
 Figure 5.  BRAF inhibitor resistance of A375 RAS isogenic lines in 2D and 3D �ssue culture. (A) Dose-response curves for the BRAF inhibitors dabrafenib 
and vemurafenib in A375 WT and NRAS Q61K isogenic cell lines grown in 2D cell culture and treated with the indicated drug for 72h. (B) Dose-response 
curves for dabrafenib and vemurafenib in A375 WT and KRAS G13D isogenic lines grown in 2D culture and treated with drug for 72h. (C) BRAF inhibitor 
resistance of NRAS Q61K and KRAS G13D cell lines in 3D cell culture. 500 cells were seeded in each well of a 96-well ULA Spheroid Microplate and grown 
for 72 hours in the absence of drugs to allow for spheroid forma�on. Spheroids were then treated with the indicated concentra�on of BRAF inhibitor for 
an addi�onal 72 hours. Finally, spheroids were stained with 2.0 µM calcein AM green and live-cell nuclear stain for three hours and imaged by confocal 
microscopy on a high-content pla�orm. Images were aquired using a 10x objec�ve and each image represents a confocal Z-stack projec�on of 20 15-mi-
cron Z-slices for a total depth-of-field of 300 microns. (D)The resul�ng composite spheroid images were then analyzed in the green and blue channels for 
spheroid size/viability and nuclei count, respec�vely. Le�: enlarged dual channel image of purple-boxed A375 WT spheroid from (C). Center: each spher-
oid was iden�fied and segmented as a single primary object in the green channel (pink outline), and the spheroid object area and total calcein AM green 
signal intensity were calculated. Right: each nucleus within the spheroid was then iden�fied segmented in the blue channel (green outlines) and the 
number of nuclei visible in each spheroid was reported. (E) Results from (D) were then normalized to the undrugged condi�on for each cell line and plot-
ted. Spheroid Object Area represents the total area of the spheroid calculated as the primary object in the green channel. (F) Spheroid Metabolic Ac�vity 
represents the total signal intensity detected in the green channel within the primary object. (G) Spheroid Nuclei Count represents the number of objects 
segmented in the blue channel that also fell within the primary object segmented in the green channel.  Sta�s�cal comparisons were performed by 
two-way ANOVA with N = 3 or more spheroids for each sample. 
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Figure 3. Edi�ng strategy and sequence confirma�on of RAS isogenic A375 lines. (A) 
Two guide RNAs were transiently expressed in ATCC® CRL-1619TM A375 cells from 
Cas9/sgRNA all-in-one plasmids to make cuts on either side of the target exon. The 
target exon was then replaced by donor sequence from a plasmid carrying the desired 
AAA>CAA Q61K point muta�on, yielding the heterozygous NRAS WT/Q61K A375 cell 
line (ATCC® CRL-1619IG-2TM). (B) The same genome edi�ng strategy was used for the 
genera�on of the heterozygous KRAS WT/G13D A375 cell line (ATCC® CRL-1619IG-1TM). 
Black and blue arrows indicate the loca�on of genotyping and sequencing primers, 
respec�vely.
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Figure 4.  RAS-RAF-MAPK signaling in A375 RAS isogenic lines in 2D and 3D 
�ssue culture. Total cellular protein was harvested from A375 wild-type and 
isogenic cells grown either in a 2D mono-layer or in a 3D culture format for 
seven days. The resul�ng protein was then analyzed by immunoblo�ng with 
an�bodies against EGFR, MEK, pMEK, ERK1/2, pERK1/2, AKT, pAKT, PD-L1, and 
GAPDH. 
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Effect of KRAS G13D Muta�on on Basal
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Figure 2. Mechanism of aquired drug resistance in BRAF V600E melano-
mas. BRAF V600E melanoma cells chronically treated with BRAF inhibi-
tors aquire drug resistance by switching between the three isoformas of 
RAF (ARAF, BRAF, and CRAF) to ac�vate the MAPK pathway for further 
cell prolifera�on and survival. Increasing growth factor receptor signaling 
or reac�va�on of the MAPK pathway may thus allow for drug resistance. 
This  can occur following aquisi�on of ac�va�ng muta�ons such as NRAS 
Q61K and MEK C1212S, as well as elevated basal expression of other key 
components of the pathway.

Figure 6. Increased basal PD-L1 expression in A375 KRAS G13D isognic 
melanoma model. (A) A375 WT and A375 KRAS G13D cells were harvested 
with non-enzyma�c cell dissocia�on solu�on, washed once in ice cold PBS 
and re-suspended in flow cytometry staining buffer at 1x106 cells per mL. 
200 µL of each cell type was then stainied with 20 µL R-phycoerythrin (PE) 
conjugated mouse an�-human CD274 (PD-L1) an�body for 30 min. 200 µL 
of each cell type was also stained with 20 µL mouse IgG1k-PE as an isotype 
control. Stained cells were then analyzed by flow cytometry. (B) Cells were 
s�mulated overnight with 200 ng/mL recombinant human interferon 
gamma then staining and flow cytometry was performed as in (A).
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Development of the next genera�on of an�-cancer drugs, biologics, and immunotherapies is cur-
rently hampered by extremely poor success rates of seemingly promising experimental therapies in 
human clinical trials. These poor success rates are par�ally due to a lack of biologically relevant 
cancer model systems. The 2D culture system, while rela�vely inexpensive to use and easy to ana-
lyze, may not always be adequately representa�ve of the tumor microenvironment. Conversely, the 
use of animal models is costly and �me consuming. The 3D culture system is able to represent bio-
logically relevant complexi�es such as cell-cell communica�on, differen�al prolifera�on rates, and 
compound penetra�on. We use CRISPR/Cas9 genome edi�ng technology to generate carefully de-
signed and precisely edited cell-based 3D model systems with both physiological relevance and 
well-controlled gene�c and drug-suscep�bility profiles. These new models will enable the inves�ga-
�on of specific molecular mechanisms, biofunc�onal outcomes of newly iden�fied gene�c alterna-
�ons, and targeted therapeu�c drug responses within a more biologically intricate context. 

In this study, we use the CRISPR/Cas9 system1 to generate isogenic drug-resistant melanoma models 
that can be used as either 2D or 3D cancer models, or used in studies designed to further our un-
derstanding of the mechanisms of acquired drug resistance. Two different models were generated 
from the BRAF inhibitor sensi�ve A375 melanoma cell line. We introduced either the NRAS Q61K or 
the KRAS G13D point muta�ons, both of which are known to confer BRAF inhibitor resistance and 
are commonly encountered in BRAF resistant tumor samples.2 We then assessed the suscep�bility 
of these new isogenic cell lines to tradi�onal BRAF inhibitors in both 2D and 3D model systems. 
Using the parental A375 line as a control, we also determined the specific effect of these point mu-
ta�ons on the RAS-RAF-MAPK signaling pathway, a key component of cell-cycle escape and tumor 
prolifera�on. Furthermore, we assessed the impact of these muta�ons on the expression of pro-
grammed death-ligand 1 (PD-L1), which recent advances in cancer immunology have directly linked 
to cancer immune evasion and poor clinical outcomes.3 

Our results show that A375 melanoma isogenic cells carrying KRAS G13D  have drama�cally in-
creased EGFR expression levels, while isogenic cells carrying NRAS Q61K have constant ac�va�on of 
the MEK-ERK pathway. We also found a significant increase in PD-L1 expression in KRAS G13D, but 
not in NRAS Q61K A375 cells, indica�ng that expression of PD-L1 is directly linked to KRAS muta�on 
or the downstream effects thereof, rather than to a general increase in RAS-RAF-MAPK signaling. 
These results have direct implica�ons for cancer immune checkpoint molecule studies, and high-
light the u�lity of these isogenic melanoma models in both 2D and 3D applica�ons in research and 
development of novel an�-cancer drugs and combina�on therapies.
 In this study, we used CRISPR/Cas9 genome engineering to 

create precisely defined isogenic cellular models of 
drug-resistant melanoma via the introduc�on of specific 
point muta�ons known to confer drug resistance. We then 
determined the effect of these muta�ons on the basal ex-
pression and phosphoryla�on levels of other key compo-
nents of the RAS-RAF-MAPK signaling pathway in both 2D 
and 3D culture, demonstra�ng perturba�ons specific to 
both the engineered RAS muta�on and to the cell culture 
format. Furthermore, using high-content imaging in combi-
na�on with live-cell staining, we have developed a method 
for performing high-throughput imaging and analysis  of 
A375 WT and isogenic Ras-mutant spheroids and demon-
strated that A375 NRAS Q61K and KRAS G13D spheroids 
are resistant to the the BRAF inhibitors Dabrafenib and Ve-
murafenib. 

Taken together, these data show that these new cell lines 
are ideal pre-clinical model systems for the development 
and screening of the next genera�on of chemotherapeu�c 
compounds and combina�on therapies. Furthermore, the 
finding of cons�tu�ve elevated PD-L1 expression in KRAS 
G13D both with and without interferon s�mula�on makes 
this cell line of further use in the screening of new small 
molecule compounds and biologics targe�ng the 
PD-1/PD-L1 system.
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Figure 1. CRISPR/Cas9 genome edi�ng technology. (A) The Cas9 enzyme is an RNA-guided DNA endonuclease that uses a bound 
single guide RNA (sgRNA) to interrogate the genome for stretches of sequence complementary to the guide sequence. When a 
match is found Cas9 creates a double-stranded break (DSB) in the genome at that loca�on. (B) DSBs in the genome can be repaired 
either by the error-prone non-homologous end joining (NHEJ) pathway, or via homology-directed repair (HDR) from a donor se-
quence to generate a precise edit. 
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