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Abstract

Metastatic melanoma cells commonly acquire resistance to
BRAF V600E inhibitors (BRAFi). In this study, we identified
serine biosynthesis as a critical mechanism of resistance. Prote-
omic assays revealed differential protein expression of serine
biosynthetic enzymes PHGDH, PSPH, and PSAT1 following
vemurafenib (BRAFi) treatment in sensitive versus acquired
resistant melanoma cells. Ablation of PHGDH via siRNA sen-
sitized acquired resistant cells to vemurafenib. Inhibiting the
folate cycle, directly downstream of serine synthesis, with
methotrexate also displayed similar sensitization. Using
the DNA-damaging drug gemcitabine, we show that gemcita-
bine pretreatment sensitized resistant melanoma cells to BRA-
Fis vemurafenib and dabrafenib. We extended our findings

to BRAF WT tumor cell lines that are intrinsically resistant to
vemurafenib and dabrafenib. Pretreatment of pancreatic
cancer and non–small cell lung cancer cell lines with sublethal
doses of 50 and 5 nmol/L of gemcitabine, respectively,
enhanced killing by both vemurafenib and dabrafenib. The
novel aspects of this study are the direct identification of serine
biosynthesis as a critical mechanism of BRAF V600E inhibitor
resistance and the first successful example of using gemcitabine
þ BRAFis in combination to kill previously drug-resistant
cancer cells, creating the translational potential of pretreatment
with gemcitabine prior to BRAFi treatment of tumor cells to
reverse resistance within the mutational profile and the WT.
Mol Cancer Ther; 16(8); 1596–609. �2017 AACR.

Introduction

Vemurafenib and dabrafenib are inhibitors of the MAPK path-
way that are used to treat a variety of cancers that express the
V600E BRAFmutant (1). The compounds received FDA approval
in 2011 (vemurafenib) and 2013 (dabrafenib) for the treatment
of unresectable or metastatic melanoma with oncogenic BRAF

V600E mutations, which accounts for >60% of all melanoma
cases (2). Vemurafenib and dabrafenib are contraindicated for
BRAF wild-type melanoma because they exert paradoxical effects
of promoting proliferation and migration through ERK1/2, thus
making thedrugs specific forBRAFV600Emutants (3, 4). Initially,
BRAF inhibitors were shown to induce tumor regression. How-
ever, patients relapsed due to tumor-acquired resistance (5, 6).
Several cellular pathways have been implicated in melanoma-
acquired resistance to BRAF inhibitors including hyperactivation
of EGFR pathway tyrosine kinases (7), hyperactivation ofMEK1/2
(8, 9) and/or ERK1/2 (10), and induction of compensatory

resistance pathways mTOR and PI3K (11, 12). Indeed, MEK1/2
inhibitors in combination with BRAF V600E inhibitors have
initially demonstrated clinical effectiveness (13, 14), but patients
also developed acquired resistance to this combination (14, 15).
Despite therapies targeting the BRAF/MEK/ERK cascade, 5-year
survival for metastatic melanoma remains <20%. Therefore, the
need to understand and reverse mechanisms of acquired cancer
cell resistance to kinase inhibitors and other classes of drugs
remains a priority.

In this study, we identified proteins and pathways responsible
formelanomaacquired resistance to vemurafenib.We established
a vemurafenib-resistant melanoma cell line, SK-MEL-28VR1,
from parental BRAF V600E SK-MEL-28 cells. We compared prote-
omic profiles of drug-resistant versus sensitive cells by mass
spectrometry (MS) to identify mechanisms of drug resistance
with an agnostic, label-free method and proprietary bioanalytic
software. MS data revealed that serine biosynthesis pathway
enzymes were differentially expressed between the two cell lines
following vemurafenib treatment. Serine biosynthesis is known to
be upregulated in cancer cells as a mechanism contributing to
enhanced nucleotide synthesis (16). Protein abundances of all
enzymes of the pathway [D-3-phosphoglycerate hydrogenase
(PHGDH), phosphoserine aminotransferase 1 (PSAT1), and
phosphoserine phosphatase (PSPH)] increased or stayed the
same in response to vemurafenib in SK-MEL-28VR1 cells yet
decreased in SK-MEL-28 cells. siRNA knockdown of PHGDH
and serine depletion experiments established serine synthesis
as a critical component for vemurafenib resistance in SK-MEL-
28VR1 cells.
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Data showed serine biosynthesis to be upregulated in SK-MEL-
28VR1 cells, but not in parental cells, in response to vemurafenib.
In addition, methotrexate experiments showed that the folate
cycle, immediately downstream of serine biosynthesis, can be
inhibited to sensitize SK-MEL-28VR1 cells to vemurafenib. As
nucleotides synthesized from the folate cycle contribute to DNA
damage response and repair, we tested the DNA-damaging agent
gemcitabine in combination with vemurafenib and vemurafenib
þ methotrexate on SK-MEL-28VR1 cells. Indeed, SK-MEL-28VR1
cells were sensitized to vemurafenib following gemcitabine addi-
tion. This sensitization was enhanced by methotrexate. Impor-
tantly, the order of drug addition was critical for sensitization.
Cells had to be pretreated with gemcitabine for 24 hours before
exposure to vemurafenib or vemurafenib þ methotrexate. Next,
we tested the gemcitabine þ vemurafenib combination in BRAF
WT cancer cells. We found 1 pancreatic cancer and 1 non–small
cell lung cancer (NSCLC) cell line that exhibited similar responses
as SK-MEL-28VR1 cells. In summary, we have identified serine
biosynthesis as a critical component of vemurafenib acquired
and intrinsic resistance in cancer cells. We have demonstrated
combinational therapy potential using gemcitabine to sensitize
cancer cells to vemurafenib. In addition, methotrexate enhanced
gemcitabine-induced sensitization of cancer cells to vemurafenib.
Finally, we showed that gemcitabine can be used in combination
with another BRAF V600E inhibitor dabrafenib to effectively kill
cancer cells.

Materials and Methods

Cell culture and chemicals

Panc1, BxPC3,MiaPaca2, andNCI-H2122 cells were purchased
fromATCC. ATCC authenticated cell lines bymorphology checks,
growth curve analysis, isoenzymology, and mycoplasma testing.
SK-MEL-28 cells were a gift from Dr. Alfonso Bellacosa at Fox
Chase Cancer Center (FCCC, Philadelphia, PA). SK-MEK-28 cells
were authenticated by the FCCC cell culture core according to
ATCC test recommendations. Cell line SK-MEL-28VR1 was iden-
tified throughprogressive vemurafenib selection. SK-MEL-28 cells
(1 � 105) were exposed to 10 mmol/L vemurafenib for 48 hours,
then 20 mmol/L of vemurafenib for 48 hours, then 30 mmol/L of
vemurafenib for 48 hours. Surviving cells were pooled and iden-
tified as the SK-MEL-28VR1 cell line. Cell line BxPC3M1 was
identified through passive selection of BxPC3 cells. Single BxPC3
cells were plated and allowed to grow in subclones. Subclones
with detached phenotypes different from the highly adherent
BxPC3 parental cells were identified and isolated as BxPC3M cell
lines. One such cell line was BxPC3M1. All cell lines were reani-
mated less than 6months before experimentation. Cell lines were
cultured in DMEM/10%FBS (GenDepot) or RPMI1640/10%FBS
(GenDepot) supplemented with 2 mmol/L glutamine (Life Tech-
nologies; 25030081) and were maintained at 37�C in 5% CO2.
RPMI1640 without glucose, glycine, or serine (Teknova)/10%
Dialyzed FBS (Life Technologies; 26400036) were used for serine
deprivation studies. Vemurafenib, dabrafenib, methotrexate, and
gemcitabine were obtained from Selleckchem. PHGDH siRNA
was obtained from Ambion (AM16708), and Lipofectamine
RNAiMax from Invitrogen (100014472).

Cell viability assays

For colony formation assays, 400 cells/well were seeded into
24-well plates. Cells were treated with DMSO or gemcitabine at
various doses on day 1 for 24 hours. Gemcitabine was washed out

onday2, vemurafenib, dabrafenib, andmethotrexatewere added.
On day 4, drugs added on day 2 were washed out. Cells were
allowed to grow for 7 days andfixed (10%methanolþ 10%acetic
acid) and stained with crystal violet (0.4% in 20% ethanol) for
quantitation at 595 nm. For spheroid assays, cells were plated in
96-well spheroid plates (Corning CLS4515) according to cell
line–specific plating efficiencies that allowed for >500 mm in
diameter of spheroid after 48 hours. Cells were treated with
DMSO or gemcitabine at various doses on day 2 for 24 hours.
Cells exposed to gemcitabine were serially washed with warm
media in order to remove any traces of gemcitabine from the cells
prior to BRAFi addition. On day 5, growth was analyzed using
CellTiter Glo 3D (Promega).

Mass spectrometry

Cells were harvested, washed in PBS, and lysed in NP40 lysis
buffer (1% NP40/PBS/10% glycerol) with protease inhibitors.
Detergents were removed from protein samples using columns
(Pierce; 87777). Protein concentrations were determined with
Total-Protein-Assay-kit (ITSI Biosciences; K-0014-20). Samples
were prepared for MS using the OneKit (Evol Science). Briefly,
100 mg of protein sample þ 5 mg normalization peptides were
propionylated prior to overnight trypsin digestion. Another 100
mgof theprotein samplewithnormalizationpeptideswere trypsin
digested overnight without propionylation. Samples were dried
down and redissolved in 2.5% ACN/0.1% formic acid for liquid
chromatography–tandem mass spectrometry (LC-MS/MS) anal-
ysis carried out on Q-Exactive HF (Thermo Fisher) coupled with
U3000 RSLCnano HPLC device (Thermo Fisher). Five microliters
of sample were loaded onto C18 trap columns (PepMap100; 300-
mm intardermally � 5 mm, 5-mm particle size, 100 Å; Thermo
Fisher) at flow rates of 10 mL/minute. Peptide separation was
carried out on a C18 column (ACQUITY UPLC M-Class Peptide
CSH C18; 130Å 1.7 mm75 mm x 250mm,Waters) at flow rates of
0.26 mL/minute and the following gradient: 0–3 minutes, 2% B
isocratic; 3–76 minutes, 2%–30% B; 76–90 minutes, 30%–45%
B; 90–98minutes, 45%–98% B.Mobile phase A was 0.1% formic
acid, and mobile phase B was 0.1% formic acid in 80:20 aceto-
nitrile:water. The runs were analyzed using Progenesis-QI (Non-
linear dynamics). The chromatograms were aligned and the MS/
MS data was extracted for peptide identification using Mascot
(Matrix Science; v2.5.1). Mascot was set up to search the cRAP
database, the custom database including the normalization pep-
tide sequence, and SwissProt human database assuming trypsin
digestion. Mascot was searched with fragment ion mass tolerance
of 0.06 kDa and parent ion tolerance of 15 PPM. Deamidated
asparagine and glutamine, oxidated methionine, acetylated
lysine, propionylated lysine, and carbamidomethylated cysteine
were specified in Mascot as variable modifications. The peptides
identified using FDR < 1%were extracted and imported back into
Progenesis for assignment of the peaks. Only proteins with �2
unique peptides and a Mascot score of 20 were used. The peptide
and protein quantification used a synthetic control peptide for
normalization across the samples. All MS runs were performed at
the Donald Danforth Plant Science Center for Proteomics and
Mass Spectrometry and at the Proteomics and Metabolomics
facility at University of Nebraska (Lincoln, NE).

Data plotting and statistics

Proteomic trend plots were constructed using Evol Science
Software suite (ESSv1.0). Volcano plotting visually separates data
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Figure 1.

Characterization of SK-MEL-28VR1 cells. A, Growth rate comparisons of SK-MEL-28 and SK-MEL-28VR1 cells (n ¼ 3). A total of 1 � 105 cells were plated at

time-point 0. B, Colony formation assays of SK-MEL-28 and SK-MEL-28VR1 cells following treatments with differential doses of vemurafenib (n ¼ 5; P < 0.0001).

C,Mass spectrometry: FAM129B protein abundance following differential treatments of SK-MEL-28 and SK-MEL-28VR1 cells (n¼ 3). D,Mass spectrometry: Volcano

plot displaying differential protein expression following vemurafenib treatments. SK-MEL-28 protein expression is displayed in red; SK-MEL-28VR1 protein

expression is displayed in blue (n ¼ 3). Proteins displayed on the right side of 0 in the x-axis are decreasing in abundance with vemurafenib treatments, and

proteins displayed on the left side of the 0 in the x-axis are increasing in abundance following vemurafenib treatments. E, Western blots of FAM129B protein

expression in differentially treated SK-MEL-28 and SK-MEL-28VR1 cells. b-Actin used as loading control. Fifty micrograms of protein loaded in each lane. F, IF

staining: SK-MEL-28VR1 cells were costained with DAPI and FAM129B primary antibody. Cells were treated with either vemurafenib (10 mmol/L) or DMSO for

48 hours prior to staining. G, Western blots of p-MEK1/2 and p-ERK1/2 protein expressions in differentially treated SK-MEL-28 and SK-MEL-28VR1 cells.

b-Actin was used as a loading control. Fifty micrograms of protein loaded in each lane. H, Western blot analysis of PHGDH protein expression in differentially

treated SK-MEL-28 and SK-MEL-28VR1 cells. b-Actin was used as loading control. Fifty micrograms of protein loaded in each lane.
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points in axes by expression ratio and statistical significance. This
enables a method of determining the significant, differentially
expressed proteins within a comparison. For each protein, repli-
cate values are compared creating two distributions of values.
Student t test of identical mean is used between the two inde-
pendent samples of values to compare distributions and generate
P values of statistical significance. The–log10of the P value is then
taken to provide the Y coordinate, in graphical view. The X
coordinate, ratio, is given by the log10 of the average of replicate
ratio values for a given experiment. Combination index calcula-
tions, Fa-CI plots, and isobolograms were constructed using the

CompuSyn software using theChou–Talalaymethod (17). All cell
culture assay plots were constructed using Prism7 software
(Graphpad.com), and two-way ANOVA tests were used to calcu-
late P values.

Immunoblotting

Cells were harvested and lysed in buffer (1% NP40/PBS/10%
glycerol) with protease and phosphatase inhibitors. Protein con-
centrations were determined with Total-Protein-Assay-kit (ITSI
Biosciences; K-0014-20) and then SDS sample buffer was added
to the lysates. Fiftymicrograms of boiled lysates were separated by

Figure 2.

Importance of serine biosynthesis pathway to vemurafenib resistance in SK-MEL-28VR1 cells. A, Colony formation assays of SK-MEL-28 cells following

control or PHGDH siRNAs treatments with differential doses of vemurafenib (n ¼ 3; P ¼ 0.3052). B, Colony formation assays of SK-MEL-28VR1 cells

following control or PHGDH siRNAs treatments with differential doses of vemurafenib (n ¼ 3; P < 0.0001). C, Colony formation assays of SK-MEL-28 cells

following treatments with differential doses of vemurafenib � methotrexate (75 nmol/L; n ¼ 3; P ¼ 0.9203). D, Colony formation assays of SK-MEL-28VR1 cells

following treatments with differential doses of vemurafenib � methotrexate (75 nmol/L; n ¼ 3; P < 0.0001). E, Colony formation assays of SK-MEL-28VR1

cells following treatments with differential doses of vemurafenib � serine in media (n ¼ 3; P < 0.0001).
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SDS-PAGE and transferred onto Immobilon Pmembranes (Milli-
pore; IPVH00010). PHGDHprimary antibodywas obtained from
Bethyl Laboratories (A304-732A). p-ERK1/2 (4370), p-MEK1/2
(9154), FAM129B (5122) primary antibodieswere obtained from
Cell Signaling Technology. b-Actin (Cell Signaling Technology
8457) and a-tubulin (Abcam ab7291) primary antibodies were
used as loading controls. Anti-rabbit IgG, HRP-linked antibody
(Cell Signaling Technology 7074) was used as the secondary
antibody.

Immunofluorescence microscopy

Cells were plated onto coverslips. On day 1, cells were treated
with DMSO or drug. On day 3, cells were fixed (4% paraformal-
dehyde), permeabilized, blocked, stained according to Cell Sig-
naling Technology immunofluorescence (IF) protocols. Cells
were permeabilized with 0.2% Triton X-100 for 15 minutes at
room temperature. Cells were blocked with 3% BSA for 1 hour at
room temperature. Primary antibody incubation with rabbit
FAM129B (Cell Signaling Technology 5122) overnight at 4�C.
Alexa Fluor–conjugated anti-rabbit (488 nm) secondary antibody
(Jackson Laboratories 111-545-003) was used at a concentration
of 1.5 mg/mL and nuclei counterstained with DAPI. Images were
taken using a Leica Microsystems TCS-SP8A confocal microscope
controlled by LAS software (Biological imaging facility, FCCC,
Philadelphia, PA).

Results

Identification and characterization of vemurafenib-resistant

SK-MEL-28VR1 cells

SK-MEL-28 vemurafenib-resistant cell line was isolated from
SK-MEL-28 parental cells via drug selection. Proliferation rate of
SK-MEL-28VR1 was higher than parental cells (Fig. 1A). SK-MEL-
28VR1 cells had doubling times of 16 hours while parental cells
had doubling times of 23.1 hours. Colony formation assays
revealed that SK-MEL-28VR1 cells are vemurafenib-resistant
(Fig. 1B). Mass spectrometry (MS) analysis revealed that
SK-MEL-28VR1 had a different proteomic profile than parental
cells in response to vemurafenib treatment. FAM129B was iden-
tified as having the third highest differential expression between
SK-MEL-28VR1 cells treated with vemurafenib versus SK-MEL-
28VR1 cells treated with vehicle (Supplementary Table S1). Cyto-
plasmic FAM129B abundance increased by approximately 6-fold
with vemurafenib compared with vehicle (Fig. 1C). Interestingly,
FAM129B abundance decreased in response to vemurafenib
in parental cells (Fig. 1C and D). These trends indicated an
active MAPK pathway (18) in SK-MEL-28VR1 cells but not in
parental cells. Immunoblotting and IF staining of cytosolic
protein extracts probing for FAM129B confirmed observed MS
trends of increased protein expression following vemurafenib

treatments of SK-MEL-28VR1 cells (Fig. 1E and F). Blots using
MAPK protein p-MEK1/2 and p-ERK1/2 primary antibodies con-
firmed MAPK activation indicated by the increase in activating
phosphorylation of ERK1/2 following vemurafenib treatment in
SK-MEL-28VR1 cells but not in parental cells (Fig. 1G). Interest-
ingly,MEK1/2 phosphorylation increased following vemurafenib
treatments in both cell lines (Fig. 1G). Furthermore, FAM129B
protein trends supported the observed induction of cell prolifer-
ation and suggested an invasive potential increase of SK-MEL-
28VR1 cells.

Serine biosynthesis pathway proteins were the highest differ-
entially expressed proteins within a pathway between resistant
and sensitive cells in response to vemurafenib. All enzymes of the
pathway (PHGDH, PSAT1, and PSPH) and serine-tRNA ligases
SARS (cytoplasmic) and SARS2 (mitochondrial) were expressed
in equal or higher abundances in SK-MEL-28VR1 cells exposed to
vemurafenib than to vehicle, while the opposite trend was
observed in parental cells (Fig. 1D). Immunoblotting using
PHGDH antibody confirmed trends observed with MS
(Fig. 1H). Consistent with MS data, Western blot analyses
revealed SK-MEL-28VR1 cells having increased baseline PHGDH
expression compared with parental cells. In addition, Western
blot analyses revealed that PHGDH levels increased following
vemurafenib treatment in SK-MEL-28VR1 cells (Fig. 1D and H).

PHGDH is essential for vemurafenib resistance of SK-MEL-

28VR1 cells

PHGDH catalyzes the conversion of 3-phosphoglycerate to 3-
phosphohydroxypyruvate comprising step 1 of the serine synthe-
sis pathway. To directly test whether serine synthesis was critical
for vemurafenib resistance, we used siRNAs to deplete PHGDH in
SK-MEL-28VR1 and SK-MEL-28 cells (Supplementary Fig. S1).
PHGDH siRNAs enhanced SK-MEL-28VR1 cell death following
vemurafenib treatment while not having any additive effect on
parental cell death (Fig. 2A and B). Control siRNA treatments
established baseline cell viability following vemurafenib treat-
ment for each cell line. PHGDH siRNAþ vemurafenib treatments
exhibited decreased cell viability below the baseline in SK-MEL-
28VR1 cells (Fig. 2B) but not in parental cells (Fig. 2A).

Methotrexate selectively sensitizes SK-MEL-28VR1 cells to

vemurafenib

As serine biosynthesis proteins are induced in SK-MEL-28VR1,
we investigated whether serine synthesis was contributing pre-
cursors downstream to the folate cycle. The folate cycle is neces-
sary for the production of tetrahydrofolate (THF) leading to the
production of thymidylate which is critical for DNA synthesis and
repair in cancer cells (19). In addition, the same study demon-
strated that conversion of serine to glycine and the folate cycle
contribute precursors to one-carbon ATP production in the

Figure 3.

Gemcitabine sensitizes SK-MEL-28VR1 cells to vemurafenib. A, Colony formation assays of SK-MEL-28 cells following treatments with differential doses of

vemurafenib � gemcitabine (50 nmol/L; n ¼ 3) (P < 0.0001). B, Colony formation assays of SK-MEL-28VR1 cells following treatments with differential doses

of vemurafenib � gemcitabine (50 nmol/L; n ¼ 3; P < 0.0001). C, Colony formation assays of SK-MEL-28 cells following control or PHGDH siRNAs treatments

with differential doses of vemurafenib � gemcitabine (50 nmol/L; n ¼ 3; P ¼ 0.9816). D, Colony formation assays of SK-MEL-28VR1 cells following control or

PHGDH siRNAs treatments with differential doses of vemurafenib � gemcitabine (50 nmol/L; n ¼ 3; P ¼ 0.0189). E, Colony formation assays of SK-MEL-28

cells following treatments with differential doses of vemurafenib þ gemcitabine (50 nmol/L) � methotrexate (75 nmol/L; n ¼ 3; P ¼ 0.6585). F, Colony

formation assays of SK-MEL-28VR1 cells following treatments with differential doses of vemurafenibþ gemcitabine (50 nmol/L)�methotrexate (75 nmol/L; n¼ 3;

P < 0.0001). G, Fa-CI plot representing synergy between gemcitabine and vemurafenib. Data points falling below the line indicate synergy between drugs.

Data points represent CI calculations at specific doses. Please refer to Supplementary Table S2 for CI values.
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cytosol of tumor cell lines. Methotrexate inhibits dihydrofolate
reductase and thymidylate synthase thus reducing nucleotide
synthesis (20). Methotrexate has also been shown to reduce ATP
levels in tumor cells (19). Consistent with the importance of
serine to the folate cycle, methotrexate (75 nmol/L) enhanced
killing of SK-MEL-28VR1 cells following vemurafenib treatment
(Fig. 2D). No significant killing by methotrexate þ vemurafenib
treatments was observed in parental cells (Fig. 2C).We next tested
whether sensitization via methotrexate was achieved by attenu-
ating the ERK1/2–dependent proliferative pathway. In Fig. 1G,
immunoblots showed an increase of p-ERK1/2 in SK-MEL-28VR1
cells treated with methotrexate þ vemurafenib compared with
DMSO-treated cells revealing an activeMAPKpathway. Therefore,
we postulate that disrupting folate cycle–based nucleotide syn-
thesis in MAPK pathway–induced proliferative backgrounds
causes cell death.

Serine depletion sensitizes SK-MEL-28VR1 cells to vemurafenib

As interrupting the folate cyclewithmethotrexate sensitized SK-
MEL-28VR1 cells to vemurafenib, we examined the effect of
extracellular serine depletion on resistance. We used serine, glu-
cose, glycine-depleted media during cell plating and drug treat-
ments of SK-MEL-28VR1 cells in colony formation assays. Cells
were then resupplied with complete media and colony growth
commenced. The data showed depletion of serine for 2 days as
sufficient to enhance killing of SK-MEL-28VR1 by vemurafenib
(Fig. 2E). At vemurafenib doses of 2.5 mmol/L and 5 mmol/L, SK-
MEL-28VR1 cells showed >50% reduction in colony formation
with serine depletion. These data show that baseline extracellular
serine levels (in serum) are critical for vemurafenib survival of SK-
MEL-28VR1 cells.

Identification of gemcitabine as a sensitizer of SK-MEL-28VR1

cells to vemurafenib

Folate cycle is critical for nucleotide production during DNA
repair, and PHGDH, PSAT1, and PSPH protein levels have been
shown to increase under conditions of genomic instability (21).
Therefore, we tested several classes of DNA-damaging agents as
potential sensitizers of SK-MEL-28VR1 cells to vemurafenib
including DNA cross-linking agents, topoisomerase inhibitors,
and nucleoside analogues. The nucleoside analogue gemcitabine
sensitized SK-MEL-28VR1 cells to vemurafenib when used in
combination but did not sensitize SK-MEL-28 cells (Fig. 3A and
B). A static dose of 50 nmol/L gemcitabine was added to variable
doses of vemurafenib in colony formation assays. Presence of
pERK1/2 revealed an active MAPK pathway in cells treated with
gemcitabine þ vemurafenib combination when compared with
gemcitabine alone (Fig. 1G). Depletion of PHGDH via siRNA
treatments enhanced SK-MEL-28VR1 cell death beyond that
observed with gemcitabine þ vemurafenib combination treat-
ments (Fig. 3D). In addition,methotrexate enhanced cell death of
SK-MEL-28VR1 cells when treated alongside gemcitabine þ

vemurafenib (Fig. 3E and F). Synergy between gemcitabine and
vemurafenib in SK-MEL-28VR1 cells was indicated by combina-
tion index (CI) analysis (Fig. 3G; Supplementary Fig. S2A; Sup-
plementary Table S2; ref. 17).

Vemurafenib sensitizes pancreatic cancer and NSCLC cells to

gemcitabine

As we reversed vemurafenib-acquired resistance of SK-MEL-
28VR1 cells via pretreatment with gemcitabine, we tested the

combination in BRAF WT cells intrinsically resistant to vemur-
afenib. Gemcitabine is the first-line therapy in pancreatic cancer.
We tested 4 pancreatic cancer cell lines (BxPC3, Panc1, MiaPaca2,
and BxPC3M1) for gemcitabine sensitization via vemurafenib
treatment. Using variable gemcitabine doses and constant vemur-
afenib dose of 1 mmol/L, colony formation assays revealed that
BxPC3M1 cells were sensitized to gemcitabine by vemurafenib
(Fig. 4A). Synergy between gemcitabine and vemurafenib
BxPC3M1 cells was indicated by CI analysis at specific doses
(Fig. 4B; Supplementary Fig. S2B; Supplementary Table S3). The
highest (5,000 nmol/L) and lowest (5 nmol/L and 10 nmol/L)
gemcitabine doses displayed competitiveness between gemcita-
bine and vemurafenib. However, gemcitabine doses of 25 nmol/
L–1,000 nmol/L displayed synergy between the two drugs. In
addition, gemcitabine has also been effective in the treatment of
advanced NSCLC especially in unfit patients (22). We tested stage
4 adenocarcinomaNSCLC cell lineNCI-H2122.We observed that
1mmol/L vemurafenib sensitizedNCI-H2122 cells to gemcitabine
(Fig. 4C).

Vemurafenib induces serinebiosynthetic enzymes inpancreatic

cancer cells

Next, we tested the effect of vemurafenib treatment on pan-
creatic cancer cell proliferation. All cell lines tested (BxPC3M1,
BxPC3, Panc1, MiaPaca2) express BRAF WT. Vemurafenib treat-
ment (10 mmol/L) resulted in increased proliferation of the cell
lines (Fig. 5A–D), consistent with previous findings (3). As serine
synthesis has been shown to correlate with increasing prolifera-
tion of tumor cells, we compared the proteomic profiles of the
pancreatic cancer cell lines via MS. PHGDH, PSAT1, PSPH, and
SARS protein abundance increased in all cell lines tested (Fig. 5E–
H). The BxPC3M1 cells expressed the highest increase in protein
abundance of all 4 proteins compared with the other cell lines
tested. In addition, methotrexate treatments in combination with
gemcitabineþ vemurafenib increased cell death of BxPC3M1 and
NCI-H2122 cells compared with gemcitabine þ vemurafenib
treatments without methotrexate (Fig. 5I and J). Next, we exam-
ined the effect of extracellular serine depletion on BxPC3M1
vemurafenib resistance. We used serine, glucose, and glycine-
depleted media during cell plating and drug treatments of
BxPC3M1 cells in colony formation assays. Cells were then
supplied with complete media and colony growth commenced.
Quantitation of colony formation assays revealed significant
increases in BxPC3M1 cell death following vemurafenib treat-
ments under serine-depleted conditions (Fig. 5K). At the 5mmol/L
vemurafenib dose, BxPC3M1 cells showed >50% cell death with
serine-depleted media.

Dabrafenib, BRAF V600E inhibitor, sensitizes cancer cells to

gemcitabine

Similar to vemurafenib, dabrafenib is a BRAF V600E inhibitor
with efficacy against metastatic melanoma (23, 24). We tested
dabrafenib effectiveness in sensitizing SK-MEL-28VR1, BxPC3M1,
and NCI-H2122 cells. The first-line drug of each disease state was
given in variable doses. Dabrafenib is considered a first-line
therapy in metastatic melanoma with BRAF V600E mutations,
while gemcitabine is a first-line therapy in pancreatic cancer and
NSCLC. For SK-MEL-28VR1 cells, gemcitabine dose was kept
constant at 50 nmol/L with variable doses of dabrafenib. In
contrast, dabrafenib dose was kept constant at 1 mmol/L with
variable doses of gemcitabine in pancreatic cancer andNSCLC cell

Ross et al.

Mol Cancer Ther; 16(8) August 2017 Molecular Cancer Therapeutics1602

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

6
/8

/1
5
9
6
/1

8
5
5
1
8
0
/1

5
9
6
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2

2



lines. Dabrafenib treatment sensitized BxPC3M1 andNCI-H2122
cells to gemcitabine (Fig. 6A and B), and gemcitabine sensitized
SK-MEL-28VR1 cells to dabrafenib (Fig. 6C). Finally, we tested the
SK-MEL-28VR1 and BxPC3M1 cells in three-dimensional spher-
oid growth assays (Fig. 6D). This assay recapitulates some aspects

of solid tumor growth in vivo. The spheroid assays clearly showed
increased sensitivities of both cell lines to gemcitabine þ dabra-
fenib combination treatments compared with dabrafenib treat-
ment alone confirming colony formation data.

Discussion

We isolated vemurafenib-resistant SK-MEL-28 cells (SK-MEL-
28VR1) to studymechanisms of BRAF V600E inhibitor resistance.
MS data differentiated the protein signatures of SK-MEL-28VR1
cells from parental SK-MEL-28 cells in response to vemurafenib.
Serine biosynthesis pathway enzyme levels were elevated in
response to vemurafenib treatments of SK-MEL-28VR1 cells. In
contrast, all proteins mentioned decreased in response to vemur-
afenib treatments of parental cells. Immunoblotting confirmed
the trends observed from MS. We postulate that serine synthesis
was critical for vemurafenib resistance of SK-MEL-28VR1 cells.
Serine synthesis has been shown to be critical for cancer cell
proliferation (25). Recent work by Labuschagne and colleagues
showed that serine, not glycine, was critical for nucleotide and
amino acid synthesis during cancer cell proliferation (25). SK-
MEL-28VR1 cells had a higher proliferation rate (16-hour dou-
bling time) compared with SK-MEL-28 cells (23.1-hour doubling
time). Our proteomic observations of serine biosynthesis induc-
tion in response to vemurafenib in SK-MEL-28VR1 cells support
published reports that positively correlate serine synthesis to
cancer cell survival (26, 27).

Colony formation assays following PHGDH depletion via
siRNA confirmed the importance of PHGDH gene products to
SK-MEL-28VR1 resistance to vemurafenib. These data, along with
colony formation assays following methotrexate treatments, con-
firmed that serine synthesis is a critical component of vemurafe-
nib resistance signatures of SK-MEL-28VR1 cells. PHGDH cata-
lyzes the first step of the serine biosynthesis pathway, converting
3-phosphoglycerate to 3-phosphohydroxypyruvate. Moreover,
PHGDH gene amplifications have been reported in breast cancer
and melanoma (28, 29). In fact, certain breast cancer cell types
have shown to be dependent upon increased serine synthesis flux
through higher PHGDH gene expression (27). In addition, in
NSCLC, PHGDH gene overexpression positively correlates with
aggressive disease (30). PHGDH gene expression is often ampli-
fied inmetastatic melanoma and depletion of PHGDHnegatively
affects cell viability (31). The PHGDHdepletion–induced vemur-
afenib sensitization is reminiscent of BRCA1 and platinum-based
chemotherapy in breast cancer.

Serine biosynthesis lies upstream and feeds into multiple
pathways involved in nucleotide and amino acid metabolism.
Specifically, the folate cycle contributes to nucleotide metab-
olism. We tested the antifolate methotrexate in combination
with vemurafenib on SK-MEL-28 and SK-MEL-28VR1 cell via-
bility. Methotrexate selectively sensitized SK-MEL-28VR1 cells
to vemurafenib. Methotrexate is known to inhibit the folate
cycle downstream of serine biosynthesis in the alternative
metabolic pathway known as SOG (Serine-One carbon cycle-
Glycine cleavage), which is activated in cancer cells during
proliferation (19). Serine depletion experiments demonstrated
the need for baseline levels of extracellular serine for SK-MEL-
28VR1 vemurafenib resistance. Recent work has identified the
need for BRAF inhibitor–resistant melanoma cells to switch to
oxidative metabolism during induction of cell proliferation
(32). In fact, resistant cells are reported to be dependent on

Figure 4.

Gemcitabine sensitizes pancreatic cancer and NSCLC cell lines to vemurafenib.

A, Colony formation assays of BxPC3M1 cells following treatments with

differential doses of gemcitabine � vemurafenib (1 mmol/L; n ¼ 3; P < 0.0001).

B, Fa-CI plot representing synergy between gemcitabine and vemurafenib. Data

points falling below the line indicate synergy between drugs. Data points

represent CI calculations at specific doses. Please refer to Supplementary Table

S3 for CI values. C, Colony formation assays of NCI-H2122 cells following

treatments with differential doses of gemcitabine � vemurafenib (1 mmol/L;

n ¼ 3; P < 0.0001).
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glutamine rather than glucose for proliferation. Interestingly,
glutamate, catalyzed from glutamine, is a precursor of the
second step of the serine biosynthesis pathway. The enzyme
PSAT1 catalyzes the conversion of glutamate to a-ketoglutarate
during the conversion of 3-phosphohydroxypyruvate to phos-
phoserine. We postulate that serine synthesis is active in SK-
MEL-28VR1 cells potentially because of the described switch to
oxidative metabolism during proliferation. Further studies are

needed to examine the dependency of SK-MEL-28VR1 cells to
glutamine.

FAM129B was identified as one of the most differentially
expressed proteins between the two cell lines with respect to
vemurafenib treatment. FAM129B is phosphorylated on 4 serine
residues by the B-RAF/MAPKK/ERK signaling cascade (33) and is
known to be dispersed throughout the cytoplasm of melanoma
cells only under conditions when the MAPK pathway is active.

Figure 5.

Vemurafenib induces cell proliferation and serine synthesis in pancreatic cancer cell lines. A, Cell proliferation assay of BxPC3 cells treated with vemurafenib

(10 mmol/L). A total of 1 � 105 cells were plated on day 0. B, Cell proliferation assay of BxPC3M1 cells treated with vemurafenib (10 mmol/L). A total of 1 � 105

cells were plated on day 0. C, Cell proliferation assay of Panc1 cells treated with vemurafenib (10 mmol/L). A total of 1 � 105 cells were plated on day 0. D, Cell

proliferation assay of MiaPaca2 cells treated with vemurafenib (10 mmol/L). A total of 1 � 105 cells were plated on day 0. E, Mass spectrometry: PHGDH

protein expression in pancreatic cancer cells treated with DMSO or vemurafenib (10 mmol/L; n ¼ 3). F, Mass spectrometry: PSAT1 protein expression in pancreatic

cancer cells treated with DMSO or vemurafenib (10 mmol/L; n ¼ 3). (Continued on the following page.)
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Smalley and colleagues showed that FAM129B overexpression
increased the invasive potential of melanoma cells (34).
FAM129B affects multiple signaling pathways in melanoma
downstream of the MAPK cascade (18). In MS, immunoblotting,
and IF assays, cytoplasmic FAM129B protein abundance
increased in SK-MEL-28VR1 cells following vemurafenib treat-
ment, but decreased in SK-MEL-28 cells. Therefore, FAM129B

protein trends in our assays suggested that vemurafenib induced
MAPK pathway activation in SK-MEL-28VR1 cells but not in
parental cells. Furthermore, MAPK activation suggested vemur-
afenib may induce cell proliferation in SK-MEL-28VR1 cells
supporting the observation of serine synthesis induction. We are
currently investigating FAM129B as a potential biomarker for
vemurafenib resistance in metastatic melanoma cells.

Figure 5.

(Continued. ) G, Mass spectrometry: PSPH protein expression in pancreatic cancer cells treated with DMSO or vemurafenib (10 mmol/L; n ¼ 3). H, Mass

spectrometry: SARS protein expression in pancreatic cancer cells treated with DMSO or vemurafenib (10 mmol/L; n ¼ 3). I, Colony formation assays of BxPC3M1

cells following treatments with differential doses of gemcitabine � vemurafenib (1 mmol/L) � methotrexate (75 nmol/L; n ¼ 3; P ¼ 0.0258). J, Colony

formation assays of NCI-H2122 cells following treatments with differential doses of gemcitabine � vemurafenib (1 mmol/L) � methotrexate (75 nmol/L)

(n ¼ 3; P ¼ 0020). K, Colony formation assays of BxPC3M1 cells following treatments with differential doses of vemurafenib � serine (n ¼ 3; P < 0.0001).
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The folate cycle is known to contribute to nucleotide pool
replenishment during cell proliferation, and DNA damage
induces the production of nucleotides. Moreover, serine synthesis
enzyme levels have been shown to increase under conditions of
DNA damage and genomic instability (21). We tested several
DNA-damaging agents as sensitizers of SK-MEL-28VR1 cells to
vemurafenib. Gemcitabine was identified as a sensitizer when SK-
MEL-28VR1 cells were pretreated with the drug before addition of
vemurafenib. Combination index calculations revealed synergy
between gemcitabine and vemurafenib in SK-MEL-28VR1 cells.
Gemcitabine is a deoxycytidine analogue and is the primary
chemotherapy against multiple tumor types including pancreatic
(35, 36) and lung cancers (37, 38). Gemcitabine causes DNA
double strand breaks (DSB) as a result of replication fork collapse
in the S-phase of the cell cycle in p53-mutated cells or

induces apoptosis through PUMA (39) and Bax (40) mediated
cell death programs in G1 in p53 WT cells. However, mutations
commonly occurring in p53 and other genes of pancreatic and
lung cancer tumor cells (41) drive acquired resistance to gemci-
tabine (42, 43) resulting in low disease-free survival (44, 45). The
p53-mutated cancer cells become arrested in S-phase following
treatment with gemcitabine at nmol/L doses but do not die,
whereas p53 WT cells die following G1 arrest at identical doses
(46). Mutations in gatekeeper genes like p53, BRAF, and KRAS
are common events in natural cancer cell progression (47);
therefore, the innate ability of cancer cells to resist the DNA-
damaging effects of drugs as they progress towards metastasis is
especially problematic.

The order of drug addition was critical to the success of our
gemcitabineþ vemurafenib combination in SK-MEL-28VR1 cells.
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Figure 6.

Dabrafenib induced sensitization of BxPC3M1, NCI-H2122, and SK-MEL-28VR1 cells to gemcitabine.A,Colony formation assays of BxPC3M1 cells following treatments

with differential doses of gemcitabine � dabrafenib (1 mmol/L; n ¼ 3; P < 0.0001). B, Colony formation assays of NCI-H2122 cells following treatments with

differential doses of gemcitabine�dabrafenib (1mmol/L; n¼ 3;P <0.0001).C,Colony formation assaysof BxPC3M1 cells following treatmentswith differential doses

of dabrafenib � gemcitabine (50 nmol/L; n ¼ 3; P < 0.0001). D, 3D spheroid assays: 5000 cells were plated on day 0. Drugs were added on day 3. On day 4,

gemcitabine (50 nmol/L) was washed out and dabrafenib (10 mmol/L) was added to the combination treatment wells.
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We postulate that SK-MEL-28VR1 cells are arrested in S-phase
because of gemcitabine-induced DSBs. As a result, when we treat
arrested cells with vemurafenib, the MAPK cascade is activated
inducing serine biosynthesis and the folate cycle. We believe that
these series of events ultimately lead to cell death in SK-MEL-
28VR1 cells. Further experimentation is warranted to fully char-
acterize SK-MEL-28VR1 cell death via the gemcitabine þ vemur-
afenib combination.We postulate that DNAdamage induces cell-
cycle arrest in SK-MEL28VR1 cells for DNA repair to commence,
activating the folate cycle and nucleotide synthesis.While cells are
arrested, BRAF V600E inhibitor treatment activates the MAPK
pathway inducing serine synthesis and nucleotide synthesis.
Ultimately, two conflicting pathways depleting the nucleotide
pool of cells induce cell death.

Next, we replicated our vemurafenib studies in BRAFWT cancer
cell lines that are naturally nonresponsive to the drug. as vemur-
afenib is known to increase proliferation of cells with BRAF WT
backgrounds, we postulate that serine biosynthesis might be
critical for cell survival and proliferation under vemurafenib
treatment conditions. We examined multiple cancer cell lines
that are BRAF WT and are intrinsically resistant to vemurafenib.
We tested pancreatic, NSCL, breast, and colon cancer cells. Indeed,
MS studies identified the serine biosynthesis pathway as greatly
induced in BRAF WT pancreatic cancer cells in response to
vemurafenib treatments. BxPC3M1 cells had the highest increase
in serine synthesis enzymes of the pancreatic cancer cell lines with
drug treatment. Then, we tested gemcitabine at variable doses and
kept the vemurafenib dose constant. One pancreatic cancer

Figure 7.

Schematic of cancer cell sensitization via sequential combination treatment with gemcitabine and a BRAF V600E inhibitor. Cascade A represents

SK-MEL-28 cellular response to BRAF V600E inhibitors (BRAFi) within the BRAF V600E mutation. Cascade B represents acquired BRAFi-resistant SK-MEL-28VR1

cellular response to BRAFi within the mutation profile. Acquired resistance causes a paradoxical induction of the MAPK cascade without gemcitabine

pretreatment. Gemcitabine pretreatment followed by BRAFi leads to induction of the MAPK cascade and induction of serine synthesis while cells are

arrested. Induction of serine synthesis leads to an induction of the folate cycle for nucleotide synthesis. These series of events lead to cell death due to

conflicting activation of cellular signaling pathway causing cell-cycle arrest signal from gemcitabine-induced DNA damage and activation of MAPK signaling

pathway by BRAF inhibitors. Cascade C shows sensitization of BRAFWT pancreatic cancer BxPC3M1 and NSCLC NCI-H2122 cells to BRAF inhibitors by gemcitabine

pretreatment. In these BRAF WT cell lines, gemcitabine induces cell-cycle arrest. Addition of BRAF inhibitors to the arrested cells induces the MAPK cascade,

leading to increased serine synthesis and folate synthesis. These series of events lead to cell death due to conflicting activation of cellular signaling pathway

causing cell-cycle arrest from gemcitabine-induced DNA damage and activation of MAPK signaling pathway by BRAF inhibitors. The actual mechanism of cell

death is as yet unknown.
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(BxPC3M1) and 1 NSCLC (NCI-H2122) cell line were sensitized
to the combination treatments. As seen in SK-MEL-28VR1 cells,
the order of drug addition was critical for sensitization. Gemci-
tabine pretreatment was necessary for successful sensitization.
These data showed that 5,000 nmol/L dose of gemcitabine alone
caused cell death and adding in 1 mmol/L vemurafenib reduces
gemcitabine toxicity. However, lower gemcitabine doses (25
nmol/L–1,000 nmol/L) synergized with vemurafenib. At the
lowest doses of gemcitabine (5 nmol/L and 10 nmol/L), the two
drugs have a competitive relationship. These doses of gemcitabine
appear too low to have any effect on our CI plots. We believe that
cell-cycle arrest is necessary for vemurafenib-induced cell death in
BxPC3M1 cells. In addition, BxPC3M1 cell proliferation was
induced by vemurafenib treatment. Serine depletion experiments
demonstrated theneed forbaseline levelsof extracellular serine for
BxPC3M1 vemurafenib resistance. Importantly, gemcitabine sen-
sitized SK-MEL-28VR1, BxPC3M1, andNCI-H2122 cells to anoth-
erBRAFV600Einhibitordabrafenib.Collectively,ourdatashowed
that acquired resistance of SK-MEL-28VR1 cells and intrinsic
resistance of BxPC3M1 and NCI-H2122 cells to BRAFis can be
reversed via gemcitabine addition. Gemcitabine and vemurafenib
showed synergy in SK-MEL-28VR1 and BxPC3M1 cells.

As we did not observe sensitization with gemcitabineþ vemur-
afenib combinations across all pancreatic cancer and NSCLC cell
lines tested, we started to examine the unifying characteristics
among responders, SK-MEL28VR1, BxPC3M1, and NCI-H2122
cells. However, an interesting observation we are exploring is a
qualitative feature common to SK-MEL-28VR1, BxPC3M1, and
NCI-H2122 cells. The cell lines have detached phenotypes. This
phenotype is consistent with the detached phenotype of mesen-
chymal cancer cells. There is precedence for epithelial-to-mesen-
chymal transition (EMT) being a path to vemurafenib resistance
(48, 49). We postulate that metastatic potential as well as muta-
tional profile could be critical determinants of cell sensitivity to
the gemcitabine þ vemurafenib combination illuminating the
potential for personalized therapies.

This study has identified serine biosynthesis as a critical deter-
minant of BRAF inhibitor resistance in cancer cells. In addition,we
have demonstratedmethotrexate as a sensitizer ofmelanoma cells
to BRAF V600E inhibitors. We have demonstrated gemcitabine

pretreatment as a sensitizer of cancer cells to vemurafenib or
dabrafenib. The relationships between gemcitabine and vemur-
afenib, or gemcitabine and dabrafenib are currently being
explored to further enhance cell sensitivity. Ultimately, our stud-
ies demonstrate the successful use of quantitative proteomic
profiling to identify novel protein and pathway targets that can
be disrupted to reverse resistance of BRAF V600E and BRAF WT
cancer cells to BRAF inhibitors, vemurafenib or dabrafenib.
Figure 7 summarizes the totality of our discovery.
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