comprehensive 
Cancer Center (CCC) Target Validation Shared 
Resource (TVSR). Original breeders (strain# 
553 and 554) for the colony were obtained 
from NCI Frederick/Charles River. Animals  
were housed in individually ventilated, sterile 
cages with Bed-o-cobs under 12 hour light-
dark cycle; they were provided Envigo-Teklad 
rodent diet, 7912, and reverse-osmosis water 
ad libitum. Female mice aged 6-7 weeks of age 
were injected subcutaneously into both right 
and left flanks with 2×106 cells resuspended in 
100 μl PBS with 50 μl of matrigel (Corning) per 
injection site. Cells were harvested and trypsin-
ized using 0.25% trypsin (Corning), washed 
twice with cold PBS and counted using the 
Countess II automated cell counter (Thermo- 
Fisher). Following resuspension in PBS, sam-
ples were kept on ice until injection. Groups 
consisted of 13 animals injected with control 
COLO-16 cells, 14 animals injected with 
X18314 cells and 13 animals injected with 
X18449 cells. Tumors became visible begin-
ning at 6 days post-injection and were mea-
sured with calipers at days 6, 9, 13, and 16 
post-injection. Mice were humanely euthanized 
via CO2 asphyxiation followed by cervical dislo-
cation at 16 days post-tumor-cell injection as 
mice in all groups were losing weight and 
appeared cachexic. Tumors were harvested 
and divided into two pieces with one-half snap 
frozen in liquid nitrogen and the other half fixed 
in 10% neutral buffered formalin.

Histopathology and immunohistochemistry

Histological preparation hematoxylin and eosin 
(H&E) and immunohistochemical (IHC) staining 
was performed by the Ohio State University 
Comparative Pathology & Digital Imaging 
Shared Resource (CPSIDR). A representative 
group of eight tumors from each of the three 
groups were processed by routine methods 
and embedded in paraffin wax. Sections (4  
μm) were stained with H&E and evaluated  
with a Nikon Eclipse Ci (Nikon Instruments, 
Melville New York) with attached Olympus 
SC50 digital camera (B and B Microscropes 

Limited, Pittsburgh, PA) by a veterinary patholo-
gist certified by the American College of 
Veterinary Pathologists (SEK). H&E sections 
were evaluated visually for tumor morphology, 
immune cell infiltration, and angiogenesis. The 
mitotic rate and percent of necrosis were 
reported using three random 40× magnifica-
tion high power fields. Immunohistochemical 
staining for CD31 and Ki-67 was completed on 
the same set of tumors. Four μm sections were 
stained for CD31 (1:100; polyclonal rabbit, cat-
alog number 28362, Abcam) and Ki-67 (1:100; 
polyclonal rabbit [Clone SP6], catalog number 
RM9106, ThermoScientific) on a Thermo360 
autostainer. Antigen retrieval was performed in 
Citrate pH 6 solution (Dako, S1699) pre-heated 
to at least 96°C using a steamer. Slides were 
incubated with a biotinylated goat anti-rabbit 
diluted secondary antibody at 1:200 (Vector, 
BA-1000) Secondary Antibody diluted in Serum 
Free (Dako, S3022) for 30 minutes and detect-
ed with Vector ABC HRP RTU Elite (Vector, 
PK-7100) and DAB chromagen. Negative con-
trols included omission of primary antibody  
and isotype-matched controls by using non- 
specific IgG at concentrations similar to those 
for the respective primary antibodies.

Image analysis

Slides immunostained for Ki-67 were scann- 
ed at 40X with a Leica Aperio ScanScope XT 
high-resolution scanner (Leica Biosystems 
Buffalo Grove, IL) at the CPSIDR. For the quan-
tification of immunoreactivity, images were 
imported into Visiopharm Image Analysis soft-
ware (Visiopharm, Hørsholm, Denmark version 
2018.09). Images were segmented into areas 
of tumor, and areas of necrosis, adipose, and 
slide artifacts, such as folds, were eliminated. 
Ki-67 positive and negative nuclei were scored 
using the Visiopharm APP 1004-Ki-67, Breast 
Cancer. Positive nuclei were labeled red and 
negative nuclei were labeled blue. The total 
nuclei per section, total Ki-67 positive nuclei, 
total Ki-67 negative nuclei were calculated.  
The average proliferation index was calculated 
as total Ki-67 positive nuclei divided by total 
nuclei X100. Initial thresholds and tissue types 
were established and mark-ups reviewed  
in consultation with a veterinary pathologist 
(SEK) to ensure accurate measurements and 
differentiate between tissue types.
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AR-42 treatment

Stock solutions of AR-42 were prepared in 
DMSO to concentrations of 10 mM/mL. COLO-
16 control and knockdown cells (10,000 each) 
were plated in a 96-well plate overnight. Cells 
were treated with vehicle control, DMSO, or 
AR-42 at 0.01, 0.1, 0.5, and 1.0 μM and incu-
bated for 24 hours. Cell viability was analyzed 
using an MTT assay.

Statistical analyses

Experiments were performed at least 3 times 
with three replicates per experiment except as 
noted. The standard deviations of the mean of 
the three replicates are presented for MTT, 
apoptosis, cell cycle, and clonogenic assays. 
GraphPadPrism software (v.7) was used to per-
form Student t-tests for clonogenic and MTT 
assays. P-values of less than 0.05 were consid-
ered significant.

Results

Loss of KMT2D promotes growth of cSCC cells

Somatic mutations in KMT2D are twice as fre-
quent in metastatic or aggressive cSCCs com-
pared to primary cSCCs that did not metasta-
size [17]. However, the literature describing 
KMT2D as a tumor suppressor or oncogene is 
mixed. To study the effects of the loss of  
KMT2D on cancer and metastasis-related phe-
notypes, we knocked-down expression KMT2D 
expression in COLO-16, a cSCC cell line, using 
CRISPR-Cas9. Two unique KMT2D guide RNAs, 
X18314 and X18449 were used to generate 
different knockdown clones to decrease the 
probability that observed results were due to 
off-target effects. Single colonies with reduced 
KMT2D protein expression were selected for 
down-stream functional studies (Figure 1A). 
Exact mutations were confirmed using Sanger 
sequencing (Figure 1B, 1C).

To determine if loss of KMT2D affects prolif- 
eration or growth as single colonies, we per-
formed MTT and clonogenic assays. Prolifer- 
ation of the KMT2D knockdown lines, X18314 
and X18449, was modestly increased in com-
parison to control COLO-16 cells under normal 
growing conditions (Figure 2A). The average 
fold increased proliferation compared to con-
trol cells at 72 hours post plating was 1.5 and 
1.7 for COLO-16, X18314, and X18449 (P- 
values ≤0.001). In concordance with a faster 

proliferation rate, colony formation assays, 
completed over 7 days, demonstrated that 
KMT2D knockdown increased colony for- 
mation as measured by absorbance (Figure 
2B), visual imaging (Figure 2C) and manual 
counting (Figure 2D) with X18314 and X18449 
showing approximately 1.5 and 3.5-fold in- 
creased colony formation by manual counts 
(P-value 0.011 and 0.006, respectively) (Figure 
2B-D).

Loss of KMT2D modestly decreases levels of 
apoptosis

To determine if loss of KMT2D had an impact 
on apoptosis, cells were stained with Annexin 
V/Propidium Iodide and sorted. Compared to 
COLO-16 control cells, X18314 showed no sig-
nificant differences in apoptosis and X18449 
had a 1.5-fold decrease in the proportion of 
early and late apoptotic cells (P-values 0.0005) 
(Figure 3A).

KMT2D loss leads to modest increases in cells 
in G2/M

To determine if loss of KMT2D resulted in 
changes in cell cycle progression, cell cycle 
analysis of unsynchronized cells was complet-
ed. Compared to COLO-16 control cells, a 
slightly higher percentage of X18314 and 
X18449 cells were in S (10.7% and 9.8% ver- 
sus 6.7%, P-values ≤0.001) and in G2/M 
(14.2% and 12.4% versus 9.9%, P-values 
≤0.001), and fewer KMT2D knockdown cells 
were in G0/G1 (73.1% and 74.5% versus  
82.1%, P-values 0.003 and 0.01) (Figure 3B). 
These data suggest that loss of KMT2D leads 
to modes increases in cell cycle progression 
and are consistent with the observed modest 
increases in proliferation.

Loss of KMT2D promotes cell migration

To measure the impact of KMT2D loss on cell 
migration, a scratch assay was performed. The 
scratch closed in both COLO-16 knockout cell 
lines in about 8-12 hours, compared to over 12 
hours for the COLO-16 control cell line (Figure 4 
and data not shown).

In vivo models reveal modest phenotypic dif-
ferences

To study the impact of KMT2D loss in vivo, 
xenograft studies were performed. COLO-16 
control and knockdown cell lines were injected 
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subcutaneously on both left and right flanks of 
NCr-nu/nu mice. At 6 days post-tumor cell inoc-
ulation, tumors became palpable. The average 
tumor volumes at six days for control, X18314, 
and X18449, were 148 mm3, 175 mm3, and 
155 mm3 respectively (Figure 5A). At 16 days 
post-tumor cell inoculation, the mice had to be 
euthanized due to extreme loss of body weight. 
At the time of sacrifice, tumor sizes for control, 
X18314, and X18449 were 614 mm3, 637 
mm3, and 754 mm3 (Figure 5A); average tumor 
weights were 0.35, 0.43, and 0.46 grams 
respectively. Differences in tumor weights and 

volumes were not significantly different (P- 
values 0.15 and 0.18); however the percent 
tumor volume change between day 6 and 16 
was significantly different between X18449 
and control (P-value 0.03) (Figure 5B).

Representative H&E stained sections from 
eight tumors from COLO-16 control, X18314, 
and X18449 xenograft mice were evaluated by 
a veterinary pathologist (SEK). KMT2D knock-
down was confirmed by western (data not 
shown). Morphology across tumors was consis-
tent with squamous cell carcinoma and was 

Figure 2. Decreased KMT2D increases proliferation and colony formation. Representative data from a MTT cell 
proliferation assay is shown for (A) COLO-16 control, X18314, and X18449 cells represented by circles, squares, 
and triangles, respectively. (B) Quantitation of destained crystal violet staining of clonogenic assays of cells in a 
6-well plate for COLO-16 control (gray), X18314 (dark green) and X18449 (light green) is shown. (C) Representative 
images of colonies for COLO-16, X18314, X18449 are shown. (D) Average manual counts of cells for colonies in (C). 
Samples were run in quadruplicate for MTT assays and in triplicate for clonogenic assays. Experiments were run 
three times. Error bars represent standard deviation, *P≤0.05, **P≤0.01, ***P≤0.001.
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Figure 3. KMT2D knockdown reduces apoptosis and increases cell cycle. A. The percentage of cells staining positive for Annexin V (quadrant 2 and quadrant 4) of 
COLO-16 control (gray) and KMT2D knockdowns X18314 (dark green) and X18449 (light green) is shown with representative FACS plot for each condition. B. The 
percentage of cells in each phase of the cell cycle for COLO-16 control (gray) X18314 (dark green) X18449 (light green) cells are plotted with representative FACS 
analyses for each condition. Error bars represent standard deviation, *P≤0.05, **P≤0.01, ***P≤0.005. Samples were run in triplicate and experiments were run three 
times.
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similar between the three experimental groups 
(Figure 5C). Average mitotic rates for control, 
X18314, and X18449 were 9.9, 11.0, and  
13.9 in three random 40× high power field of 
view, respectively (data not shown). There was 
a high degree of tumor necrosis observed in all 
groups with an average percentage of necrosis 
of 26%, 25%, and 36% for control, X18314 and 
X18449. Large areas of necrosis may be sec-
ondary to rapid growth of the xenografts. Im- 
munohistochemistry for CD31 was performed 
to evaluate for angiogenesis. Although not sig-
nificant, vessel counts in three random 40X 
high power fields for control, X18314, and 
X18449 tumors showed slight differences with 
mean values of 9.62, 12.24, and 12.79, res- 
pectively (P-value 0.18 and 0.18, respectively; 
Figure 6). Immunohistochemistry for Ki-67 was 
also performed, and quantification via image 
analysis was performed on whole slide images 
to measure proliferation. There was a large 
number of Ki-67 positive nuclei noted for all 
three experimental groups. The proliferation 
index was measured via image analysis, and 
average percentages were 94.06, 88.78, and 
90.13, respectively (P-values 0.07 and 0.11).

targeting this pathway in tumors with reduced 
KMT2D activity.

To determine if AR-42 could reverse the pheno-
typic effects of KMT2D loss in COLO-16 cells, 
we treated COLO-16 control and KMT2D knock-
down cells with a range of doses of AR-42. The 
COLO-16 control and both COLO-16 KMT2D 
knockdown cells were exquisitely sensitive to 
treatment by AR-42 at doses of 0.01, 0.1, 0.5, 
and 1.0 μM and died within 24 hours (data not 
shown). Cells treated with vehicle control 
(DMSO) survived. As all cells treated with all 
doses of AR-42 died, these data suggest that 
COLO-16 cells have another vulnerability that 
makes them sensitive to AR-42 independent of 
KMT2D status.

Discussion

KMT2D is one of the most frequently mutated 
genes in metastatic cSCC with approximately 
62% of metastatic cSCCs containing mutations 
[17]. Here, we show evidence that loss of 
KMT2D in vitro leads to more aggressive tu- 
mor phenotypes of cSCC cell lines including 
increased migration, rates of proliferation, and 

Figure 4. KMT2D knockdown enhances cell migration. Scratch assays for 
COLO-16 control and knockdown cell lines X18314 and X18449 cell lines 
at 0, 6 and 10 hours are shown. White lines highlight the size of the gap. 
Samples were run in duplicate and experiments were run three times.

Therapeutic treatment

Pathogenic LOF germline vari-
ants in KMT2D cause Kabuki 
syndrome, an autosomal do- 
minant developmental disor-
der characterized by intellec-
tual disability, immunological 
defects, dysmorphic features, 
congenital heart defects and 
other anomalies [26, 27]. 
Individuals with Kabuki syn-
drome exhibit a unique ge- 
nomic methylation pattern 
indicative of haploinsufficien-
cy of protein activity. Mouse 
models of Kabuki syndrome 
have found that histone dea- 
cetylase inhibition via agent 
AR-42 restored some of the 
neurological defects and par-
tially restored histone 4 acety-
lation and histone H3K4 tri-
methylation in mouse embry-
onic fibroblasts isolated from 
these mice [28, 29]. These 
data suggest the possibility of 
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clonogenic growth. These data are consistent 
with KMT2D acting to suppress tumor develop-
ment in cSCC.

From the literature, the effects of KMT2D loss 
in tumors vary and are cancer type specific. Our 
results show that in skin cancer, KMT2D func-
tions to suppress tumor phenotypes. In bladder 
cancer, the silencing of KMT2D significantly 
increases cell viability, migration and invasion 
similarly to our results in the cSCC cell lines. 
Overexpression of KMT2D in bladder cancer 
cells was shown previously to have opposite 
results and promote tumor suppressive pheno-
types [30]. In breast cancer, KMT2D mutations 
leading to low KMT2D levels are associated 
with poor survival [31]. Surprisingly, the oppo-
site is true in gastric and prostate cancer cells. 
Knockdown of KMT2D suppresses cell prolifer-
ation and increases apoptosis in both of gastric 
and prostate cancer cell lines [32, 33], and 
overexpression of KMT2D is associated with 
worse prognosis in the gastric cancer cells [33]. 
One explanation of why KMT2D mutations may 
cause large variations in tumor phenotype 
dependent on tissue type could be KMT2D’s 
relation to NOTCH signaling. In skin tumors, 
NOTCH protein acts to suppress tumors. This is 

also true in bladder cancer [34]. Conversely, 
NOTCH acts as an oncogene in gastric cancer 
[35] as well as in leukemia and lymphomas. 
Since KMT2D knockdown leads to tumor sup-
pression in gastric cancer, suppression could 
be caused by decreased NOTCH signaling, as 
NOTCH uses KMT2D for gene activation. NOTCH 
signalling is active during adult tissue homeo-
stasis and can control transcriptional respons-
es in cellular functions such as proliferation, 
migration, survival, and fate specification [36]. 
NOTCH-dependent gene activation requires the 
displacement of the NCoR/HDAC complex, 
which is facilitated by KMT2D, and results in 
full gene activation. When KMT2D is mutated 
or expression is lost, this gene activation may 
not occur resulting in an imbalance of NOTCH 
signaling. In Kabuki syndrome, one KMT2D 
allele is mutated causing hyper-activated 
NOTCH signaling [37]. The relationship between 
KMT2D and the NOTCH signaling pathway in 
cSCC needs further exploration.

Our data are consistent with tissue-specific 
roles for KMT2D in the skin. Previous studies of 
primary undifferentiated epidermal keratino-
cytes showed that KMT2D shRNA leads to 
reduced expression of genes important in the 

Figure 5. Xenograft tumor growth and staining. A. The average tumor volume for control (gray) and knockdown xeno-
graft cell lines X18314 (dark green) and X18449 (light green) at 6, 9, 13 and 16 days post-injection is shown. B. The 
percent change in tumor volume between 6 and 9, 6 and 13, and 6 and 16 days post-injection is shown for control 
(gray) and knockdown xenograft cell lines X18314 (dark green) and X18449 (light green). C. Representative 10× 
magnification images of control COLO-16 and knockdown xenograft X18314 and X18449 xenograft tumors stained 
with Hematoxylin and Eosin; bar 100 μm; *P≤0.05.
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epidermal basement membrane such as 
COL4A2, LAMB2, and LAMA5 as well as those 
important in cellular adhesion, migration, and 
the extracellular matrix [38]. These genes are 
all targets of KMT2D binding to consensus 
p63-binding site elements. P63 is a critical 
transcription factor in the skin. Loss of the 
most highly enriched KMT2D/TP63 target 
gene, vitamin D receptor (VDR), increases met-
astatic or invasive potential for breast, epider-
moid, and renal cell carcinoma cell lines [38-
41]. These findings are in alignment with our 
data showing that KMT2D loss in cSCC cell 
lines leads to increased migration rates and 
our previous data showing aggressive tumors 

are more likely to have KMT2D mutations than 
tumors that do not metastasize [17]. Further 
exploration of VDR as well as p63-KMT2D and 
p53-KMT2D enhancer networks may help to 
explain some of the differential tumor-specific 
effects of KMT2D loss between tumor types.

Strengths of our study design are that all in 
vitro assays were completed in isogenic COLO-
16 cell lines and showed consistent results. 
The use of two different KMT2D gRNAs for 
CRISPR-Cas9 mediated gene knockout reduc-
es potential off-target CRISPR-cas9 effects. All 
assays were completed with biological repli-
cates in triplicate, and each assay was repeat-
ed at least three times. There are some limita-
tions to this study. Studies were only done  
using one cell line. Additionally, the xenograft 
experiments needed to be terminated early  
due to unexpected weight loss observed in the 
mice so longer-term effects on tumor size and 
phenotypes were unable to be assessed. 
Although the xenograft models also did not 
show conclusive differences, there were trends 
of higher mitotic indices and larger tumor size 
and rate of growth for the X18449 line. For 
some phenotypes, such as apoptosis and 
growth of xenografts, X18314 cells were more 
similar to control cells than to X18449 cells. 
There are a couple of potential explanations  
for the observed heterogeneity of the two dif-
ferent KMT2D knock-down lines including 
potential non-identified off target effects of the 
guideRNA for X18449 leading to decreased 
apoptosis and subsequent higher growth in 
mice. It is also possible that there is heterozy-
gous rather than homozygous KMT2D expres-
sion in the X18314 line that affected some 
phenotypes more than others.

We did not examine the impact of KMT2D loss 
on angiogenesis which could be relevant. A 
study by Serrano et al. showed that KMT2D 
loss led to defects in angiogenesis in zebrafish, 
specifically abnormal aortic arch development 
and hyperactive blood vessel sprouting. The 
results of this study suggested that KMT2D 
plays a role in the regulation of angiogenesis, 
and suggests that the angiogenesis defects  
are caused by a disruption in the NOTCH path-
way when a KMT2D mutant is present [37]. 
Disruption in the NOTCH pathway could help 
explain the increased levels of survival we saw 
in our study. KMT2D has also been shown to 
impact metabolism, which was not examined in 

Figure 6. CD-31 staining. Representative 10× magni-
fication images of control COLO-16 and knockdown 
xenograft X18314 and X18449 xenograft tumors 
stained with CD-31 (brown). Arrows show a subset of 
cells staining positively for CD-31; bar 100 μm.
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our study. Other studies have found that loss of 
KMT2D causes a cell bioenergetics deficiency, 
specifically causing reduced resting mitochon-
drial respiratory activity [42]. These results  
suggest that KMT2D may have a role in control-
ling aerobic metabolism. The mechanism of 
this is unknown, but the findings help explain 
why KMT2D haploinsufficiency can lead to the 
onset of Kabuki syndrome through a re-wiring 
of the mitochondrial metabolic phenotype.

Here, we evaluated the impact of loss of  
KMT2D expression in promoting tumor pheno-
types in cSCC. We showed that loss of KMT2D 
in a cSCC cell line led to increased prolifer- 
ation, cell colony growth, migration, and accel-
erated progression through the cell cycle in 
vitro. The KMT2D knockdown xenograft models 
showed a slight but non-significant increase in 
overall tumor volume. To determine the mecha-
nism by which loss of KMT2D promotes tumor 
growth, future studies examining pathways and 
gene expression impacted by KMT2D loss are 
critical. Further exploration of the p63-KMT2D 
and p53-KMT2D enhancer networks as well as 
impact of loss of KMT2D on the NOTCH path-
way in the skin may also be beneficial in ex- 
plaining the differential tumor-specific effects 
of KMT2D loss between different tumor types 
and may uncover new strategies for treating 
aggressive cSCC.
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