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Summary

Tumor evolution is an iterative process of selection for pro-oncogenic aberrations. This process 

can be accelerated by genomic instability, but how it interacts with different selection bottlenecks 

to shape the evolving genomic landscape remains understudied. Here, we assessed tumor initiation 

and therapy resistance bottlenecks in mouse models of melanoma, with or without genomic 

instability. At the initiation bottleneck, whole exome sequencing revealed that drug-naïve tumors 

were genomically silent, and this was surprisingly unaffected when genomic instability was 

introduced via telomerase inactivation. We hypothesize that the strong engineered alleles created 

low selection pressure. At the therapy resistance bottleneck, strong selective pressure was applied 

using a BRAF inhibitor. In the absence of genomic instability, tumors acquired a non-genetic drug 

resistance mechanism. By contrast, telomerase-deficient, drug resistant melanomas acquired 

highly recurrent copy number gains. These proof-of-principle experiments demonstrate how 

different selection pressures can interact with genomic instability to impact tumor evolution.
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Introduction

Tumor evolution is shaped by different forces, including genomic instability which increases 

the rate of genetic aberrations and selection pressures which create bottlenecks, together 

enhancing the enrichment for tumor cells harboring pro-oncogenic aberrations. During the 

course of melanoma development, several different bottlenecks can occur, including tumor 

initiation, progression to metastasis, and therapeutic resistance. Clarifying how genomic 

instability and selection pressures interact could help to understand risk factors and 

anticipate types of adaptive changes at each bottleneck.

As a prime example of iterative, pro-tumorigenic selection, high counts of somatic copy 

number aberrations (SCNAs) and mutations are a hallmark of late stage melanoma (Cancer 

Genome Atlas, 2015; Kabbarah et al., 2010). Indeed, analysis of biopsies from 37 patients 

revealed a monotonic increase in both mutation and SCNA burden over the course of 

intrapatient progression from nevus to malignant melanoma (Shain et al., 2015). Oncogenic 

SCNAs selected for over the course of tumor evolution include: well-established losses of 

the CDKN2A and PTEN tumor suppressors; broad gains of chromosomes 7, 8, 13, 17, 20, 

and 22 (Cancer Genome Atlas, 2015; Kabbarah et al., 2010); and gain of TERT, a gene that 

encodes a critical component of the telomerase holoenzyme (Shain et al., 2015). TERT gain, 

as well as frequently observed TERT promoter activating mutations (Horn et al., 2013; 

Huang et al., 2013) which are further boosted by BRAF signaling (Li et al., 2016), mark 

reactivation of telomerase as a common early event in human melanoma (Shain et al., 2015). 

The reason this can be critical for tumor progression is that in humans, while telomerase is 

widely active during fetal development and in some adult stem cells, it is non-expressed in 

most cells after birth (Blackburn et al., 2015). This loss of telomerase expression eventually 

results in the unrepaired degradation and shortening of telomere ends, which can lead to 

genomic instability and activation of senescence programs, which in turn can limit tumor 

progression (Jafri et al., 2016). Thus, mutational reactivation of TERT can relieve the 

negative selection pressure of senescence and thereby promote melanoma progression. 

However, this may also allow for accumulated telomerase deficiency-driven genomic 

aberrations to provide pro-oncogenic substrates for further evolutionary selection.

By contrast, mice express telomerase throughout life. Thus, in order to more accurately 

model human cancer, mouse cancer models deficient for telomerase can be used to mimic 

telomere dysfunction, genomic instability, and senescence induction. Similar to in human 

adults, these telomerase-deficient phenotypes can suppress tumor formation and progression 

in mice (Ding et al., 2012; Greenberg et al., 1999; Hu et al., 2012; Maser et al., 2007; Perera 

et al., 2008; Rudolph et al., 2001), and this suppression can be relieved through reactivation 

of telomerase (Ding et al., 2012; Hu et al., 2012) or, critically, through certain other 

oncogenic mutations such as loss of p53 (Maser et al., 2007; Perera et al., 2008). Once this 
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suppression is relieved, selection for pro-tumorigenic DNA lesions can lead to aberrant 

genomic copy number profiles similar to that of human tumors (Hu et al., 2012; Maser et al., 

2007) and can enhance tumor progression and metastasis (Ding et al., 2012; Perera et al., 

2008), suggesting that persistent telomere dysfunction-induced genomic instability can 

continue to play a role in tumor evolution.

Here, using genetically engineered mouse models of melanoma with strong initiating 

oncogenes, we explore the interaction of genomic instability via telomerase loss and the 

selection pressure bottlenecks of tumor initiation and therapy resistance. We describe whole 

exome sequencing results that address how selection pressure strengths can interact with 

genomic instability to shape tumor genomic evolution.

Results

Genetically Engineered Mouse Melanomas are Genomically Silent

We have previously described two inducible mouse models of melanoma: (i) iBIP, driven by 

a human BRAFV600E transgene, inducibly null for PTEN, and germline homozygous null 

for CDKN2A (Figure 1A) (Kwong et al., 2015); and (ii) iNRAS, driven by a human 

NRASQ61K transgene and germline homozygous null for CDKN2A (Figure 1A) (Kwong et 

al., 2012). We confirmed the differential expression of PTEN, pAKT, and pERK in tumors 

from these mice by reverse phase protein array (Figure 1B) and western blot (Figure 1C). 

The mice exhibit different tumor latencies (Figure S1). To determine the mutational load of 

these mouse melanomas, we performed whole exome sequencing (WES) on 19 iBIP and 16 

iNRAS snap-frozen tumors and paired normal tissue. Overall, the data produced an average 

82X coverage on targeted regions and accurately identified deleted CDKN2A and PTEN 
alleles (Figure S2A).

Next, using the MuTect program (Cibulskis et al., 2013) followed by manual review, we 

generated a high-confidence list of a total of 270 somatic mutations including 197 non-silent 

(Table S1) and 73 silent mutations (2.7:1 ratio) for an overall mutation rate of 0.2/Mbp. We 

then calculated the median number of non-synonymous coding events per tumor as 3 for 

iBIP and 4 for iNRAS (Figure 1D). Although iNras trended towards more mutations, the 

difference was only borderline significant (p=0.042). Overall, these mutation numbers are 

well below the median value for human melanomas (Cancer Genome Atlas, 2015). This was 

not surprising given that the mice were not exposed to years of UV radiation, consistent with 

the mutation profile being distinct from the predominant human melanoma C-to-T driven 

UV signature (Figure 1E).

We then asked whether iBIP and iNRAS mice require secondary mutation events for 

tumorigenesis, by assessing for additional known or likely oncogenic events. Analysis of the 

mutations and cross-comparison with human melanoma sequencing data (Cancer Genome 

Atlas, 2015; Hodis et al., 2012; Krauthammer et al., 2012) did not yield any obvious or 

known oncogenic events such as hotspot RAC1 or PPP6A mutations (Table S1). 

Furthermore, mutations in either recurrently mutated genes or genes ranked as significantly 

mutated in the human TCGA dataset (p<0.05) were not at homologous residues, e.g. not at 

S722 in TRRAP (Wei et al., 2011) (Figure 1F). Moreover, the allelic fractions of all the 
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mutations are generally very low even after correction for tumor purity (Figure 1G and Table 

S1), suggesting a lack of strong selection pressure for additional driver mutations.

Next, we examined the genome copy numbers inferred from the whole exome sequencing 

data. The vast majority (32/35, 91%) of tumors had stable euploid genomes. Two iBIP and 

one iNRAS tumor showed a shallow gain of chromosome 15 (Figure 2). No recurrent focal 

copy number aberrations were observed. Interestingly, the two iBIP tumors showing 

chromosome 15 gain were the only tumors germline heterozygous rather than homozygous 

for knockout of CDKN2A and exhibited longer tumor latencies (Kwong et al., 2015). 

Notably, the CDKN2A locus experienced loss of heterozygosity in these two tumors (Figure 

S2B). Together, the mutation and copy number data suggest that the genetically engineered 

melanomas are largely genomically silent, which we hypothesize is due to the strength of the 

initiating oncogenic lesions and the consequent low selective pressure for additional 

cooperative driver events.

We then examined the melanoma genomes at the bottleneck of drug resistance. We had 

previously treated iBIP mice with the BRAF inhibitor (hereafter “BRAFi”) PLX4720 

continuously until they developed resistance at a median of 32 days (Kwong et al., 2015). 

These mice initially responded to treatment as evidenced by tumor regression (Kwong et al., 

2015) and downregulation of pERK (Figure 3A and 3B). WES performed on 3 tumors that 

acquired resistance once again revealed low numbers of nonsynonymous mutations (5, 7, 

and 9) with low allelic frequencies (Table S2) and a stable copy number profile (Figure 2), 

with the exception of one sample harboring a shallow gain of chromosome 6. No previously 

described mutation that confers BRAFi resistance in humans was evident (Table S2). Protein 

analyses suggested that 2 of the 3 tumors became resistant through an elevated expression of 

BRAF resulting in partial reactivation of pERK and its downstream marker pS6 (Figure 3A–

D), consistent with a previous study in a patient-derived xenograft model (Das Thakur et al., 

2013). We confirmed a stepwise increase in BRAFV600E expression at the RNA level using 

an iBIP cell line xenograft that rapidly acquired PLX4720 resistance (Figure 3E and 3F). 

These results suggest that drug resistance does not select for DNA aberrations in the absence 

of genomic instability in the iBIP model.

Telomere Dysfunction Generates Recurrent SCNAs in the iBIP Model Only when Combined 
with Strong Selective Pressure

We then asked whether enforcing genomic instability would affect the iBIP phenotype. To 

determine this, we bred the iBIP mice onto a telomerase-deficient (mTR-knockout) 

background to the G5 or G6 generation which is known to engender chromosomal instability 

including nonreciprocal translocations and copy number aberrations (Artandi et al., 2000; 

Blasco et al., 1997; O’Hagan et al., 2002). These mice showed classical mTR-deficient 

phenotypes including reduced body weight, litter size (Lee et al., 1998), and significantly 

shortened telomeres (Figure S3), yet telomere dysfunction contributed only a modest 

improvement in long-term survival as expected on an intact DNA damage response 

background (Greenberg et al., 1999) (Figure 4A, p=0.048). These data contrast with the 

more robust anti-oncogenic effects reported for telomerase deficiency in mouse models of 

lymphoma (ATM−/−) (Hu et al., 2012), prostate (TP53−/−/PTEN−/−) (Ding et al., 2012), and 
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colon cancer (APC+/−) (Rudolph et al., 2001), but is consistent with a lack of effect on 

virally-induced skin (HPV16) and pancreatic tumors (RIP1-Tag2) (Argilla et al., 2004), 

suggesting cell-type and/or driver mutation specificity. We also note that mTR loss differs 

phenotypically from TERT loss, such as their differential effects on Myc-induced 

lymphomagenesis (Koh et al., 2015).

Next, we generated BRAFi-resistant, mTR-deficient iBIP tumors. The median time to 

resistance in these samples was 32 days, identical to mTR-proficient iBIP mice (Figure 4B). 

We then sequenced 8 BRAFi-resistant, mTR-deficient melanomas with paired normal tissue. 

These did not show any known or obvious oncogenic or resistance-causing mutations (Table 

S3), and while the mutation load trended higher than mTR-proficient tumors (median = 18, 

Figure 4C), the difference was not statistically significant. These mutations once again had 

generally low allelic fractions (p=0.57 vs mTR-proficient iBIP tumors; Figure 4D and Table 

S3).

We next assessed copy number changes in 3 BRAFi-naïve, 2 BRAFi-sensitive, and 10 

BRAFi-resistant mTR-deficient iBIP melanomas by the aforementioned WES data, by array 

comparative genomic hybridization (aCGH), or both. For samples analyzed by both 

methodologies (n=2), we noted agreement between the two platforms (Figure 2). First, we 

observed that all 3 BRAFi-naïve samples were largely genomically silent, suggesting a lack 

of selection for mTR-deficiency-induced structural aberrations in the absence of strong 

selective pressures (Figure 2). In striking contrast, the BRAFi-resistant melanomas exhibited 

whole-chromosome 15 gain in all 10 samples and whole-chromosome 11 gain in 6 samples, 

to varying degrees (Figure 2). Interestingly, in the 2 BRAFi-sensitive samples treated for 30 

days, gain of chromosomes 15 and/or 11 were already evident, suggesting that potentially 

resistant subpopulations may have already been selected for prior to phenotypic resistance. 

Together, these results imply that although telomerase deficiency did not dramatically alter 

tumor latency, growth, progression-free survival, or genomic silence at the tumor initiation 

bottleneck, it drastically changed the genomic profile at the targeted therapy bottleneck 

towards recurrent aneuploidy.

Finally, although the purpose of the study is not to identify novel BRAF inhibitor resistance 

mechanisms, which are already well-described (Johnson et al., 2015), we nonetheless tested 

specific hypotheses about the potential underlying causes of the selection for gain of 

chromosomes 11 and 15. We first hypothesized that the human BRAFV600E transgene may 

have integrated into either chromosome and thus served as the target for gain. However, 

analysis of human BRAF transgene reads in the exome data did not indicate an increase in 

transgene copy number when chromosome 11 or 15 was gained (Figure S4A), ruling out this 

explanation. Next, we found by immunohistochemistry that resistant tumors with Chr 11 or 

15 gain had reactivated pERK (Figure S4B). This is consistent with MAPK reactivation 

being the major mechanism of BRAF inhibitor resistance in human patients (Van Allen et 

al., 2014) and suggests potential MAPK regulator(s) on mouse Chr 11 and 15. We note that 

these regions are largely syntenic to human chromosomes 17 and 8, respectively, regions 

commonly gained in human melanoma (Cancer Genome Atlas, 2015; Kabbarah et al., 

2010).
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Discussion

In this study, we assessed somatic mutations and copy number aberrations in engineered 

mouse models of melanoma, under conditions of low selective pressure (tumor initiation 

given strong oncogenic lesions) or high selective pressure (targeted pharmacological 

inhibition), with or without genomic instability (Figure 4E). We first assessed the selection 

bottleneck of tumor initiation. In drug-naïve tumors, our whole exome sequencing results 

revealed low mutation rates without clearly selected-for secondary oncogenic mutations, and 

a stable genomic copy number profile even with telomerase inactivation. These results stand 

in contrast to the high mutation and SCNA burden characteristic of human melanoma, as 

well as to recurrent secondary oncogenic aberrations seen in other mouse cancer sequencing 

studies. For example, recent studies have discovered TP53 inactivation in a PIK3CAH1047R 

knock-in breast cancer model (Yuan et al., 2013), PTEN inactivation in a TP53/RB1-null 

small cell lung cancer model (McFadden et al., 2014), and gain of chromosome 6 in RAS- or 

EGFR-activated lung cancer (McFadden et al., 2016; Westcott et al., 2015) and squamous 

cell carcinoma models (McCreery et al., 2015; Nassar et al., 2015), among other recurrent 

aberrations. We hypothesize that because iBIP tumors are engineered with a set of potent 

oncogenic lesions efficient at inducing tumorigenesis, there is little or no need to select for 

additional oncogenic mutations or SCNAs, even when genomic instability is introduced 

(Figure 4E). Moreover, given the minimal impact of telomerase loss on iBIP tumor 

phenotypes including latency, the strong initiating lesions also likely bypass the need for 

telomerase reactivation. By contrast, in human melanoma or in mouse models with less 

efficient initiating oncogenic lesions, the necessary acquisition of additional oncogenic 

aberrations requires random mutational processes and tumor evolutionary selection. By the 

time the full complement of lesions for tumorigenesis is achieved, the tumor sequencing 

snapshot records the accumulated history of genomic aberrations necessary to reach that 

point.

In this context, it was surprising that the iNRAS melanomas did not show additional 

oncogenic lesions, given that the tumor latency and penetrance are significantly longer and 

lower than in the iBIP model, respectively. This suggests that the iNRAS melanomas may 

have selected for non-genetic mechanisms for tumor initiation. Intriguingly, a study in 

zebrafish (Kaufman et al., 2016) showed that a BRAF;p53 melanoma model initiated tumors 

through a stochastic, epigenetic dedifferentiation program marked by the expression of the 

crestin gene. We hypothesize that a similar mechanism may underlie iNRAS tumor 

initiation, and note that NRASQ61K expression was driven in terminally differentiated 

melanocytes by the Tyrosinase promoter. We speculate that PI3K activation in iBIP mice 

efficiently drove dedifferentiation (Koren et al., 2015; Van Keymeulen et al., 2015), while 

iNRAS mice required a secondary stochastic event that was non-genetic. This is difficult to 

test directly given that the crestin gene has no mouse orthologue, but the hypothesis is an 

appealing one that could be explored further with more advanced engineering including 

determining the effect of telomerase deficiency on the iNRAS model phenotype.

We also examined the selection bottleneck imposed by targeted therapy, in this case 

pharmacological BRAF inhibitor. Compared to tumor initiation, BRAF inhibition suppresses 

one of the key oncogenic lesions needed to maintain tumor survival, fundamentally changing 
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the selection pressure strength. In telomerase-proficient melanomas, we observed selection 

for non-genetic means of drug resistance, which includes high expression of the BRAF 

transgene allele in two of three tumors. By contrast, telomerase-deficient tumors exhibited 

an apparently genetic means of drug resistance: recurrent gain of the entire chromosomes 15 

and/or 11 in all 10 assayed tumors (Figure 4E). We note that a mouse model of telomerase-

deficient prostate cancer also showed gain of the whole chromosome 15 in 12/18 mice, 

suggesting a common recurrent target of gain (Ding et al., 2012). Thus, although telomere 

dysfunction did not increase aberrations at tumor initiation and did not accelerate drug 

resistance in the iBIP model, it drastically altered the drug-resistant genomic profile, 

indicating that evolutionary bottlenecks make use of pro-oncogenic aberration substrates that 

are most readily available for selection. Overall, these results demonstrate that an underlying 

genomic instability will not necessarily manifest as recurrent genomic derangement, 

depending on the strength of the selection pressure. The corollary is that a tumor that 

appears genomically silent may simply have a low selective pressure, and does not 

necessarily imply the absence of an underlying genomic instability.

In summary, we have leveraged genetically engineered mouse models to examine in vivo 

how genomic instability and selection pressures interact to alter the genome at different 

tumor evolution bottlenecks. The melanoma mouse models described here are genomically 

silent, providing clean genomic slates at baseline to test such hypotheses. In other words, the 

low background mutation and SCNA rates in these melanomas mean that the effects of new 

evolutionary forces – such as telomerase loss or targeted therapy – on genomic stability can 

be cleanly discerned. We suggest that these models could therefore be useful for assaying 

the genomic effects of other types of bottlenecks such as metastasis and immunotherapy 

resistance (Gao et al., 2016) and their combination with other sources of melanoma-relevant 

genomic instability such as chronic UV radiation exposure (Cancer Genome Atlas, 2015). 

At the same time, we caution that the low mutation burden means that mechanisms 

underlying drug resistance and genomic instability in these models per se are not the focus, 

but rather they are used as tools to understand how different evolutionary forces act on a 

tumor genome. Overall, the results of this study provide insight into how selection pressures 

at different bottlenecks can act together with genomic instability to differentially alter the 

tumor genome over the course of its evolution.

Experimental Procedures

Animal husbandry and drug studies

iBIP and iNRAS mice were maintained and treatment of iBIP mice with PLX4720 chow 

were as previously described1,2. iBIP mice were bred onto a mTR-deficient background 

(Blasco et al., 1997), then homozygous mice were intercrossed to produce G5 and G6 mTR-

deficient iBIP mice. Mice of both genders were used as no phenotypic difference has been 

noted. 90% of mice were within 3–7 months of age; 4 mice were 12–14 months of age due 

to a long tumor latency. No correlation was seen between age and number of mutations. The 

University of Texas MD Anderson Cancer Center Institutional Animal Care and Use 

Committee approved all animal studies and procedures.
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Reverse phase protein array

iBIP and iNRAS tumors were homogenized to extract protein in radioimmunoprecipitation 

assay (RIPA) buffer plus phosphatase and protease inhibitors (Sigma) and sonicated to shear 

genomic DNA. Samples were diluted to 1 μg/μl in RIPA buffer. RPPA was performed by the 

MD Anderson RPPA Core using 30ug of protein per sample. All antibodies are validated by 

western blot (Tibes et al., 2006) by the RPPA core. Mouse-incompatible antibodies are 

filtered out.

Sequencing of whole exome

Whole exome sequencing was performed as previously described (Gnirke et al., 2009). 

Mutations were identified using MuTect (Cibulskis et al., 2013). All somatic mutations were 

reviewed manually. DNA copy number alterations were identified from exome data using 

CapSeg (https://github.com/aaronmck/CapSeg), and GISTIC 2.0 was used to identify 

recurrent alterations (Mermel et al., 2011). IGV (Integrative Genomics Viewer, https://

www.broadinstitute.org/igv) was used to visualize genomic data.

Array comparative genomic hybridization

aCGH was performed as previously described (Ding et al., 2012). iBIP tumors were profiled 

against matched normal kidney DNA. Labeled DNAs were hybridized onto Agilent mouse 

244K CGH arrays, and scanning and data processing were performed per manufacturer’s 

protocol.

Pathway analysis

DAVID (Huang da et al., 2009) was used to calculate and display the enriched pathway(s) of 

genes located on chromsome 15 of mouse genome. The gene annotations for mouse 

reference (mm9) were retrieved from UCSC genome browser.

Counting BRAFV600E transgene reads

We extracted all unmapped reads from mouse aligned BAM files. In order to detect the 

human BRAF transgene reads, we aligned the unmapped mouse reads to Human 

Chromosome 7 (containing BRAF) using BWA aligner with default settings. From the 

Human chromosome 7 aligned BAM file, we used Samtools to count all the reads that have 

mapping quality score of 40. These BRAF reads were then normalized against the total 

number of sequencing reads per sample.

Estimation of telomere length

Telomere length was estimated from whole exome sequencing data using the program 

TelSeq, as previously described (Barthel et al., 2017).

Immunohistochemistry

Immunohistochemistry was performed as previously described (Kwong et al., 2012), using 

pERK antibody CST #9101.
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Statistical methods

All p values were generated through either a student’s T test for number of mutations or a 

log rank Mantel-Cox test for survival curves using the GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
BRAF- and NRAS-driven mouse melanomas have low mutation rates and allelic fractions.

(A) Schematic of the alleles in the iBIP and iNRAS models.

(B) Significantly differentially expressed proteins from RPPA analysis of the two models.

(C) Western blot confirmation of selected RPPA results.

(D) Number of non-synonymous mutations per tumor.

(E) Mutation type spectrum for all mutations.
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(F) Mutation matrix for selected genes, either recurrently mutated or significantly mutated in 

human melanoma (TCGA Mutsig p<0.05). Mutated mouse residues were compared to 

human mutated residues in the corresponding gene from three databases(Cancer Genome 

Atlas, 2015; Hodis et al., 2012; Krauthammer et al., 2012).

(G) Allelic fractions for all mutations, corrected for purity.

Kwong et al. Page 13

Cell Rep. Author manuscript; available in PMC 2018 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Copy number plots for all mice, determined from whole exome sequencing, array 

comparative genomic hybridization, or both. Samples that received both are annotated and 

show agreement between platforms. BRAFi-Sensitive and BRAFi-Resistant tumors are 

sampled while still on treatment.
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Figure 3. 
BRAF inhibitor resistance in the mTR+/+ iBIP mouse model is mediated by BRAF 
overexpression.

(A and B) Western blot for pERK and (B) its quantification on two sets of tumors that were 

sequenced and shown in Figure 2. The three samples per mouse are longitudinal biopsies 

taken pre-treatment “A”, on-treatment at 14d “B”, and post-resistance “C”. pERK/ERK was 

quantified by first normalizing each to GAPDH from its own blot (below each), then to each 

other.
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(C and D) RPPA data for the same tumors from (A). (C) A Braf antibody that detects both 

endogenous mouse Braf and exogenous human BrafV600E. (D) A pS6 antibody that detects 

protein phosphorylated at serines 240 and 244.

(E) An iBIP xenograft model showing acquisition of BRAFi resistance by 12 days of 

treatment. All mice were injected identically using the same iBIP cell line.

(F) RTPCR analysis of the BRAFV600E transgene expression levels at the indicated times 

after BRAFi administration, from the same mice as in (D). Each column represents one 

tumor, taken at the indicated timepoint after administration of PLX4720. Error bars 

represent the samples run in triplicate.
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Figure 4. 
mTR deficiency does not majorly impact iBIP phenotypes.

(A) Melanoma latency in BRAF-mutant mice with or without mTR deficiency.

(B) Progression-free survival on the BRAF inhibitor PLX4720 in iBIP mice with or without 

mTR deficiency.

(C) Number of non-synonymous mutations in BRAFi-resistant iBIP mice with or without 

mTR deficiency.

(D) Allelic fractions in the 10 mTR-null, BRAFi-resistant tumors.

Kwong et al. Page 17

Cell Rep. Author manuscript; available in PMC 2018 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) Summarization of results. Blue text indicates genomic status (mutation + SCNAs).
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