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Abstract Mutations in the NRAS oncogene are present in up to 20% of melanoma. Here, we
show that interferon alpha-inducible protein 6 (IF16) is necessary for NRASQ61K-induced
transformation and melanoma growth. IFI6 was transcriptionally upregulated by NRASQ61K, and
knockdown of IFI6 resulted in DNA replication stress due to dysregulated DNA replication via
E2F2. This stress consequentially inhibited cellular transformation and melanoma growth via
senescence or apoptosis induction depending on the RB and p53 pathway status of the cells.
NRAS-mutant melanoma were significantly more resistant to the cytotoxic effects of DNA
replication stress-inducing drugs, and knockdown of IFI6 increased sensitivity to these drugs.
Pharmacological inhibition of IFI6 expression by the MEK inhibitor trametinib, when combined with
DNA replication stress-inducing drugs, blocked NRAS-mutant melanoma growth. Collectively, we
demonstrate that IFI6, via E2F2 regulates DNA replication and melanoma development and
growth, and this pathway can be pharmacologically targeted to inhibit NRAS-mutant melanoma.
DOI: 10.7554/eLife.16432.001

Introduction

Melanoma is the deadliest form of skin cancer, accounting for ~80% of skin cancer-related deaths
(Miller and Mihm, 2006). Some of the most commonly observed oncogenic events in melanoma are
activating mutations of the oncogenic neuroblastoma RAS viral oncogene homolog (NRAS; typically
NRASQ61K/R), which occur in 20% of cases (Miller and Mihm, 2006; Tsao et al., 2012). Oncogenic
NRAS causes constitutive activation of NRAS, resulting in activation of multiple downstream signal-
ing pathways. These signaling pathways promote proliferation and reduce apoptosis to facilitate cel-
lular transformation, tumor growth, and metastatic progression (Downward, 2003; Karnoub and
Weinberg, 2008; Wellbrock et al., 2004). Key pathways regulated by NRAS include the phosphoi-
nositide 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), and Ral guanine nucleotide disso-
ciation stimulator (RalGDS) pathways, all of which are shown to play important roles in NRAS-driven
oncogenesis (Downward, 2003; Karnoub and Weinberg, 2008).

Both the PI3K and MAPK pathways have been targeted using very effective small molecule inhibi-
tors as a clinical approach to treat RAS-mutant cancers, including NRAS-mutant melanoma. How-
ever, other pro-survival pathways can be activated by feedback and crosstalk from the pathway
being targeted. For example, inhibition of the PI3K pathway alone can result in compensatory upre-
gulation of the MAPK pathway (Carracedo et al., 2008; Serra et al., 2011). For this and several
other known and unknown reasons, these approaches have not proven clinically beneficial
(Baines et al., 2011). Thus, new therapeutic approaches for treating NRAS-mutant melanoma and
other RAS-mutant cancers are needed.
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To discover and develop more effective approaches to treat NRAS-mutant melanoma, we aimed
to understand the mechanism of oncogenic NRAS-induced transformation and tumor maintenance.
We identified interferon alpha-inducible protein 6 (IFI6) as a new regulator of oncogenic NRAS-
induced melanocyte transformation and melanoma tumor growth, which functions by regulating
E2F2 expression and consequently DNA replication. Surprisingly, we also found that NRAS-mutant
melanoma cells were significantly more resistant to the drugs that induce DNA replication stress
than were BRAF-mutant, NF1-deficient, or triple wild-type melanomas. In addition, treatment with
the MEK inhibitor trametinib, which reduces IFI6 expression, when combined with drugs that induce
DNA replication stress, potently inhibited NRAS-mutant melanoma tumor growth in cell culture and
in mice. Taken together, our results identify a new role for IFI6 in E2F2-mediated regulation of DNA
replication and melanoma development and growth. These studies also uncover a pharmacologically
tractable DNA replication stress resistance pathway that can be targeted to inhibit NRAS-mutant
melanoma.

Results
Oncogenic NRAS transcriptionally upregulates IFI6 via MAPK pathway

Oncogenic mutations in neuroblastoma RAS (NRAS), typically in codon 61, are observed in <~20%
of melanoma (2015). However, NRAS-mutant melanoma currently lacks effective targeted therapies,
and targeting the pro-survival pathways downstream of oncogenic NRAS (e.g., PI3K or MEK inhibi-
tors) have not been successful (Britten, 2013; Samatar and Poulikakos, 2014, Zhao and Adjei,
2014). Thus, a better understanding of NRAS-mutant melanoma is required for developing effective
targeted therapies. Toward this end, we sought to identify factors that are necessary for oncogenic
NRAS-induced melanocyte transformation and melanoma growth.

First, we performed transcriptome-wide gene expression analyses. To do so, we transformed
immortalized melanocytes (MEL-ST cells) using oncogenic NRAS, NRASQ61K (hereafter referred to
as MEL-ST/NRASQ61K), and then we analyzed the gene expression changes using an lllumina gene
expression array. Our gene expression data analyses identified 301 genes that were significantly
upregulated (p<0.05, fold-change >2.0) in MEL-ST/NRASQ61K cells compared to MEL-ST cells with
an empty vector control (Supplementary file 1A and Figure 1—figure supplement 1). Among the
top five genes were IL8 and IL1B, which were previously implicated in RAS-mediated transformation
(Cataisson et al., 2012; Sparmann and Bar-Sagi, 2004). However, we also identified three inter-
feron-stimulated genes (ISGs)—IFI6, IFI27, and MXT1—that have not been previously implicated in
oncogenic NRAS-induced transformation and melanoma tumor growth (Figure 1A and Figure 1—
figure supplement 2). Furthermore, an analysis of previously published melanoma datasets revealed
that IFI6 is overexpressed in melanoma samples (Figure 1B-C) (Barretina et al., 2012, Haqq et al.,
2005; Riker et al., 2008; Talantov et al., 2005). Based on these results, we focused our studies on
IF16.

First, we determined the mechanism by which NRASQ61K transcriptionally upregulates the
expression of IFl6. Toward this end, we employed RAS mutants that specifically activate either the
MAPK (HRAS v12 S35) or PI3K pathway (HRAS v12 C40). Using these mutants, we found that the
MAPK pathway stimulated IFI6 expression effectively in MEL-ST cells (Figure 1D-E). To confirm this
finding, we used the constitutively active MEK construct MEK-DD (Boehm et al., 2007) and found
that the introduction of MEK-DD in MEL-ST cells was sufficient to stimulate IFI6 expression
(Figure 1F-G). Finally, we analyzed the expression of IFI6 and key MAPK transcriptional targets in
20 patient-derived melanoma samples. We observed that IFI6 expression strongly correlated with
the expression of other known MAPK transcriptional targets (Figure 1H). Additionally, IFI6 overex-
pression significantly correlated with the NRAS mutation status in patient-derived melanoma sam-
ples (Figure 1I) (Haqq et al., 2005). These results demonstrate that NRASQ61K activates IFI6
expression through the MAPK pathway.

In melanoma, the MAPK pathway can also be activated as a result of mutations in BRAF genes (e.
g., BRAFV600E) or loss of neurofibromatosis type 1 (NF1) activity due to inactivating mutations
(Coverley et al., 2002; Davies et al., 2002, Krauthammer et al., 2015). Therefore, we asked
whether BRAFV600E or NF1 knockdown could result in the transcriptional upregulation of IFIé, simi-
lar to NRASQ61K. To this end, we either introduced BRAFV600E or knocked down NF1 expression
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Figure 1. IFi6 is transcriptionally upregulated by NRASQ61K via MAPK pathway. (A) Relative IFI6 mRNA expression in MEL-ST/NRASQ61K cells
compared to empty vector-expressing MEL-ST cells. (B) Box plots for IFI6 mRNA expression in indicated melanoma gene expression datasets show
significantly higher IFI6 mRNA expression in patient-derived cutaneous melanoma samples (2) compared to normal skin controls (1). (C) Box plot for IFIé
mRNA expression in Barretina cell line dataset. Lane 13 shows average of IFI6 mRNA expression in melanoma cell lines. (D) MEL-ST cells expressing
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empty vector or indicated HRAS mutants were analyzed by RT-gPCR. The relative expression of IFI6 mRNA in HRAS mutant-expressing MEL-ST cells
compared to empty vector-expressing MEL-ST cells. (E) Relative expression of indicated proteins was evaluated by immunoblotting in MEL-ST cells
expressing an empty vector or indicated HRAS mutants. (F) MEL-ST cells expressing empty vector or MEK-DD were analyzed for IFI6 mRNA expression
by RT-gPCR. IFI6 mRNA expression in MEK-DD expressing MEL-ST cells relative to empty vector is shown. (G) MEL-ST cells expressing empty vector or
MEK-DD were analyzed for indicated proteins by immunoblotting. (H) Analysis of patient-derived melanoma samples (n = 20) reveals co-expression of
IFI6 with MAPK target genes. (I) Box plot for indicated melanoma gene expression dataset shows significantly higher IF6 mRNA expression in patient-
derived NRAS-mutant melanoma samples (2) compared to NRAS wild-type melanoma samples (1). (J) Schematic presentation of NF-kB DNA binding
site on the IFI6 promoter. (K) MEL-ST/NRASQ61K cells were analyzed for NF-kB enrichment using the ChlIP assay.% NF-kB enrichment in comparison to
IgG on the ACTIN or IFI6 gene promoter is shown. (L) MEL-ST cells expressing empty vector or NRASQ61K with NS or NF-kB shRNAs were analyzed
for IFI6 mRNA expression by RT-gPCR. Relative IFI6 mRNA in comparison to empty vector expressing MEL-ST cells is shown. (M) MEL-ST cells
expressing empty vector or NRASQ61K with NS or NF-xB shRNAs were analyzed for IFIé protein levels by immunoblotting. ACTINB served as the
loading control. In all panels, data are presented as mean + SEM, and *p<0.05 and ***p<0.0005.

DOI: 10.7554/eLife.16432.002

The following figure supplements are available for figure 1:

Figure supplement 1. NRASQ61K transcriptionally upregulates interferon-stimulated genes.

DOI: 10.7554/elife.16432.003

Figure supplement 2. Regulation of MX1 and IFI6 by NRASQ61K.

DOI: 10.7554/elLife.16432.004

Figure supplement 3. Monitoring regulation of IFI6 by BRAFV600E and NF1 loss.

DOI: 10.7554/eLife.16432.005

Figure supplement 4. STAT1 is not necessary for IFI6 expression in MEL-ST/NRASQ61K cells.

DOI: 10.7554/elLife.16432.006

Figure supplement 5. Oncogenic NRASQ61K transcriptionally upregulates IFIé via transcription factor NF-«B.

DOI: 10.7554/elLife.16432.007

Figure supplement 6. IKKf is necessary for NF-kB activation and NRASQé41K-induced IFI6 upregulation.

DOI: 10.7554/elife.16432.008

in MEL-ST cells (Figure 1—figure supplement 3). As controls, we used empty vector or non-specific
(NS) small hairpin RNA (shRNA), respectively. These cells were then analyzed for IFI6 expression by
RT-gPCR and immunoblot analysis. Our results showed that BRAFV600E, similar to NRASQ61K, was
able to activate IFI6 expression. However, NF1 knockdown did not result in IFI6 upregulation (Fig-
ure 1—figure supplement 3). These results indicate that NF1 loss is not functionally equivalent to
BRAFV600E or NRASQ61K regarding its ability to activate IFI6 expression.

Next, we asked which transcription factors downstream of the MAPK pathway were necessary to
activate expression of IFl6. Toward this end, we analyzed the promoter of IFI6 using rVISTA2.0
(Loots and Ovcharenko, 2004) and identified DNA binding sites for transcription factors NF-xB and
STAT1 (Figure 1J and Figure 1—figure supplement 4). To test if NF-xB or STAT1 directly regulate
IFI6 transcription, we first performed a chromatin immunoprecipitation (ChIP) assay. MEL-ST/
NRASQ61K cells showed enrichment of NF-xB on the IFI6 promoter relative to MEL-ST cells express-
ing an empty vector (Figure 1K). However, we did not observe enrichment for STAT1 on the IFI6
promoter in MEL-ST/NRASQ61K cells relative to MEL-ST cells expressing an empty vector (Fig-
ure 1—figure supplement 4). To further test whether NF-kB and STAT1 influence IFI6 mRNA
expression, we measured the expression of IFI6 in MEL-ST/NRASQ61K cells after knocking down the
expression of either NF-xB (pé5/ RelA) or STAT1. We found that NF-«xB knockdown markedly
decreased [FlI6 expression in MEL-ST/NRASQ61K cells (Figures 1L-M and Figure 1—figure supple-
ment 5), whereas STAT1 knockdown had no effect (Figure 1—figure supplement 5). We also deter-
mined the mechanism of NF-xB activation downstream of NRASQ61K. To this end, we knocked
down the expression of IKKB, a kinase that phosphorylates and inactivates 1xB; IkB inhibits NF-xB by
preventing its nuclear localization (Li et al., 1999a, 1999b). IKKB was previously shown to be neces-
sary for NF-xB activity and HRASv12-driven melanoma growth in mice (Yang et al., 2010). Knock-
down of IKKB resulted in reduced phosphorylation of IkB (Figure 1—figure supplement 6) and
reduced NF-xB reporter activity (Figure 1—figure supplement 6). Analysis of IFI6 also revealed that
IKKB knockdown attenuated NRAS-induced IFI6 expression (Figure 1—figure supplement 6). ChIP
analysis showed decreased enrichment of NF-kB on the IFI6 promoter upon IKKB knockdown
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(Figure 1—figure supplement 6). Collectively, these results demonstrate that NRASQ61K, in a
MAPK pathway-dependent manner via NF-kB, stimulates the transcription of IFIé.

IF16 is required for NRASQ61K-induced transformation and NRAS-
mutant melanoma tumor growth

Next, we asked if IFI6 is necessary for NRASQ61K-induced transformation. Toward this end, we
knocked down the expression of IFI6 using shRNA in MEL-ST cells, and then we introduced the
NRASQ61K mutant via lentiviral infection. These cells were tested for their ability to form colonies in
soft agar and tumors in mice. We found that IFI6 knockdown inhibited the ability of NRASQ61K to
transform MEL-ST cells, as shown by the reduced colony formation in soft agar (Figure 2A-B and
Figure 2—figure supplement 1) and tumor formation in mice (Figure 2C). We also performed res-
cue experiments by expressing shRNA that targets the 3'-UTR of IFI6. Our results show that ectopic
expression of shRNA-resistant IFI6 open reading frame (ORF) rescued growth both in soft agar and
in mice (Figure 2—figure supplement 2). Notably, NF-kB knockdown also resulted in the inhibition
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Figure 2. IF16 is necessary for NRASQ61K-induced melanocyte transformation. (A) MEL-ST/NRASQ61K cells expressing IFI6 or non-specific (NS) shRNA
were analyzed for colony-forming potential using a soft agar assay. Representative images are shown. (B) Relative colony size for the soft-agar assay
presented in panel A is shown. (C) MEL-ST/NRASQ61K cells expressing IFI6 or non-specific (NS) shRNA were injected subcutaneously into the flanks of
athymic nude mice. Average tumor volumes (n = 5) for MEL-ST/NRASQ61K cells expressing NS or IFI6 shRNA are shown at the indicated time points.
(D). MEL-ST/NRASQ61K cells expressing NS or NF-«kB shRNA were analyzed for colony-forming potential using a soft agar assay. Representative
images are shown. (E) Relative colony size for the soft-agar assay presented in panel D is shown. (F) MEL-ST/NRASQé61K cells expressing NS or NF-«B
shRNA were injected subcutaneously into the flanks of athymic nude mice. Average tumor volumes (n = 5) for MEL-ST/NRASQé41K cells expressing NS
or NF-«kB shRNA are shown at the indicated time points. In all panels, data are presented as mean = SEM, and *p<0.05 and ***p<0.0005.

DOI: 10.7554/eLife.16432.009

The following figure supplements are available for figure 2:

Figure supplement 1. Monitoring expression of IFI6 and E2F2 proteins following IFIé knockdown.
DOI: 10.7554/elLife.16432.010

Figure supplement 2. Ectopic expression of shRNA-resistant IFI6 ORF rescues tumor growth in MEL-ST/NRASQ61K cells expressing IFI6 shRNA.
DOI: 10.7554/elife.16432.011
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of NRASQé61K-induced transformation, further supporting a role for NF-kB in IFI6 expression
(Figure 2D-F and Figure 1—figure supplement 5).

Based on these results, we asked if IFl6 is necessary for NRAS-mutant melanoma-driven tumor
growth. Toward this end, we knocked down the expression of IFIé in three NRAS-mutant melanoma
cell lines (YUGASP, M318, and SKMEL-103) and one NRAS wild-type melanoma cell line (YUVON)
and monitored their colony- and tumor-forming ability. Our results show that shRNA-induced knock-
down of IFI6 inhibited the ability of NRASQ61K mutant melanoma cells to form colonies in soft agar
(Figures 3A-B, Figure 2—figure supplement 1 and Figure 3—figure supplement 1) and to form
tumors in mice (Figure 3C). However, IFI6 knockdown did not affect colony or tumor formation in
YUVON cells (Figure 3D-F). We also performed rescue experiments in YUGASP cells by expressing
shRNA that targets the 3’ untranslated region (UTR) of IFI6. Our results show that ectopic expression
of shRNA-resistant IFI6 open reading frame (ORF) was able to rescue growth in both soft agar and
in mice (Figure 3—figure supplement 2). Collectively, these results demonstrate that IFI6 is neces-
sary for NRASQ61K-induced transformation and NRAS-mutant melanoma growth.

IF16 loss results in dysregulated DNA replication via transcription factor
E2F2 and inhibition of NRAS-mutant melanoma tumor growth

After confirming the role of IFI6 in the regulation of melanocyte transformation and melanoma
growth, we asked how IFI6 regulates these phenotypes. To answer this question, we knocked down
the expression of IFIé in the NRAS-mutant melanoma cell line YUGASP and performed a microarray
analysis (Supplementary file 1B and 1C). We found that the loss of IFI6 expression resulted in
increased expression of transcription factor E2F2 and its target genes (Figure 4A and Figure 2—fig-
ure supplement 1), many of which were previously documented to regulate DNA replication (e.g.,
CCNE1, MCM3, MCM10) (Aladjem, 2007; Coverley et al., 2002; Thu and Bielinsky, 2013). We
observed the same results in two additional NRAS-mutant melanoma cell lines, M318 and SKMEL-
103 (Figure 4—figure supplement 1 and Figure 2—figure supplement 1). Furthermore, consistent
with the increased level of E2F2 mRNA, we observed increased E2F2 protein level and increased
E2F2 enrichment on the promoter of its target gene MCM10 (Figure 2—figure supplement 1 and
Figure 4—figure supplement 2). Analysis of other E2F family genes in NRAS-mutant cells, MEL-ST/
NRASQ61K cells and primary human melanocytes after IFI6 knockdown revealed no changes in the
expression of other E2F genes (Figure 4—figure supplement 3). Based on these findings, we
hypothesized that the loss of IFI6 results in dysregulated DNA replication via E2F2 upregulation,
which in turn blocks NRAS-mutant melanoma tumor growth and melanomagenesis. To test this likeli-
hood, we analyzed the DNA content of YUGASP cells expressing either IFI6 or NS shRNA by fluores-
cence-activated cell sorting (FACS). YUGASP cells expressing IFI6 shRNA displayed a significantly
higher percentage of cells in S phase than the cells expressing NS shRNA (Figure 4B and Figure 4—
figure supplement 4). Next, to test if IFI6 knockdown results in dysregulation of the DNA replication
process, we used a DNA fiber assay to directly measure DNA replication (Merrick et al., 2004).
Toward this end, we analyzed YUGASP cells expressing IFI6 or NS shRNA. Our results showed that
the loss of IFI6 resulted in dysregulated DNA replication, as observed by significantly fewer ongoing
DNA replication forks, significantly more stalled forks, and a significantly higher number of newly
fired origins of replication compared to melanoma cells expressing NS shRNA (Figures 4C-D and
Figure 4—figure supplement 4). This result also explains the high number of cells in S phase of the
cell cycle.

Previous studies have shown that dysregulated DNA replication can result in senescence induc-
tion (Bartkova et al., 2006; Di Micco et al., 2006). Therefore, we asked if IFI6 knockdown results in
dysregulated DNA replication-induced cellular senescence, which may consequentially inhibit mela-
noma growth. To test this, we knocked down IFI6 in NRAS-mutant melanoma cell lines, YUGASP,
M318, and SKMEL-103, and measured well-accepted markers of cellular senescence including senes-
cence-associated B-gal (SA-B-gal) and acetylated histone H3K9? (H3K9Ac) (Narita et al., 2006,
2003). IFI6 knockdown resulted in the accumulation of markers of cellular senescence (Figure 4E-
G), suggesting that senescence was induced. In addition, we also measured the phosphorylated his-
tone YH2A.X as a marker of DNA damage, which showed that DNA replication stress-induced DNA
damage was upregulated (Figure 4G).

Next, we asked if the E2F2 upregulation that results from IFI6 knockdown is necessary for mela-
noma growth inhibition. To determine this, we simultaneously knocked down the expression of E2F2
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Figure 3. IFl6 is necessary for NRAS-mutant melanoma tumor growth. (A) NRAS-mutant melanoma cell lines expressing either non-specific (NS) or IFI6
shRNA were analyzed for anchorage-independent growth using the soft agar assay. Representative images for the indicated melanoma cell lines
expressing NS or IFI6 shRNA are shown. (B) Relative colony size in the soft agar assay presented in panel A are plotted for the indicated melanoma cell
lines expressing either NS or IFI6 shRNA. (C) The indicated NRAS-mutant melanoma cell lines expressing either NS or IFI6 shRNA were injected
subcutaneously into the flank of athymic nude mice. Average tumor volumes (n = 5) at the indicated time points are shown. (D) YUVON cells expressing
NS or IFI6 shRNA were analyzed for IFI6 mRNA expression by RT-gPCR. Relative IFI6 mRNA expression (%) in YUVON cells expressing IFI6 shRNA in
comparison to NS shRNA-expressing cells is shown. (E) YUVON cells expressing NS or IFI6 shRNA were analyzed for their ability to grow in soft agar.
Representative wells of YUVON cells expressing the indicated shRNA and microscopic images are shown. (F) YUVON cells expressing NS or IFI6 shRNA

were injected subcutaneously in athymic nude mice. Average tumor volumes (n = 5) for the indicated time points are shown. In all panels, data are
presented as mean + SEM, and *p<0.05 and **p<0.005.

DOI: 10.7554/elLife.16432.012

The following figure supplements are available for figure 3:

Figure 3 continued on next page
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Figure supplement 1. IFl6 is necessary for NRAS-mutant melanoma cell growth.

DOI: 10.7554/elife.16432.013

Figure supplement 2. Ectopic expression of shRNA-resistant IFI6 ORF rescues tumor growth in YUGASP cells expressing IFI6 shRNA.

DOI: 10.7554/elife.16432.014

and IFI6 using shRNA (Figure 5A-B) and observed a significant rescue of the NRAS-mutant mela-
noma cell’s ability to form colonies in soft agar (Figure 5C-D) and tumors in mice (Figure 5E-F). Fur-
thermore, simultaneous knockdown of E2F2 and IFI6 in melanoma cells resulted in a lower
percentage of cells in S phase and normalized DNA replication compared with cells expressing IFI6
shRNA (Figure 6A-B and Figure 4—figure supplement 4). We also evaluated senescence markers
in this scenario and found that simultaneous knockdown of E2F2 and IFI6 prevented IFl6-induced
senescence in melanoma cells (Figure 6C-E). The shRNA against E2F2 was highly specific to E2F2,
as demonstrated by the unchanged mRNA levels of other E2F family genes (Figure 6—figure sup-
plement 1).

Further studies revealed that the introduction of NRASQ61K in primary human melanocytes
increased IFI6 expression and downregulated E2F2 and several E2F2 target genes, similar to mela-
noma cells (Figure 7A). Additionally, knockdown of IFI6 in primary human melanocytes resulted in
the dysregulated DNA replication (Figure 7B and Figure 7—figure supplement 1). Furthermore,
IFI6 knockdown in primary human melanocytes enhanced NRASQ61K-induced senescence, as dem-
onstrated by markers of cellular senescence (SA-B-gal and H2K9Ac) (Figure 7C-E). Consistent with
our earlier results we observed an increase in YH2A.X upon IFI6 knockdown (Figure 7E).

Based on these results, we tested whether immortalized melanocytes expressing NRASQ61K
behaved similarly to the NRAS-mutant melanoma cells and primary human melanocytes that show
regulation of E2F2 and its target genes. In complete agreement with our previous results, expression
of NRASQ61K resulted in increased IFI6 expression and decreased expression of E2F2 and its target
genes in MEL-ST cells (Figure 8A). We also observed dysregulated DNA replication in NRASQ61K-
transformed MEL-ST cells expressing IFI6 shRNA (Figure 8B and Figure 8—figure supplement 1).
However, senescence induction was not observed in MEL-ST/NRASQ61K cells expressing IFI6
shRNA (Figure 8—figure supplement 2). This is consistent with the fact that the MEL-ST cells
express the SV40 early region (SV40-ER) and thus inactivate both p53 and retinoblastoma tumor sup-
pressor (RB) pathways. However, previous studies have shown that uncontrolled DNA replication-
induced DNA damage can result in apoptosis induction even in the absence of p53 and RB
(Aladjem et al., 1998; Knudsen et al., 2000; Strasser et al., 1994). Therefore, we asked whether
loss of IFI6 results in apoptosis induction when p53 and RB are inhibited. To this end, we tested
anchorage-independent cell growth in plates coated with poly(2-hydroxyethyl methacrylate) (poly-
HEMA) and using the recently developed growth in low attachment (GILA) assay (Rotem et al.,
2015). We found that loss of IFI6 in MEL-ST/NRASQ61K cells increased apoptosis under anchorage-
independent growth conditions compared to NS shRNA-expressing cells (Figure 8C-D). We con-
firmed these results by annexin V staining and immunoblot analysis of cleaved caspase 3 (Figure 8E-
F). Taken together, our results demonstrate that upon p53 and RB pathway inactivation, IFI6 loss
results in the upregulation of E2F2 and its target genes involved in DNA replication. This, in turn,
causes DNA replication stress and consequent DNA damage, thereby inducing apoptosis. However,
when the p53 and/or RB pathway is intact, IFI6 loss results in the induction of cellular senescence.
This consequentially inhibits mutant NRAS-induced melanocyte transformation and melanoma
growth.

NRAS-mutant melanoma are resistant to DNA replication stress-
inducing agents

Finally, we asked whether these results are of clinical significance. Toward this end, we tested the
response of NRAS-mutant melanoma cells to drugs that induce cytotoxicity by inducing DNA repli-
cation stress. We treated NRAS-mutant (YUGASP, SKMEL-2, SKMEL-103, and M318), BRAF-mutant
(SKMEL-28 and A375), NF1-mutant/null (MeWo and YUTOGS), and NRAS/BRAF/NF1 wild-type
(YUVON) melanoma cells with three DNA replication stress-inducing agents: aphidicolin,
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Figure 4. IFi6 loss results in E2F2-mediated dysregulation of DNA replication and induction of cellular senescence in melanoma cells. (A) YUGASP cells
expressing either IFI6 or non-specific (NS) shRNA were analyzed by RT-qPCR. Expression of each gene was calculated in IFI6 knockdown cells relative to
NS shRNA-expressing cells. (B) FACS analysis of YUGASP cells expressing NS or IFI6 shRNA. The percentage of cells in S phase is shown in red. (C)
YUGASP cells expressing NS or IFI6 shRNA were analyzed using a DNA fiber assay. Representative images of the DNA fibers are shown. (D) YUGASP
Figure 4 continued on next page
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cells expressing NS or IFI6 shRNA were analyzed using the DNA fiber assay. Percentages of ongoing (ON), newly fired (NF), and terminated (Tr) DNA
forks are shown. (E) YUGASP, SKMEL-103, and M318 cells expressing NS or IFI6 shRNA were analyzed for SA-B-gal activity. Representative images of
cells stained for SA-B-gal activity for the indicated melanoma cell lines expressing NS or IFI6 shRNA are shown. (F) Percentage of SA-B-gal-positive cells
for the experiment shown in panel E for the indicated melanoma cell lines expressing NS or IFI6 shRNA is plotted. (G) YUGASP, SKMEL-103 and M318
cells expressing each shRNA were analyzed for H3K9Ac, YH2A X, and H2A X using immunoblot. ACTINB was used as a loading control. In all panels,
data are presented as mean + SEM, and *p<0.05, **p<0.005.

DOI: 10.7554/elife.16432.015

The following figure supplements are available for figure 4:

Figure supplement 1. [FI6 knockdown results in upregulation of E2F2 and its target genes.

DOI: 10.7554/elife.16432.016

Figure supplement 2. Increased enrichment of E2F2 on MCM10 promoter following IFI6 knockdown.

DOI: 10.7554/elife.16432.017

Figure supplement 3. /FI6 knockdown affects expression of E2F2 but not the expression of other E2F family genes.

DOI: 10.7554/elife.16432.018

Figure supplement 4. Simultaneous knockdown of IFI6 and E2F2 restores DNA replication defect.

DOI: 10.7554/elife.16432.019

camptothecin, and hydroxyurea (Durkin et al., 2008; O’Connell et al., 2010; Petermann et al.,
2010). We found that NRAS-mutant melanoma cells were significantly more resistant to the cyto-
toxic effects of DNA replication stress-inducing drugs compared to other genotypes (BRAF-mutant,
NF1-deficient, or triple wild-type) (Figure 9A). Furthermore, we noted that the knockdown of IFI6
sensitized NRAS-mutant cells to DNA replication stress-inducing agents (Figure 9B), and this effect
was rescued by simultaneous knockdown of both E2F2 and IFI6 (Figure 9B). Because we had
observed that the MAPK pathway regulates IFI6, we tested whether pharmacological MEK inhibitors
could be combined with DNA replication stress-inducing drugs to treat NRAS-mutant melanoma.
Remarkably, we found that simultaneous treatment of NRAS-mutant cells with the MEK inhibitor tra-
metinib and either hydroxyurea or aphidicolin resulted in significantly stronger melanoma growth
inhibition in cell culture (Figure 9C) and in mice (Figure 9D) than either drug alone. These results
were surprising because IFI6 was also upregulated by the BRAFV600E mutation. Therefore, we asked
if E2F2 and its target genes involved in the regulation of DNA replication were upregulated in
BRAF-mutant, NF1-deficient, or triple wild-type melanoma cells deficient in IFI6. To do so, we
knocked down the expression of IFI6 and measured the expression of E2F2 and its target genes (Fig-
ure 9—figure supplement 1). We did not observe similar changes in mRNA levels of E2F2 or its tar-
get genes after IFI6 knockdown in BRAF-mutant or NF1-deficient melanoma cell lines (Figure 9—
figure supplement 1). These results indicate that only in the context of NRASQ61K, IFI6 loss results
in E2F2 upregulation, which induces the expression of E2F2 target genes that regulate DNA replica-
tion. Thus, the ability of IFI6 to regulate DNA replication stress originates in its ability to repress
E2F2 and its target genes specifically in the context of NRAS-mutant melanoma. Collectively, these
results demonstrate that NRASQ61K upregulates IFI6, consequently repressing E2F2, thereby con-
ferring resistance to drugs that induce cytotoxicity by causing DNA replication stress. This geneti-
cally vulnerable pathway can be targeted pharmacologically by combining a MEK inhibitor with
cytotoxic agents that induce DNA replication stress to potently inhibit NRAS-mutant melanoma
growth.

Discussion

In this report, we show that IFI6 regulates oncogenic NRAS-induced melanocyte transformation and
NRAS-mutant melanoma tumor growth. Our findings are summarized in Figure 10 and described
below. First, our results demonstrate that IFI6 expression is activated by oncogenic NRAS, which is
necessary for oncogenic NRAS-induced transformation and melanoma tumor growth. Second, we
report a previously undocumented role for IFI6 in E2F2-mediated regulation of DNA replication. We
show that oncogenic NRAS stimulates IFI6 expression to facilitate melanocyte transformation and
tumor growth. The loss of IFI6 results in E2F2-mediated dysregulation of DNA replication, resulting
in cellular senescence or apoptosis and tumor growth inhibition. Finally, we show that NRAS-mutant
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Figure 5. E2F2 mediates the loss of IFIé6-induced tumor suppression. (A) YUGASP cells expressing either non-specific (NS) or IFI6 shRNA, alone or in
combination with E2F2 shRNA, were analyzed for E2F2 mRNA expression by RT-gPCR. A relative E2F2 mRNA expression under the indicated
conditions is shown. (B) YUGASP cells expressing either NS or [FI6 shRNA, alone or in combination with E2F2 shRNA were analyzed for E2F2, IFI6, and
ACTINB protein expression by immunoblotting. (C) YUGASP cells expressing either NS or IFI6 shRNA, alone or in combination with E2F2 shRNA were
analyzed for colony-forming potential. Representative soft agar images are shown. (D) Relative colony size in the soft agar assay presented in panel C
under the indicated conditions is shown. (E) YUGASP cells expressing either NS or IFI6 shRNA, alone or in combination with E2F2 shRNA, were injected
subcutaneously into the flank of athymic nude mice. Average tumor volumes (n = 5) formed from each cell line at the indicated times are shown. (F)
Representative tumor images for the experiment presented in panel E under the indicated conditions are shown. In all panels, data are presented as

mean + SEM, and *p<0.05.
DOI: 10.7554/elife.16432.020

melanomas are significantly more resistant to cytotoxic agents that function by inducing DNA repli-

cation stress than wild-type NRAS melanoma cells. These observations are highly significant because
they uncover a previously undocumented genetic vulnerability that is pharmacologically amenable

and can be targeted to treat NRAS-mutant melanoma. These results also have important clinical

implications because there are currently no effective therapies for NRAS-mutant melanoma.
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Figure 6. E2F2 mediates the loss of IFIé-induced dysregulated DNA replication. (A) YUGASP cells expressing either non-specific (NS) or IFI6 shRNA,
alone or in combination with E2F2 shRNA were analyzed by FACS. The percentages of cells in each cell cycle stage are shown. (B) YUGASP cells
expressing either NS or IFI6 shRNA, alone or in combination with E2F2 shRNA, were analyzed using the DNA fiber assay. The percentages of ongoing
(ON), newly fired (NF), and terminated (Tr) DNA forks are shown. (C) YUGASP cells expressing either NS or IFI6 shRNA, alone or in combination with
E2F2 shRNA, were analyzed for SA-B-gal activity. Representative images of cells stained for SA-B-gal activity are shown. (D) Percentage of SA-B-gal-
positive cells for the experiment presented in the panel C is plotted. (E) YUGASP cells expressing each shRNA were analyzed for H3K9Ac by
immunoblotting. ACTINB was used as a loading control. In all panels, data are presented as mean + SEM, and *p<0.05, **p<0.005.

DOI: 10.7554/elife.16432.021
The following figure supplement is available for figure 6:
Figure supplement 1. E2F2 shRNA does not affect the mRNA expression of other E2F family genes.
DOI: 10.7554/elLife.16432.022

IF16 is necessary for oncogenic NRAS-induced transformation and
melanoma growth
ISGs are shown to play several important biological roles. Among these, their roles in resisting and
controlling pathogens are well established (Schneider et al., 2014). For example, many RNA viruses
that induce the interferon response activate the expression of ISGs. This activation allows host cells
to control the viral infection (Schneider et al., 2014). This phenomenon is observed in patients
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Figure 7. IFi6 loss results in DNA replication stress and senescence induction in primary human melanocytes. (A) Primary human melanocytes
expressing NRASQé41K or an empty vector were analyzed for the indicated genes by gRT-PCR. Relative gene expression is shown. (B) Primary human
melanocytes expressing indicated shRNA were analyzed by DNA combing assay. Percentages of ongoing (ON), newly fired (NF), and terminated (Tr)
DNA forks are shown. (C) Melanocytes expressing non-specific (NS) or IFI6, shRNA with either empty vector or NRASQ61K, were analyzed by SA-B-gal
assay. Representative images are shown. (D) Percentage of SA-B-gal-positive cells expressing NS or IFI6 shRNA with either vector or NRASQ61K for the
experiment presented in panel C is shown. (E) Melanocytes expressing NS or IFI6 shRNA in combination with either empty vector or NRASQ61K, were
analyzed for the indicated proteins by immunoblotting. Data are presented as mean + SEM, and *p<0.05.

DOI: 10.7554/elife.16432.023

The following figure supplement is available for figure 7:

Figure supplement 1. DNA fiber assay results of primary human melanocytes expressing IFI6 shRNA.
DOI: 10.7554/elife.16432.024

infected with hepatitis C virus (HCV) who receive IFN-o-based drug regimens. In patients who
respond to this treatment, expression of ISGs is low in the liver before treatment and increases sig-
nificantly after treatment (Sarasin-Filipowicz et al., 2008). Furthermore, increased expression of 36
unique ISGs correlated with a reduction in HCV viral load (Brodsky et al., 2007). It is important to
note that some viruses, such as human cytomegalovirus (HCMV), have been shown to use specific
ISGs, such as RSAD2, to enhance infection (Seo et al., 2011). We found that three ISGs—IF16, IFI27,
and MX1—uwere transcriptionally upregulated by oncogenic NRAS and other oncogenic RAS pro-
teins in a MAPK pathway-dependent manner. These results show that the introduction of oncogenic
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*p<0.05.

DOI: 10.7554/elLife.16432.025

The following figure supplements are available for figure 8:

Figure supplement 1. DNA fiber assay results in MEL-ST/NRASQ61K cells.

DOI: 10.7554/elife.16432.026

Figure supplement 2. |FI6 knockdown in MEL-ST/NRASQé41K does not induce senescence.
DOI: 10.7554/elife.16432.027

RAS into human cells induces responses similar to those seen during viral infections, and oncogenic
NRAS uses ISGs, such as IFI6, to facilitate cellular transformation and tumor growth.

Loss of IFI6 results in E2F2-mediated DNA replication stress

In addition to identifying the role for IFl6 in the regulation of melanoma development and tumor
growth, we also discovered a previously undocumented role for IFl6 in the regulation of DNA repli-
cation. We found that the inhibition of IFI6 by shRNA-mediated knockdown results in upregulation
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Figure 9. Targeting the DNA replication stress resistance pathway to treat NRAS-mutant melanoma. (A) Indicated melanoma cell lines were treated
with indicated drugs and analyzed by MTT assay after 48 hr of drug treatment. Survival was determined relative to vehicle-treated cells. (B) Indicated
NRAS-mutant melanoma cell lines expressing IFI6 or NS shRNA, or simultaneously expressing IFI6 and E2F2 shRNA, were treated with each DNA

replication stress-inducing agent for 48 hr and analyzed by MTT assay. Survival was determined relative to cells expressing NS shRNA. (C) Melanoma

Figure 9 continued on next page
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cells were treated with trametinib (1 nM) alone or in combination with DNA replication stress-inducing agents (0.2 uM aphidicolin or 0.25 mM
hydroxyurea) for 48 hr and analyzed by MTT assay. Survival was determined relative to vehicle-treated cells. (D) Melanoma cells were injected
subcutaneously into athymic nude mice (n = 5). The mice were treated on alternate days with trametinib (0.1 mg/kg, orally) alone or in combination with
DNA replication stress-inducing agents (50 mg/kg aphidicolin i.p. or 50 mg/kg hydroxyurea, i.p.). Average volumes for tumors formed from each cell
line at the indicated times are shown (n = 5). In all panels, data are presented as mean = SEM, and *p<0.05.

DOI: 10.7554/elife.16432.028
The following figure supplement is available for figure 9:

Figure supplement 1. /FI6 knockdown in non-NRAS mutant melanoma cells does not induce expression of E2F2 or its target genes.

DOI: 10.7554/elife.16432.029

of transcription factor E2F2, which specifically activates its target genes involved in the activation of
DNA replication. This upregulation of DNA replication-promoting genes results in dysregulated
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Figure 10. Proposed model for the role of IFI6 in melanoma tumor growth. The model shows the mechanism by which IFI6 contributes to NRASQ61K-
induced transformation and the maintenance of oncogenic NRAS-mutant melanoma tumor growth.
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DNA replication in melanocytes and melanoma cells. Some studies have shown that oncogenes
induce DNA replication stress, resulting in cellular senescence (Bartkova et al., 2006, Di Micco
et al., 2006), but the precise mechanism of this process was not clearly illustrated. Here, we provide
evidence that loss of IFI6 results in the upregulation of E2F2, which dysregulates DNA replication.
This biological process is also necessary for NRAS-induced cellular transformation and for maintain-
ing the NRAS-mutant melanoma tumor growth. The E2F transcription factors are downstream effec-
tors of the retinoblastoma pathway, and their transcriptional activity is required to regulate various
genes, including those required for DNA replication and cell cycle progression (Bracken et al.,
2004). Context-specific roles for different E2F family members have been shown, which further high-
lights their non-redundant biological functions (Attwooll et al., 2004). Interestingly, we found that
the loss of IFI6 results in specific upregulation of E2F2 but not other E2F family genes. This observa-
tion suggests a tumor suppressor-like role for E2F2 in NRAS-mutant melanoma. Notably, although
E2F family proteins are typically known to activate genes that facilitate cell cycle progression and
proliferation, a number of growth inhibitory genes, such as CDKN2C (p18), CDKN2D (p19), CDKN1C
(p57), E2F7, RB1 (pRB), and RBL1 are upregulated by E2F proteins during S phase (Di Stefano
et al., 2003; Ortega et al., 2002; Sherr and Roberts, 1999, Stott et al., 1998). Thus, one might
speculate that the induction of these growth inhibitory genes might be necessary for regulated pro-
gression of the cell cycle. For example, activation of cyclin-dependent kinase inhibitors, such as
CDKN2C, CDKN2D, and CDKN1C, would hypothetically reduce CDK activity and DNA replication
fork firing during late S phase. Interestingly, none of these growth inhibitory targets of E2F were
upregulated after IFI6 knockdown, which may in part explain why IFI6-mediated upregulation of
E2F2 results in dysregulated DNA replication and tumor growth inhibition.

Cellular senescence or apoptosis as an outcome of loss of IFI6
expression

Our study also shows that loss of IFI6 results in two different outcomes, depending on the status of
the p53 and RB pathways. In melanoma cells and primary human melanocytes, IFI6 loss results in the
induction of cellular senescence as a result of E2F2-mediated dysregulated DNA replication and con-
sequent DNA damage. However, oncogenic NRAS-transformed MEL-ST cells express SV40 early
region, thus inactivating both p53 and RB pathways. In this scenario, we found that the loss of IFIé
results in apoptosis induction. Our results are consistent with multiple previous studies that have
demonstrated DNA damage in p53 and RB pathway-defective cells, resulting in p53- and RB-inde-
pendent apoptosis (Aladjem et al., 1998; Knudsen et al., 2000, Strasser et al., 1994).

DNA replication stress resistance as a genetic vulnerability of NRAS-
mutant melanoma

Our studies have identified a novel and clinically significant feature of NRAS-mutant melanoma. We
found that cytotoxic agents that typically inhibit growth by inducing DNA replication stress are
largely ineffective at inhibiting NRAS-mutant melanomas. In contrast, BRAF-mutant, NF1-deficient,
and triple wild-type melanomas were relatively sensitive to these agents. We also confirm resistance
to these agents is due in part to the oncogenic NRAS-mediated upregulation of IFI6 and consequen-
tial repression of E2F2 and its target genes. Knockdown of IFI6 increased the sensitivity of NRAS-
mutant melanoma to DNA replication stress-inducing agents, and simultaneous loss of E2F2 and IFI6
rescues this effect. Notably, knockdown of IFI6 in BRAF-mutant, NF1-deficient, or triple wild-type
melanoma did not alter the expression of E2F2 or its target genes. This in part explains the differen-
ces in the sensitivity of melanoma genotypes to agents that induce cytotoxicity through DNA replica-
tion stress. Because IFI6 is upregulated in NRAS-mutant melanoma, and its expression correlates
with NRAS mutation status, this subgroup of melanoma could be targeted using this therapeutic
approach. Therefore, the DNA replication stress pathway represents a unique vulnerability of NRAS-
mutant melanoma that can be pharmacologically inhibited to achieve tumor inhibition in cell culture
and in vivo. Several of the agents we used here, such as aphidicolin, camptothecin, and hydroxyurea,
are used in clinical cancer treatment (Geyer and Mesa, 2014, Patel et al., 2006; Sargent et al.,
1996). Based on our results, we speculate that these drugs will have limited utility in patients harbor-
ing NRAS and potentially other RAS mutations. Thus, our results may have clinical application for the
identification of patient populations that might benefit from these drugs.
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Materials and methods

Cell culture and plasmids

SKMEL-2, SKMEL-28, MeWo, and A375 cells were purchased from American Type Culture Collection
(ATCC) and grown as recommended. Neonatal primary human melanocytes were purchased from
Life Technologies and grown as recommended by the supplier. All short-term melanoma cultures
(YUGASP, YUHEF, YUTOGS, and YUVON) were obtained from the Yale SPORE in Skin Cancer, Yale
University, and grown as recommended. SKMEL-103 and M318 cells were provided by Dr. Keiran
Smally (Moffitt Cancer Center, Florida). MEL-ST cells were provided by Prof. Robert Weinberg
(Whitehead Institute, MIT). All the cell lines were authenticated using STR analysis and tested for
mycoplasma regularly using a MycoAlert Mycoplasma detection kit (Lonza, Allendale, NJ). Human
IFI6 open reading frame was cloned in pcDNA3.1/hygro and used for rescue experiments. The plas-
mids pBabe puro-HRAS V12 (plasmid #15269), pBabe puro-HRAS V12 S35 (plasmid# 12274), pBabe
puro-MEK-DD (plasmid #15268), and pBabe-puro-BRAFV600E (plasmid #15269) were purchased
from Addgene. FG12 was a kind gift of Prof. David Baltimore, and FG12/NRASQ61K was a kind gift
of Maria Soengas (CNIO, Spain).

Microarray experiments and data analysis

For microarray experiments using MEL-ST cells, total RNA was isolated from MEL-ST cells trans-
duced by FG12-NRASQ61K or vector control and used to generate labeled antisense RNA. For
microarray experiments using YUGASP cells, total RNA was isolated from YUGASP cells expressing
either non-specific (NS) or one of two different IFI6 shRNA sequences and used to generate labeled
antisense RNA. All antisense RNAs were made using the Ambion MessageAmp Kit and hybridized
to lllumina HumanHT-12 V4.0 expression BeadChip using lllumina’s protocol.

The microarray data were processed using GenomeStudio (lllumina), log2-transformed and quan-
tile-normalized using the ‘lumi’ package of Bioconductor. All samples passed quality-control (QC)
assessment, which included checking various control plots as suggested by Illumina, as well as other
standard microarray-related analyses. Differential expression analyses were performed using the
‘limma’ package, and a moderated t-test with a Benjamini-Hochberg multiple testing correction pro-
cedure was used to determine statistical significance (adjusted p-value, <0.05). Pathway analysis of
differentially expressed genes for each comparison was performed using MetaCore (version 6.8
build 29806, GeneGo). Microarray data were submitted to Gene Expression Omnibus (Accession
No. GSE39294 for MEL-ST cell experiments, and GSE69933 for YUGASP experiments).

Melanoma dataset analysis

The Talantov melanoma dataset (Talantov et al., 2005), Hagq melanoma dataset (Haqq et al.,
2005), Barretina cell line dataset (Barretina et al., 2012), and Riker melanoma dataset (Riker et al.,
2008) were downloaded from Oncomine (https://www.oncomine.org) and analyzed for IFI6 expres-
sion and plotted as box plots between melanoma and normal skin samples. The Talantov melanoma
dataset analyzed 45 cutaneous melanomas, 18 benign melanocytic skin nevi, and 7 normal skin sam-
ples using Affymetrix U133A microarrays. The Haqq melanoma dataset analyzed 25 melanomas, 9
non-neoplastic nevi, and 3 normal skin samples using a cDNA microarray. The Cancer Cell Line Ency-
clopedia (CCLE) project (i.e., Barretina cell line dataset) is a compilation of gene expression data
from 917 human cancer cell lines comprising 18 different tumor types. Lane 13 represents 57 mela-
noma cell lines. The Riker melanoma dataset analyzed 40 metastatic melanomas, 42 primary skin
cancers, 4 normal skin samples, and 1 normal skin primary cell culture using Affymetrix HG U133
Plus 2.0 microarrays.

RNA preparation, cDNA preparation, and quantitative PCR analysis

For mRNA expression analyses, total RNA was extracted with TRIzol (Invitrogen) and purified using
RNeasy mini columns (Qiagen). The cDNA was generated using the M-MuLV first-strand cDNA syn-
thesis kit (New England Biolabs) according to the manufacturer’s instructions. Quantitative RT-PCR
was performed using the Power SYBR Green kit (Applied Biosystems) according to the manufac-
turer's instructions. Actin was used as an internal control. Primer sequences are provided in
Supplementary file 1D.
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Chromatin immunoprecipitation

The IFI6 promoter sequence was downloaded from the UCSC genome browser and analyzed using
rVista 2.0. ChIP experiments were performed as described previously (Gazin et al., 2007). Normal-
ized Ct (ACt) values were calculated by subtracting the Ct obtained with input DNA from that
obtained with immunoprecipitated DNA [ACt = Ct(IP) — Ct(input)]. Relative fold enrichment of a fac-
tor at the target site was then calculated using the formula 27 1ACtM — ACHActo) \\hare ACH(T) and ACt
(Actb) are ACt values obtained using target and Actb (irrelevant) primers, respectively.

shRNA, retrovirus, and lentivirus preparation

IFI6, E2F2, STAT1, and RelA (the p65 subunit of NF-xB), NF1 shRNA sequences in either pLKO.1 or
pZIPZ lentiviral expression vectors were obtained from Open Biosystems. For retrovirus or lentivirus
production viral expression, constructs, and viral packaging plasmids were co-transfected into 293T
cells using Effectene (Qiagen), following the manufacturer’s recommendations. Supernatant fractions
were collected 48 hr after the transfection, and purified virus particles were used to infect primary or
melanoma cell lines and were selected by growth on puromycin or by sorting GFP-positive cells
using a flow cytometer.

Antibodies and immunoblot analysis

Whole cell protein extracts were prepared using IP lysis buffer (Pierce) containing Protease Inhibitor
Cocktail (Roche) and Phosphatase Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). Protein concen-
tration was estimated using a Bradford Assay kit (Bio-Rad). Proteins were resolved on 10% or 12%
polyacrylamide gels and transferred to PVDF membranes using a wet transfer apparatus from Bio-
Rad. Membranes were blocked with 5% skim milk and probed with primary antibodies, followed by
the appropriate secondary HRP-conjugated antibody (GE Healthcare, UK). Blots were developed
using the SuperSignal Pico Reagent (Pierce). Information about the antibodies used in this study is
provided in Supplementary file 1D.

Melanoma sample analysis

Total RNA from melanoma samples were obtained from the University of Massachusetts Medical
School (UMMS) Tissue and Tumor Bank and analyzed for the expression of IFI6 and MAPK target
genes FOSL1, ETV5, SPRY2, and DUSP6 by RT-qPCR.

Soft agar assay and tumorigenesis assay

For the soft agar assay, individual cell lines were seeded in triplicate at three different dilutions,
ranging from 5 x 10 to 2 x 10* cells. Cells were seeded into a 0.4% soft agar layer. After 4 weeks,
colonies were stained with 0.005% crystal violet solution and counted. Each experiment was
repeated at least twice. Athymic nude (NCr nu/nu) mice (aged six weeks) were injected subcutane-
ously with cell lines either expressing different shRNAs or transduced with the empty vector. Tumor
volume was calculated using the formula: length x width? x 0.5. All animal protocols were approved
by the Institutional Animal Care and Use Committee (IACUC) at Yale University. For mouse experi-
ments trametinib was dissolved in 0.5% hydroxypropyl methylcellulose and was administered orally
(0.1 mg/kg) every other day. Hydroxyurea and aphidicolin were dissolved in sesame oil and adminis-
tered by intraperitoneal (i.p.) injection every other day (50 mg/kg) alone or in combination with tra-
metinib (0.1 mg/kg).

DNA fiber assay

The DNA fiber assay was performed as described previously (Merrick et al., 2004). Briefly, cells
were plated in the appropriate medium until they reached 30-40% confluency. After 48 hr, IdU
(Sigma-Aldrich: 17125) was added to the exponentially growing cells (final concentration: 25 uM),
and the cells were incubated for 30 min at 37°C in 5% CO,. After washing with PBS, cells were incu-
bated with a second label, CldU (Sigma-Aldrich: C6891), at the final concentration of 250 uM for
additional 30 min at 37°C. Cells were trypsinized and counted, and 2 x 10 cells in 3 ul of medium
were used for each slide. The 3 ul of cell suspension was applied to the end of the glass slide and
air-dried for 5 min. Cells were lysed by adding 7 pl of lysis solution (50 mM EDTA and 0.5% SDA in
200 mM Tris-HCI, pH 7.6). Glass slides were placed at a 15° angle to allow the DNA fibers to spread
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across the length of the slide, and then were placed horizontally to air dry. After this, slides were
fixed with methanol:acetic acid (3:1) for 10 min, washed with double distilled water, and treated
with 2.5 M HCI for 30 min. Next, the fixed cells were blocked with 5% BSA for 30 min at room tem-
perature and incubated with primary antibodies (anti-BrdU [mouse antibody], BD Biosciences
#347580 for IdU at a 1:25 dilution and anti-BrdU [rat antibody], Abcam # ab6326 for CldU at a 1:400
dilution, each in 5% BSA) for 1 hr at room temperature in a humidified chamber. Slides were then
washed three times with 1x PBS for 5 min and then incubated with secondary antibodies (1:500
sheep anti-mouse Cy3, Sigma, Cat# C218-M for IdU, and 1:400 goat anti-rat Alexa Fluor 488, Invitro-
gen, cat A11006 for CldU) in 5% BSA for 1 hr at room temperature in the dark. After secondary anti-
body incubation, glass slides were washed and visualized at 63X magnification to locate the fibers.
Pictures were captured with one color channel, and data were analyzed with image analysis software
ImageJ.

Senescence-induced beta-galactosidase (SA-f-gal) staining

The SA-B-gal assay was performed as described previously (Dimri et al., 1995). Briefly, 2.0 x 10°
cells were plated in 6-well plates and stained after 48 hr. First, the cells were washed twice with 1X
PBS and fixed with 4% paraformaldehyde for 5 min at 37°C. Then the cells were washed twice more
with 1X PBS and incubated with B-gal staining solution (made fresh in 1x PBS: X-gal 1 mg/ml (0.1%),
potassium ferricyanide 5 mM, potassium ferrocyanide 5 mM, MgCl, 2 mM, NaCl 150 mM, and citric
acid/sodium phosphate solution 40 mM) in a 37°C incubator in the dark. The reaction was termi-
nated by removing the staining solution and washing the cells twice with distilled water. Cells were
visualized with an inverted bright-field microscope, and the images were captured using the 10x
objective. The percentage of SA-B-gal-positive cells was plotted with respect to the total number of
cells used in each case.

Fluorescence-activated cell sorting (FACS)

FACS analyses were conducted as described previously (Santra et al., 2009). Briefly, cells were fixed
with 70% ethanol overnight. The following day, cells were washed twice with 1x PBS and suspended
in 300 ul of 1x PBS, treated with RNase (Sigma-Aldrich) and propidium iodide for 1 hr, and analyzed
using FACSCalibur (BD Biosciences).

MTT assay

For this assay, 5 x 103 cells were plated in a 100 ul volume in 96-well plates. After 48 hr, inhibitors (i.
e., aphidicolin, camptothecin, hydroxyurea, and trametinib), used at a range of concentrations was
mixed in 100 ul of medium and added to the cells. After 48 hr of inhibitor treatment, the cell viability
was evaluated. To do this, 20 ul of 5 mg/ml MTT solution dissolved in 1x PBS was added to each
well and incubated for 1 hr at 37°C incubator. The MTT solution was removed gently, and 100 ul of
DMSO were added. After mixing well by pipetting, absorbance was measured at 590 and 630 nm.
An average was calculated for both readings, and then measurement at 630 nm was subtracted
from that at 590 nm. The relative growth rate was plotted with respect to vehicle-treated control
cells.

Luciferase reporter assay

MEL-ST/NRASQ61K cells expressing IFI6 shRNA were transfected with a NF-kB-firefly luciferase con-
struct (Promega) along with a control TK-Renilla luciferase plasmid (pRL-TK). After 24 hr, the cells
were lysed in passive lysis buffer, and the luciferase reporter assay was performed using the Dual-
Luciferase Reporter Assay Kit (Promega). Relative NF-kB activity was measured as the ratio of firefly
to Renilla luciferase activity and reported as the average of triplicate measurements.

Poly-HEMA assay and growth in low attachment (GILA) assay

To evaluate anoikis, 6-well tissue culture plates were coated with 200 uL poly-HEMA (Sigma) and left
for 10 hrin a laminar flow hood. MEL-ST/NRASQ61K cells expressing NS or IFI6 shRNA were seeded
in the poly-HEMA-coated plates and incubated for 48 hr at 37°C. The cells were then counted using
trypan-blue exclusion assay by a hemocytometer. The experiments were performed in triplicate.
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GILA assay was performed as described previously (Rotem et al., 2015). Briefly, 25,000 MEL-ST/
NRASQ61K cells expressing NS or IFI6 shRNA were seeded in 12-well ultra low-attachment plates
(Corning) and incubated for 48 hr at 37°C. The cells were then counted using trypan-blue exclusion
assay by a hemocytometer. The experiments were performed in triplicate.

Apoptosis measurement using annexin V/ propidium iodide staining
and cleaved caspase 3 immunoblot

MEL-ST/NRASQ61K cells expressing NS or IFI6 shRNA were analyzed for apoptosis by flow cytome-
try using the FITC-Annexin Apoptosis Detection Kit | (BD Pharmingen), as per the manufacturer’s
protocol. Caspase 3 cleavage was detected by immunoblotting using an anti-cleaved caspase 3 anti-
body (Cell Signaling Technology).

Statistical analysis

All the experiments were conducted in three biological replicates. The results for individual experi-
ments were expressed as mean + SEM. The P-values were calculated by t-test using GraphPad Prism
version 6.0 hr for Macintosh, GraphPad Software, San Diego, California, USA (www.graphpad.com).

Acknowledgements

We thank Prof. Joann Sweasy, Yale University, for help with the DNA combing assay. We gratefully
acknowledge grants from the National Institutes of Health: RO1CA200919 (NW), RO1CA196566
(NW), R21CA197758 (NW), R21CA191364 (NW), R21CA195077 (NW), and NW is also supported by
a Research Scholar Grant from the American Cancer Society (128347-RSG-15-212-01-TBG) and
grants from the Melanoma Research Alliance.

Additional information

Funding

Funder

National Institutes of Health

Grant reference number
RO1CA200919

Author
Narendra Wajapeyee

National Institutes of Health

National Institutes of Health

R21CA195077-01A1
R21CA191364-01

Narendra Wajapeyee
Narendra Wajapeyee

National Institutes of Health

R21CA197758-01

Narendra Wajapeyee

Melanoma Research Alliance  Pilot grant award Narendra Wajapeyee
National Institutes of Health ROT1CA196566
National Institutes of Health R21CA197758

128347-RSG-15-212-01-TBG  Narendra Wajapeyee

Narendra Wajapeyee

Narendra Wajapeyee

American Cancer Society

Melanoma Research Alliance Narendra Wajapeyee

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

RG, NW, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting
or revising the article; MF, Conception and design, Acquisition of data, Analysis and interpretation
of data; MB, Conception and design, Acquisition of data, Drafting or revising the article; SKD, Per-
formed the analysis and interpretation of all microarray data presented in this manuscript and
worked for GEO submission of the files; QY, Helped with the acquisition of data presented in the
Figure 2 and Figure 3-figure supplements

Author ORCIDs
Narendra Wajapeyee, () http://orcid.org/0000-0003-3306-349X

Gupta et al. eLife 2016;5:e16432. DOI: 10.7554/eLife.16432 21 of 24


http://www.graphpad.com
http://orcid.org/0000-0003-3306-349X
http://dx.doi.org/10.7554/eLife.16432

LI FE Research article

Cancer Biology

Ethics

Animal experimentation: This study was performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All of
the animals were handled according to approved institutional animal care and use committee
(IACUC) protocols of the Yale University (IACUC protocol #2016-11333).

Additional files

Supplementary files

« Supplementary file 1. Files related to microarray analysis and tables for reagents. (A) List of genes
that are significantly upregulated (p<0.05, Fold-change = 2 fold or more) in NRASQ61K expressing
MEL-ST cells. (B) Fold change (FC) for significantly altered genes (p-value<0.05) in YUGASP cells
expressing IFI6 shRNAs. (C) Biological pathway enrichment analysis report. (D) Primer sequences for
RT-gPCR analysis; clone ID and catalog numbers for shRNAs (Open Biosystems); antibodies used;
source and concentration of chemical inhibitors used.

DOI: 10.7554/elLife.16432.031

« Supplementary file 2. Analysis of MAP kinase regulated and BRAF-signature genes for correlation
with BRAF/NRAS/NF1 mutation status using melanoma TCGA dataset.
DOI: 10.7554/elLife.16432.032

Major datasets
The following datasets were generated:

Database, license,
and accessibility
information

Author(s) Year Dataset title Dataset URL

Gupta R, Forloni M, 2016 Transcriptional targets of

Dogra S, Wajapey-
ee N

oncogenic RAS proteins that
mediate their ability to induce
cellular transformation

http://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?
acc=GSE62827

Publicly available at
the NCBI Gene
Expression Omnibus
(accession no:
GSE62827).

Gupta R, Forloni M,
Dogra S, Wajapey-
ee N

Regulators of NRAS-mediated
transformation and melanoma
tumor maintenance

http://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?
acc=GSE69933

Publicly available at
the NCBI Gene
Expression Omnibus

(accession no:
GSE69933).

References

Aladjem M, Spike BT, Rodewald LW, Hope TJ, Klemm M, Jaenisch R, Wahl GM. 1998. ES cells do not activate
p53-dependent stress responses and undergo p53-independent apoptosis in response to DNA damage.
Current Biology 8:145-155. doi: 10.1016/S0960-9822(98)70061-2

Aladjem MI. 2007. Replication in context: dynamic regulation of DNA replication patterns in metazoans. Nature
Reviews Genetics 8:588-600. doi: 10.1038/nrg2143

Attwooll C, Lazzerini Denchi E, Helin K. 2004. The E2F family: specific functions and overlapping interests. The
EMBO Journal 23:4709-4716. doi: 10.1038/sj.emboj.7600481

Baines AT, Xu D, Der CJ. 2011. Inhibition of Ras for cancer treatment: the search continues. Future Medicinal
Chemistry 3:1787-1808. doi: 10.4155/fmc.11.121

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, Wilson CJ, Lehar J, Kryukov GV,
Sonkin D, Reddy A, Liu M, Murray L, Berger MF, Monahan JE, Morais P, Meltzer J, Korejwa A, Jané-Valbuena J,
Mapa FA, et al. 2012. The Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug
sensitivity. Nature 483:603-607. doi: 10.1038/nature11003

Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Issaeva N, Vassiliou LV, Kolettas E, Niforou K,
Zoumpourlis VC, Takaoka M, Nakagawa H, Tort F, Fugger K, Johansson F, Sehested M, Andersen CL, Dyrskjot
L, @rntoft T, Lukas J, et al. 2006. Oncogene-induced senescence is part of the tumorigenesis barrier imposed
by DNA damage checkpoints. Nature 444:633-637. doi: 10.1038/nature05268

Boehm JS, Zhao JJ, Yao J, Kim SY, Firestein R, Dunn IF, Sjostrom SK, Garraway LA, Weremowicz S, Richardson
AL, Greulich H, Stewart CJ, Mulvey LA, Shen RR, Ambrogio L, Hirozane-Kishikawa T, Hill DE, Vidal M, Meyerson
M, Grenier JK, et al. 2007. Integrative genomic approaches identify IKBKE as a breast cancer oncogene. Cell
129:1065-1079. doi: 10.1016/j.cell.2007.03.052

Gupta et al. eLife 2016;5:e16432. DOI: 10.7554/eLife.16432 22 of 24


http://dx.doi.org/10.7554/eLife.16432.031
http://dx.doi.org/10.7554/eLife.16432.032
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62827
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62827
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62827
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69933
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69933
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69933
http://dx.doi.org/10.1016/S0960-9822(98)70061-2
http://dx.doi.org/10.1038/nrg2143
http://dx.doi.org/10.1038/sj.emboj.7600481
http://dx.doi.org/10.4155/fmc.11.121
http://dx.doi.org/10.1038/nature11003
http://dx.doi.org/10.1038/nature05268
http://dx.doi.org/10.1016/j.cell.2007.03.052
http://dx.doi.org/10.7554/eLife.16432

LI FE Research article Cancer Biology

Bracken AP, Ciro M, Cocito A, Helin K. 2004. E2F target genes: unraveling the biology. Trends in Biochemical
Sciences 29:409-417. doi: 10.1016/j.tibs.2004.06.006

Britten CD. 2013. PI3K and MEK inhibitor combinations: examining the evidence in selected tumor types. Cancer
Chemotherapy and Pharmacology 71:1395-1409. doi: 10.1007/s00280-013-2121-1

Brodsky LI, Wahed AS, Li J, Tavis JE, Tsukahara T, Taylor MW. 2007. A novel unsupervised method to identify
genes important in the anti-viral response: application to interferon/ribavirin in hepatitis C patients. PLoS One
2:e584. doi: 10.1371/journal.pone.0000584

Carracedo A, Ma L, Teruya-Feldstein J, Rojo F, Salmena L, Alimonti A, Egia A, Sasaki AT, Thomas G, Kozma SC,
Papa A, Nardella C, Cantley LC, Baselga J, Pandolfi PP. 2008. Inhibition of mTORC1 leads to MAPK pathway
activation through a PI3K-dependent feedback loop in human cancer. Journal of Clinical Investigation 118:
3065-3074. doi: 10.1172/JCI34739

Cataisson C, Salcedo R, Hakim S, Moffitt BA, Wright L, Yi M, Stephens R, Dai RM, Lyakh L, Schenten D, Yuspa
HS, Trinchieri G. 2012. IL-1R-MyD88 signaling in keratinocyte transformation and carcinogenesis. The Journal of
Experimental Medicine 209:1689-1702. doi: 10.1084/jem.20101355

Coverley D, Laman H, Laskey RA. 2002. Distinct roles for cyclins E and A during DNA replication complex
assembly and activation. Nature Cell Biology 4:523-528. doi: 10.1038/ncb813

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J, Woffendin H, Garnett MJ, Bottomley W,
Davis N, Dicks E, Ewing R, Floyd Y, Gray K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A, et al. 2002.
Mutations of the BRAF gene in human cancer. Nature 417:949-954. doi: 10.1038/nature00766

Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P, Luise C, Schurra C, Garre’ M, Nuciforo PG,
Bensimon A, Maestro R, Pelicci PG, d’Adda di Fagagna F. 2006. Oncogene-induced senescence is a DNA
damage response triggered by DNA hyper-replication. Nature 444:638-642. doi: 10.1038/nature05327

Di Stefano L, Jensen MR, Helin K. 2003. E2F7, a novel E2F featuring DP-independent repression of a subset of
E2F-regulated genes. The EMBO Journal 22:6289-6298. doi: 10.1093/emboj/cdg613

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, Linskens M, Rubel;j |, Pereira-Smith O.
1995. A biomarker that identifies senescent human cells in culture and in aging skin in vivo. PNAS 92:9363-
9367. doi: 10.1073/pnas.92.20.9363

Downward J. 2003. Targeting RAS signalling pathways in cancer therapy. Nature Reviews Cancer 3:11-22. doi:
10.1038/nrc969

Durkin SG, Ragland RL, Arlt MF, Mulle JG, Warren ST, Glover TW. 2008. Replication stress induces tumor-like
microdeletions in FHIT/FRA3B. PNAS 105:246-251. doi: 10.1073/pnas.0708097105

Gazin C, Wajapeyee N, Gobeil S, Virbasius CM, Green MR. 2007. An elaborate pathway required for Ras-
mediated epigenetic silencing. Nature 449:1073-1077. doi: 10.1038/nature06251

Geyer HL, Mesa RA. 2014. Therapy for myeloproliferative neoplasms: when, which agent, and how? Hematology
2014:277-286. doi: 10.1182/asheducation-2014.1.277

Haqq C, Nosrati M, Sudilovsky D, Crothers J, Khodabakhsh D, Pulliam BL, Federman S, Miller JR, Allen RE,
Singer MI, Leong SP, Ljung BM, Sagebiel RW, Kashani-Sabet M. 2005. The gene expression signatures of
melanoma progression. PNAS 102:6092-6097. doi: 10.1073/pnas.0501564102

Karnoub AE, Weinberg RA. 2008. Ras oncogenes: split personalities. Nature Reviews Molecular Cell Biology 9:
517-531. doi: 10.1038/nrm2438

Knudsen KE, Booth D, Naderi S, Sever-Chroneos Z, Fribourg AF, Hunton IC, Feramisco JR, Wang JY, Knudsen
ES. 2000. RB-dependent S-phase response to DNA damage. Molecular and Cellular Biology 20:7751-7763.
doi: 10.1128/MCB.20.20.7751-7763.2000

Krauthammer M, Kong Y, Bacchiocchi A, Evans P, Pornputtapong N, Wu C, McCusker JP, Ma S, Cheng E,
Straub R, Serin M, Bosenberg M, Ariyan S, Narayan D, Sznol M, Kluger HM, Mane S, Schlessinger J, Lifton RP,
Halaban R. 2015. Exome sequencing identifies recurrent mutations in NF1 and RASopathy genes in sun-
exposed melanomas. Nature Genetics 47:996-1002. doi: 10.1038/ng.3361

Li Q, Van Antwerp D, Mercurio F, Lee KF, Verma IM. 1999%a. Severe liver degeneration in mice lacking the
IkappaB kinase 2 gene. Science 284:321-325. doi: 10.1126/science.284.5412.321

Li Z-W, Chu W, Hu Y, Delhase M, Deerinck T, Ellisman M, Johnson R, Karin M. 1999b. The IKKB subunit of 1xB
kinase (IKK) is essential for nuclear factor kB activation and prevention of apoptosis. The Journal of
Experimental Medicine 189:1839-1845. doi: 10.1084/jem.189.11.1839

Loots GG, Ovcharenko I. 2004. rVISTA 2.0: evolutionary analysis of transcription factor binding sites. Nucleic
Acids Research 32:W217-221. doi: 10.1093/nar/gkh383

Merrick CJ, Jackson D, Diffley JF. 2004. Visualization of altered replication dynamics after DNA damage in
human cells. Journal of Biological Chemistry 279:20067-20075. doi: 10.1074/jbc.M400022200

Miller AJ, Mihm MC. 2006. Melanoma. New England Journal of Medicine 355:51-65. doi: 10.1056/
NEJMra052166

Narita M, Narita M, Krizhanovsky V, Nufiez S, Chicas A, Hearn SA, Myers MP, Lowe SW. 2006. A novel role for
high-mobility group a proteins in cellular senescence and heterochromatin formation. Cell 126:503-514. doi:
10.1016/j.cell.2006.05.052

Narita M, Ninez S, Heard E, Narita M, Lin AW, Hearn SA, Spector DL, Hannon GJ, Lowe SW. 2003. Rb-mediated
heterochromatin formation and silencing of E2F target genes during cellular senescence. Cell 113:703-716.
doi: 10.1016/S0092-8674(03)00401-X

O’Connell BC, Adamson B, Lydeard JR, Sowa ME, Ciccia A, Bredemeyer AL, Schlabach M, Gygi SP, Elledge SJ,
Harper JW. 2010. A genome-wide camptothecin sensitivity screen identifies a mammalian MMS22L-NFKBIL2
complex required for genomic stability. Molecular Cell 40:645-657. doi: 10.1016/].molcel.2010.10.022

Gupta et al. eLife 2016;5:e16432. DOI: 10.7554/eLife.16432 23 of 24


http://dx.doi.org/10.1016/j.tibs.2004.06.006
http://dx.doi.org/10.1007/s00280-013-2121-1
http://dx.doi.org/10.1371/journal.pone.0000584
http://dx.doi.org/10.1172/JCI34739
http://dx.doi.org/10.1084/jem.20101355
http://dx.doi.org/10.1038/ncb813
http://dx.doi.org/10.1038/nature00766
http://dx.doi.org/10.1038/nature05327
http://dx.doi.org/10.1093/emboj/cdg613
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.1038/nrc969
http://dx.doi.org/10.1038/nrc969
http://dx.doi.org/10.1073/pnas.0708097105
http://dx.doi.org/10.1038/nature06251
http://dx.doi.org/10.1182/asheducation-2014.1.277
http://dx.doi.org/10.1073/pnas.0501564102
http://dx.doi.org/10.1038/nrm2438
http://dx.doi.org/10.1128/MCB.20.20.7751-7763.2000
http://dx.doi.org/10.1038/ng.3361
http://dx.doi.org/10.1126/science.284.5412.321
http://dx.doi.org/10.1084/jem.189.11.1839
http://dx.doi.org/10.1093/nar/gkh383
http://dx.doi.org/10.1074/jbc.M400022200
http://dx.doi.org/10.1056/NEJMra052166
http://dx.doi.org/10.1056/NEJMra052166
http://dx.doi.org/10.1016/j.cell.2006.05.052
http://dx.doi.org/10.1016/j.cell.2006.05.052
http://dx.doi.org/10.1016/S0092-8674(03)00401-X
http://dx.doi.org/10.1016/j.molcel.2010.10.022
http://dx.doi.org/10.7554/eLife.16432

LI FE Research article Cancer Biology

Ortega S, Malumbres M, Barbacid M. 2002. Cyclin D-dependent kinases, INK4 inhibitors and cancer. Biochimica
Et Biophysica Acta (BBA) - Reviews on Cancer 1602:73-87. doi: 10.1016/50304-419X(02)00037-9

Patel H, Stoller R, Auber M, Potter D, Cai C, Zamboni W, Kiefer G, Matin K, Schmotzer A, Ramanathan RK. 2006.
Phase Il study of rubitecan, an oral camptothecin in patients with advanced colorectal cancer who have failed
previous 5-fluorouracil based chemotherapy. Investigational New Drugs 24:359-363. doi: 10.1007/s10637-006-
6451-2

Petermann E, Orta ML, Issaeva N, Schultz N, Helleday T. 2010. Hydroxyurea-stalled replication forks become
progressively inactivated and require two different RAD51-mediated pathways for restart and repair. Molecular
Cell 37:492-502. doi: 10.1016/j.molcel.2010.01.021

Riker Al, Enkemann SA, Fodstad O, Liu S, Ren S, Morris C, Xi Y, Howell P, Metge B, Samant RS, Shevde LA, Li
W, Eschrich S, Daud A, Ju J, Matta J. 2008. The gene expression profiles of primary and metastatic melanoma
yields a transition point of tumor progression and metastasis. BMC Medical Genomics 1:13. doi: 10.1186/1755-
8794-1-13

Rotem A, Janzer A, Izar B, Ji Z, Doench JG, Garraway LA, Struhl K. 2015. Alternative to the soft-agar assay that
permits high-throughput drug and genetic screens for cellular transformation. PNAS 112:5708-5713. doi: 10.
1073/pnas.1505979112

Samatar AA, Poulikakos PIl. 2014. Targeting RAS-ERK signalling in cancer: promises and challenges. Nature
Reviews Drug Discovery 13:928-942. doi: 10.1038/nrd4281

Santra MK, Wajapeyee N, Green MR. 2009. F-box protein FBXO31 mediates cyclin D1 degradation to induce G1
arrest after DNA damage. Nature 459:722-725. doi: 10.1038/nature08011

Sarasin-Filipowicz M, Oakeley EJ, Duong FH, Christen V, Terracciano L, Filipowicz W, Heim MH. 2008. Interferon
signaling and treatment outcome in chronic hepatitis C. PNAS 105:7034-7039. doi: 10.1073/pnas.0707882105

Sargent JM, Elgie AW, Williamson CJ, Taylor CG. 1996. Aphidicolin markedly increases the platinum sensitivity
of cells from primary ovarian tumours. British Journal of Cancer 74:1730-1733. doi: 10.1038/bjc.1996.622

Schneider WM, Chevillotte MD, Rice CM. 2014. Interferon-stimulated genes: a complex web of host defenses.
Annual Review of Immunology 32:513-545. doi: 10.1146/annurev-immunol-032713-120231

Seo JY, Yaneva R, Hinson ER, Cresswell P. 2011. Human cytomegalovirus directly induces the antiviral protein
viperin to enhance infectivity. Science 332:1093-1097. doi: 10.1126/science.1202007

Serra V, Scaltriti M, Prudkin L, Eichhorn PJ, Ibrahim YH, Chandarlapaty S, Markman B, Rodriguez O, Guzman M,
Rodriguez S, Gili M, Russillo M, Parra JL, Singh S, Arribas J, Rosen N, Baselga J. 2011. PI3K inhibition results in
enhanced HER signaling and acquired ERK dependency in HER2-overexpressing breast cancer. Oncogene 30:
2547-2557. doi: 10.1038/0nc.2010.626

Sherr CJ, Roberts JM. 1999. CDK inhibitors: positive and negative regulators of G1-phase progression. Genes &
Development 13:1501-1512. doi: 10.1101/gad.13.12.1501

Sparmann A, Bar-Sagi D. 2004. Ras-induced interleukin-8 expression plays a critical role in tumor growth and
angiogenesis. Cancer Cell 6:447-458. doi: 10.1016/j.ccr.2004.09.028

Stott FJ, Bates S, James MC, McConnell BB, Starborg M, Brookes S, Palmero |, Ryan K, Hara E, Vousden KH,
Peters G. 1998. The alternative product from the human CDKN2A locus, p14(ARF), participates in a regulatory
feedback loop with p53 and MDM2. The EMBO Journal 17:5001-5014. doi: 10.1093/emboj/17.17.5001

Strasser A, Harris AW, Jacks T, Cory S. 1994. DNA damage can induce apoptosis in proliferating lymphoid cells
via p53-independent mechanisms inhibitable by Bcl-2. Cell 79:329-339. doi: 10.1016/0092-8674(94)90201-1

Talantov D, Mazumder A, Yu JX, Briggs T, Jiang Y, Backus J, Atkins D, Wang Y. 2005. Novel genes associated
with malignant melanoma but not benign melanocytic lesions. Clinical Cancer Research 11:7234-7242. doi: 10.
1158/1078-0432.CCR-05-0683

Thu YM, Bielinsky AK. 2013. Enigmatic roles of Mcm10 in DNA replication. Trends in Biochemical Sciences 38:
184-194. doi: 10.1016/].tibs.2012.12.003

Tsao H, Chin L, Garraway LA, Fisher DE. 2012. Melanoma: from mutations to medicine. Genes & Development
26:1131-1155. doi: 10.1101/9ad.191999.112

Wellbrock C, Karasarides M, Marais R. 2004. The RAF proteins take centre stage. Nature Reviews Molecular Cell
Biology 5:875-885. doi: 10.1038/nrm 1498

Yang J, Splittgerber R, Yull FE, Kantrow S, Ayers GD, Karin M, Richmond A. 2010. Conditional ablation of Ikkb
inhibits melanoma tumor development in mice. Journal of Clinical Investigation 120:2563-2574. doi: 10.1172/
JCl42358

Zhao Y, Adjei AA. 2014. The clinical development of MEK inhibitors. Nature Reviews Clinical Oncology 11:385-
400. doi: 10.1038/nrclinonc.2014.83

Gupta et al. eLife 2016;5:e16432. DOI: 10.7554/eLife.16432 24 of 24


http://dx.doi.org/10.1016/S0304-419X(02)00037-9
http://dx.doi.org/10.1007/s10637-006-6451-2
http://dx.doi.org/10.1007/s10637-006-6451-2
http://dx.doi.org/10.1016/j.molcel.2010.01.021
http://dx.doi.org/10.1186/1755-8794-1-13
http://dx.doi.org/10.1186/1755-8794-1-13
http://dx.doi.org/10.1073/pnas.1505979112
http://dx.doi.org/10.1073/pnas.1505979112
http://dx.doi.org/10.1038/nrd4281
http://dx.doi.org/10.1038/nature08011
http://dx.doi.org/10.1073/pnas.0707882105
http://dx.doi.org/10.1038/bjc.1996.622
http://dx.doi.org/10.1146/annurev-immunol-032713-120231
http://dx.doi.org/10.1126/science.1202007
http://dx.doi.org/10.1038/onc.2010.626
http://dx.doi.org/10.1101/gad.13.12.1501
http://dx.doi.org/10.1016/j.ccr.2004.09.028
http://dx.doi.org/10.1093/emboj/17.17.5001
http://dx.doi.org/10.1016/0092-8674(94)90201-1
http://dx.doi.org/10.1158/1078-0432.CCR-05-0683
http://dx.doi.org/10.1158/1078-0432.CCR-05-0683
http://dx.doi.org/10.1016/j.tibs.2012.12.003
http://dx.doi.org/10.1101/gad.191999.112
http://dx.doi.org/10.1038/nrm1498
http://dx.doi.org/10.1172/JCI42358
http://dx.doi.org/10.1172/JCI42358
http://dx.doi.org/10.1038/nrclinonc.2014.83
http://dx.doi.org/10.7554/eLife.16432

