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Major efforts to sequence cancer genomes are now occurring
throughout the world. Though the emerging data from these
studies are illuminating, their reconciliation with epidemiologic
and clinical observations poses a major challenge. In the current
study, we provide a mathematical model that begins to address this
challenge. We model tumors as a discrete time branching process
that starts with a single driver mutation and proceeds as each
new driver mutation leads to a slightly increased rate of clonal
expansion. Using the model, we observe tremendous variation in
the rate of tumor developmentN providing an understanding of
the heterogeneity in tumor sizes and development times that have
been observed by epidemiologists and clinicians. Furthermore, the
model provides a simple formula for the number of driver muta-
tions as a function of the total number of mutations in the tumor.
Finally, when applied to recent experimental data, the model
allows us to calculate the actual selective advantage provided by
typical somatic mutations in human tumors in situ. This selective
advantage is surprisingly smallN 0.004! 0.0004N and has major
implications for experimental cancer research.

genetics | mathematical biology

tis now well accepted that virtually all cancers result from the

accumulated mutations in genes that increase the fitness of a
tumor cell over that of the cells that surround it (1, 2).CFitnesO
is defined as the net replication rate, i.e., the difference between
the rate of cell birth and cell death. As a result of advances in
technology and bioinformatics, it has recently become possible

University, Cambridge, MA 02138;  °School of Mathematics, University of

“Department of Value and Decision Science, Tokyo Institute of Technology, Tokyo 152-8552, Japan;
*Department of Biomedical Engineering, Institute for Computational Medicine, Johns Hopkins University, Baltimore, MD 21218;
Biostatistics, School of Public Health, University of Medicine and Dentistry of New Jersey, Piscataway, NJ 08854;
Therapeutics, and Howard Hudges Medical Institute at Johns Hopkins Kimmel Cancer Center, Baltimore, MD 21231; and

‘Department of
9Ludwig Center for Cancer Genetics and
"Department of Organismic and

line of investigation which has just recently been initiated (22,
23). In the model presented in this paper, we assume that each
new driver mutation leads to a slightly faster tumor growth rate.

This model is as simple as possible, because the analytical results

depend on only three parameters: the average driver mutation
rate u, the average selective advantage associated with driver
mutations s, and the average cell division timeT".

Tumors are initiated by the first genetic alteration that pro-
vides a relative fitness advantage. In the case of many leukemias,
this would represent the first alteration of an oncogene, such as a
translocation betweenBCR (breakpoint cluster region gene) and
ABL (V-abl Abelson murine leukemia viral oncogene homolog 1
gene). In the case of solid tumors, the mutation that initiated the
process might actually be the seconhitOin a tumor suppressor
geneN the first hit affects one allele, without causing a growth
change, whereas the second hit, in the opposite allele, leaves
the cell without any functional suppressor, in accord with the
two-hit hypothesis (24). It is important to point out that we
are modeling tumor progression, not initiation (14, 15), because
progression is rate limiting for cancer mortaliti it generally
requires three or more decades for metastatic cancers to develop
from initiated cells in humans.

Our first goal is to characterize the times at which successive
driver mutations arise in a tumor of growing size. We have em-
ployed a discrete time branching process (25) for this purpose be-
cause it makes the numerical simulations feasible. In a discrete
time process, all cell divisions are synchronized. We present
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to determine the entire compendium of mutant genes in a tumor @nalytic formulas for this discrete time branching process and
(360). Studies to date have revealed a complex genome, with analogous formulas for the continuous time case whenever possi-
" 40B80 amino acid changing mutations present in a typical solid bl (SI Appendi}. At each time step, a cell can either divide or
tumor (6B10). For low-frequency mutations, it is difficult to dis- dlffere_ntlate,_senesce, or die. In ’Fhe con_text of tumor expansion,
tinguish Qiriver mutationsONdefined as those that confer a selec- there is no difference between differentiation, death, and senes-
tive growth advantage to the cefll from (passenger mutation® cence, because none of these processes will resultin a greater num-
(11B13). Passenger mutations are defined as those which dober of tumor cells than present prior to that time step. We assume
not alter fitness but occurred in a cell that coincidentally or sub- that driver mutations reduce the probability that the cell will take

sequently acquired a driver mutation, and are therefore found in
every cell with that driver mutation. It is believed that only a small
fraction of the total mutations in a tumor are driver mutations,

this second course, i.e:, that it Wi|| differentiate, die, or senesce,
henceforth grouped agtagnateOA cell with k driver mutations
therefore has a stagnation probabilityl; " 1#1 # s$. The division

but new, quantitative models are clearly needed to help interpret
the significance of the mutational data and to put them into the
perspective of modern clinical and experimental cancer research.
In most previous models of tumor evolution, mutations accu-
mulate in cell populations of constant size (1816) or of variable
size, but the models take into account only one or two mutations
(17E21). Such models typically address certain (important) as-
pects of cancer evolution, but not the whole process. Indeed, The authors declare no conflict of interest.
we now know that most solid tumors are the consequence of see commentary on page 18241.
many sequential mutations, not just two. These tumors typically .., rom comespondence may be addressed. E-mail
contain 40B1L00 coding gene alterations, including 85 driver
mutations (ﬂ) The exploration of models with mumple muta- This article contains supporting information online at
tions in growing tumor cell populations is therefore an essential doi:10.1073/pnas.1010978107/-/DCSupplemental .

probability is b, " 1# d,. The parameter s characterizes the
selective advantage provided by a driver mutation.
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When a cell divides, one of the daughter cells can receive an In contrast, in patient 6, the second driver mutation occurred
additional driver mutation with probability . The point mutation  after less than 5y, and by 25 y the tumor would weigh hundreds
rate in tumors is estimated to be' 5 x 1071° per base pair per cell of grams (-10'! cells), with the most common cell type in the
division (26). We estimate that there aré' 34,000 positions in the  tumor having three driver mutations. Patients 26 had progres-
genome that could become driver mutations (se®laterials and sion rates between these two extreme cases.

Methodsand S| Appendiy. As the rate of chromosome loss in We can calculate the average time between the appearance of
tumors is much higher than the rate of point mutation (14), a successful cell lineages (Fig. 2). Not all new mutants are success-
single point mutation is rate limiting for inactivation of tumor  ful, because stochastic fluctuations can lead to the extinction of a
suppressor genes (when a point mutation in a tumor suppressor lineage. The lineage of a cell wittk driver mutations survives only
gene occurs, the other copy of that gene will likely be lost rela- with a probability approximately1 # d, %, $ 2sk. Assuming that
tively quickly; ref. 27). The driver mutation rate is therefore u & ks & 1, the average time between the first successful cell
" 3.4 x 109 per cell division $2 x 34,000 x 5 x 10719), because with k and the first successful cell withk %1 driver mutations

u is the probability that one of the daughter cells will have an is given by
additional mutation. Our theory can accommodate any realistic

mutation rate and the major numerical results are only weakly

affected by varying the mutation rate within a reasonable range.

Experimental evidence suggests that tumor cells divide about
once every 3 d in glioblastoma multiforme (28) and once every 4 d The acquisition of subsequent driver mutations becomes faster
in colorectal cancers (26). Incorporating these division times into and faster. Intuitively, this is a consequence of each subsequent
the simulations provided by our model leads to the dramatic mutant clone growing at a faster rate than the one before. For
results presented in Fig. 1. Though the same parameter valuesexample, foru " 10%>,s" 102, andT " 4 d, it takes on average
Nu" 3.4x10% ands" 0.4%N were used for each simulation, 8.3y until the second driver mutation emerges, but only 4.5 more
there was enormous variation in the rates of disease progression.years until the third driver mutation emerges. The cumulative
For example, in patient 1, the second driver mutation had only time to accumulatek mutations grows logarithmically withk.
occurred after 20 y following tumor initiation and the size of In contrast to driver mutations, passenger mutations do not
the tumor remained small (micrograms, representing €0° cells).  confer a fitness advantage, and they do not modify tumor growth
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Fig. 1. Variability in tumor progression. Number of cells with a given number of driver mutations versus the age of the tumor. Six different realizations of th e
same stochastic process with the same parameter values are shown, corresponding to tumor growth in six patients. The process is initiated with a singl e
surviving founder cell with one driver mutation. The times at which subsequent driver mutations arose varied widely among patients. After initial st ochastic
fluctuations, each new mutant lineage grew exponentially. The overall dynamics of tumor growth are greatly affected by the random time of the appeara nce
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of new mutants with surviving lineages. Parameter values: mutation rate u" 3.4x10%5, selective advantage s" 0.4%, and generation time T" 3d.
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Fig. 2. Schematic representation of waves of clonal expansions. An illustra-
tion of a sequence of clonal expansions of cells with k" 1, 2, 3, or 4 driver
mutations is shown. Here z, is the average time it takes the lineage of the
founder cell to produce a successful cell with two driver mutations. Similarly,

7y is the average time between the appearance of cells with  k and k %1
mutations. Eg. 1 gives a simple formula for these waiting times, which shows
that subsequent driver mutations appear faster and faster. The cumulative
time to have k driver mutations grows with the logarithm of k.

tumor initiation. Otherwise, the expected number of passengers
that accumulated in a precursor cell prior to tumor initiation
would have to be included in the model, and this would be diffi-
cult to estimate.

We tested the validity of our model on two tumor types that
have been extensively analyzed. Neither the astrocytic precursor
cells that give rise to glioblastoma multiforme (GBM) (29) nor
the pancreatic duct epithelial cells that give rise to pancreatic
adenocarcinomas (30) divide much prior to tumor initiation
(31, 32). Therefore, the data on both tumor types should be sui-
table for our analysis. Parsons et al. (8) sequenced 20,661 protein
coding genes in a series of GBM tumors and found a total of 713
somatic mutations in the 14 samples that are depicted in Fig. 3.
Similarly, Jones et al. (9) sequenced the same genes in a series
of pancreatic adenocarcinomas, finding a total of 562 somatic
mutations in the nine primary tumors graphed in Fig. 3. In both
cases, we classified missense mutations as drivers if they scored

rates. We find that the average number of passenger mutations, high (false discovery rate< 0.2) with the CHASM algorithm (33)

n#$ presentin a tumor cell aftert days is proportional tot, that is
n#3$ " vi%d", wherev is the rate of acquisition of neutral muta-
tions. In fact, v is the product of the point mutation rate per base

and considered all nonsense mutations, out-of-frame insertions
or deletions (INDELSs), and splice-site changes as drivers because
these generally lead to inactivation of the protein products (9).
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pair and the number of base pairs analyzed. This simple relation All other somatic mutations were considered to be passengers.
has been used to analyze experimental results by providing esti- CHASM is a supervised statistical learning method that uses a
mates for relevant time scales (26). Random Forest (34) to identify and prioritize somatic missense
Combining our results for driver and passenger mutations, mutations mostlikely to that enhance tumor cell proliferation (dri-
we can derive a formula for the number of passengers that are vers). The forest is trained on a positive class 62,500 missense

expected in a tumor that has accumulated driver mutations

LV 4ks?
n glog7 logk. [2]

mutations previously identified as playing a functional role in on-
cogenic transformation from the COSMIC database (35) and a
negative class of 4,000 random (passenger) missense mutations,
which are synthetically generated with a computer algorithm.
Mutations are represented by features derived from protein

Here, n is the number of passengers that were present in the last and nucleotide sequence databases, such as measures of evolution-
cell that clonally expanded. Eq2 can be most easily applied to ary conservation, amino acid physiochemical properties, predicted
tumors in tissues in which there is not much cell division prior to protein structure, and annotations curated from the literature
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Fig. 3. Comparison of clinical mutation data and theory. Our theory provides an estimate for the number of passenger mutations in a tumor as a function of
the number of driver mutations. Parameter values used in Eq. 2 and computer simulations were s" 0.4% and u " 3.4 x 10%5. (A) Eq.2 (green line) fitted to GBM
data. (B) Eqg. 2 (green line) fitted to pancreatic cancer data. ( C) Comparison of computer simulations and Eq. 2. For each k between 2 and 10, the number of "
passengers that were brought along with the last driver in 10 tumors with k drivers is plotted. Blue circles represent averages from 100 simulations. ( D) Com- 8}
parison between computer simulations and Eq. 2 for selective advantage of the kth driver, s, taken from a Gaussian distribution with mean s and standard i
deviation ¢" s%2. For each k between 2 and 10, the number of passengers that were brought along with the last driver in 10 tumors with k drivers is plotted. &
Blue circles represent averages from 100 simulations. Note that in A, the tumor with only one driver mutation has 16 passenger mutations, instead of the o
theoretically predicted zero. A possible reason for this discrepancy could be that the CHASM algorithm did not manage to classify all driver mutation s as such,
or perhaps that the ancestry of the founder cell of the tumor experienced a significant level of proliferation before the onset of neoplasia.
Bozic et al. PNAS ! October 26,2010 ! vol. 107 ! no.43 ! 18547




Bane

/

I\

=y

(from UniProtKB; ref. 36). There is nothing in the construction of (37, 38), the authors only measure the number and size of polyps
the CHASM training set or features that mirrors the assumptions in the last 20 cm of the colon; the effective rate oAPC inactiva-
underlying the formulas derived here. tion in this part of the colon is " 32 per stem cell generation,
From Fig. 3A andB, itis clear that the experimental results on i.e., we estimate that 32 new polyps are initiated per week in this
both GBM and pancreatic cancers were in good accord with the section of the colon. Note, however, that only a small fraction
predictions of Eq.2. A critical test of the model can be performed  of these initiated cells will survive stochastic fluctuations.
by comparison of the best-fit parameters governing each tumor  The first study (37) included FAP patients that had at least five
type. It is expected that the average selective advantage of avisible polyps, but no history of cancer. The number and size of
driver mutation should be similar across all tumor types given their polyps was measured at baseline and a year later. To emulate
that the pathways through which these mutations act overlap the design of the study, each run of our simulation corresponded
to a considerable degree. Setting the driver mutation rate to be to one FAP (patientO<40y old who had at least five visible
u" 3.4x 10", passenger mutation rate to bev" 3.15x 10’ & polyps and no cancer (se&l Appendiy. We then compared the
5% 10%19$ 0.016, and fitting Eq. 2 to the GBM data using least age distribution of the patients in our simulation to the age dis-
squares analysis, we found that the optimum fit was given by tribution of patients in the study (37). Using the polyp initiation
s" 0.004! 0.0004. Remarkably, using the same mutation rate rate deduced above, mutation rateu " 3.4 x 10>, generation
in pancreatic cancers, we find that the best fit is given by a nearly time 7" 4 d (26), and employing the selective advantage calcu-
identical s " 0.0041! 0.0004. This consistency not only provides lated from the GBM and pancreatic cancer data described above
support for the model but also provides evidence that the average (s " 0.004), we find remarkable agreement between our model
selective advantage of a driver is$ 0.4%. For u" 10¢ and and the clinical data (Fig. 4). Our model predicted that patients
u" 10%4, we gets $ 0.65% ands $ 0.32%, respectively. The fact would be entered into this study at an average of 25 y, with 35
that these estimates are not strongly dependent on the mutation polyps of average diameter 3.1 mm. The actual patients entered
rate supports the robustness of the model. Of course, we note that into the study had average age of 24 y, with 41 polyps of average
the reliability of the estimation of the passenger mutation rate diameter 3.2 mm. In comparison, if we keep mutation rate the
v directly influences the reliability of estimating selection coeffi- same but emply a twofold lower or twofold higher value of, then
cients. there is little agreement with the clinical data (e.g., age of diag-
We conducted further testing of our model on data from two nosis is either 38 or 14 y instead of the actual 24 y). We then used
clinical studies (37, 38) of familial adenomatous polyposis (FAP) our model to predict the change in number and size of the polyps
(39). FAP is caused by a germline mutation in one copy of the in these patients 1y later. Our simulations predicted that the dia-
adenomatosis polyposis coli APC) gene. Inactivation of the meter and number of polyps would be 113% and 135% of the
second copy of theAPC gene in a colonic stem cell initiates baseline values, respectively, whereas the diameter and number
the formation of a colonic adenoma. If untreated (by colectomy), of polyps were 100% and 220% of baseline values in the actual
patients with FAP develop adenomas while teenagers, but do patients.
not develop cancers until their fourth or fifth decades of life, We also modeled the results of a second study (38) that in-
by which time there are thousands of tumors per patient. cluded 41 young FAP patients who had inherited alterations of
We performed computer simulations of the evolution of polyps the APC gene but had not yet developed polyps. These patients
in FAP patients. Assuming a constant number of susceptible stem were followed for 4 y to determine when polyps first developed.
cells and a constant rate oAPC inactivation, new polyps in a pa- Using the same simple assumptions noted above, our simulations
tient are initiated at a constant rate. In simulations based on our predicted that 43% of these patients would develop at least
model, we keep track of the number and size of all polyps in a one polyp within 4 y, and that the average diameter of polyps
patient and their change in time. We then compare simulation after 4 y would be 0.8 mm with standard deviation 0.9 mm. These
results with the clinical data from two studies (37, 38), focusing predictions were remarkably similar to the data actually obtained,
on three metrics of disease:if age distribution of FAP patients, because 49% of the patients developed at least one polyp over
(if) number and size of visible polyps, andi{) polyp growth rate. the 4 y of observation and the average size of polyps was 0.9 mm
To estimate the rate of polyp initiation in FAP, we estimate that with standard deviation 1.2 mm. However, our simulations under-
there are" 600 positions in the APC gene that, when mutated, estimated the average number of polyps that developed (1.5
could inactivate theAPC gene product. However, the inactivation by the model, 6.7 in data), though there was a large variation
of APC in FAP patients more often happens by loss of heterozyg- in the number of polyps that developed in different patients (stan-
osity (LOH) than by mutationN the ratiois" 7' 1 (for justification ~ dard deviation of 12.5 polyps), complicating this metric.
for these estimates, sedaterials and Methods Using the muta- Beerenwinkel et al. (22) previously modeled tumor evolution
tion rate per base pair per generation (26) of x 10%1°, the rate of ~ using a WrighEFisher process. That model was specifically
inactivation of APCis 2.4 x 10%¢ per cell per generation. Atypical designed to model the evolution from a small adenoma to carci-
human colon is" 1.5 m long and has aboutl 0® stem cells, each of noma, and it is not suitable for describing the dynamics of a
which divides roughly once every week (40). In the clinical studies population initiating with one or a small number of cells, as done
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Fig. 4. Comparison of clinical FAP data and computer simulations of our model. A uniform random age < 40 was picked first and only those patients who had
at least five polyps and no history of cancer at the sampled age were retained. We compared the number and size of the polyps in these patients with the

clinical data on number and size of polyps in FAP patients at study (37) entry. The age distribution of patients from the simulation was compared to the a ge
distribution of patients in the study (37). Parameter values used in simulations are s" 0.4%,u" 3.4x10"%, T" 4 days, and polyp initiation rate 32 per week.
Error bars represent standard deviation.
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here. Accordingly, the Beerenwinkel model does not address the if the ratio of inactivating mutations (stop codons due to nonsense mutations,
long initial stages of the adenoma-carcinoma sequence (26) splice-site alterations, or frameshifts due to deletions or insertions) to other
nor can it be used to model polyp development in FAP patients. m_uta.tions_ (mi_seense and in-freme insertions or deletions) was >0:2. This
Tumor progression in FAP patients has been previously modeled criterion identified all well-studied tumor suppressor genes and classified
by Luebeck and coworkers (2L, 41). AL Il rtes, however, it 269075 S uor s (5 operc. e conser v o e
takes a pO|yp about 60 y t(.) grow to the average size of pOIypS(i) the same amino acid was mutated in at least two independent tumors or
Teported 'r_‘ ref. _37' Our mUIUStag_e model, V_Vhere_ the grOWth rate (i) >4 different mutations were identified (  SI Appendix). This criterion classi-
IS Increasing with each new driver mutation, fits the observed fied 91 genes as oncogenes; the remaining 560 genes were considered to
polyp sizes well, providing strong and independent support for pe passengers. There were an average of 13.6 different nucleotides mutated
s" 0.004 as the selective growth advantage of a typical driver. per oncogene.
Like all models, ours incorporates limiting assumptions. How-
ever, many of these assumptions can be loosened without chan-Driver Positions in APC In the entire APCgene, there are 8,529 bases encoding
ging the key conclusions. For example, we assumed that the2,843 codons. Of these bases, there are 3,135 bases representing 1,045
selective advantage of every driver was the same. We have testedodons in WhICh a base substitution resulting in a stop codon could occur.
whether our formulas still hold in a setting where the selective ©OnlY one-third of these 3,135 bases could mutate to a stop codon (e.g.,
advantage of thekth driver is s;, ands;s are drawn from a Gaus- i? :AA CISU'd tm”ta;e to TA’? to przduce'\j stop C°d°”|* but a “;'“ttha“‘;: to
sian distribution with means and standard deviatiors " s98. The possivt\)llceusubr:t)itu’sirc?nsu;tee:c; ggs(eoct;)urlzj. resﬂf?r:lzretgg zo?jrt])i ((e g Zcﬁ)euld
Sl,ml,”atlons were still in exce”ent,agreement with E(2. (,F,Ig' SD)' change to a T, A, G in general, but could only change to one of these bases
Slmllarly, we assumed that the time between cell divisions (gen' to produce a stop codon). Therefore, the bases available for creating stop
eration time T)) was constant. Nevertheless, EQ, which gives the  ¢odons should be considered to be 3:135%8 " 348 bases in the entire APC
relationship between drivers and passengers, is derived withoutgene (i.e., 348 driver positions in APQ). Insertions or deletions could also
any specification of time between cell divisions. Consequently, create stop codons in the APCgene. An estimate for the relative likelihood
this formula is not affected by a possible change ifi. Finally, of developing an out-of-frame mutation can be obtained from our previous
there could be a finite carrying capacity for each mutant lineage. data (7 £9). The number of nonsense mutations was 319, whereas the number
In other words, cells with one driver mutation may 0n|y grow of fr.ameshlift—IN_DE!_s was 235. Therefore, the total number of mutations
up to a certain size, and the tumor may only grow further if it leading to |nact|vatleg chapges was 554, i.e., 174% of the nqmber of non-
accumulates an extra mutation, allowing cells with two mutations SenSe codon-producing point mutations. The total number of driver positions
to grow until they reach their carrying capacity and so on. It is in APC would therefore be 604 (174% of 348 nonsense driver positions).
reasonable to assume that the cerry_ing capa_cities of each ClaS%river Positions in an Average Tumor Suppressor Gene.Assuming that the
would be mu‘?h larger thanl%" which is approxmately the num- average tumor suppressor statistics follows that of the ~ APC, and taking into
ber of cells withk mutations needed to produce a cell withk %1 account that the average number of base pairs in the coding region of the
mutation. Thus, the times at which new mutations arise would not 23,000 genes listed in the Ensembl database ( http:/www.ensembl.org ) is
be much affected by this potential confounding factor. 1,604, we estimate that there are 604 41;60498;529" 114 driver positions
Given the true complexity of cancer, our model is deliberately in an average tumor suppressor gene.

oversimplified. It is surprising that, despite this simplicity, the
model captures several essential characteristics of tumor growth. Number of Driver Positions in the Genome. As noted above and in Sl Appendix,
Simple models have already been very successful in providinge estimate that there are 286 tumor suppressor genes and 91
important insights into cancer. Notable examples include Armi- ©ncegenesinahuman cell, and that on average each tumor suppressor gene
tage-DoII@ multihit model (42), Knudsor® two-hit hypothesis can be |na_10t|vated by mutation at 114 positions and each oncogene can be

. . activated in 14 positions. There are thus a total of 33,878 positions in the
(24), and the carcinogenesis model of Moolgavkar and Knudson genome that could become driver mutations
(43). The model described here represents an attempt to provide ’
analytlcal 'n§|ghts into the relatlonshlp_ between drlve(s _and Relative Rate of LOH.The relative rate of LOH can be estimated from the data
passengers in tumor progression and will hopefully be similarly of Hyang et al. (44). In this paper, mismatch repair (MMR)-deficient cancers
stimulating. One of the major conclusions, i.e., that the selective were separated from MMR-proficient cancers. This separation is important
growth advantage afforded by the mutations that drive tumor because MMR-deficient cancers do not have chromosomal instability and
progression is very small“(0.4%), has major implications for they do not as often undergo LOH. We assume in all cases that the first
understanding tumor evolution. For example, it shows how diffi- hit was a somatic mutation of APC and then the second hit could either have
cult it will be to create valid in vitro models to test such mutations Peen LOH or mutation of a second allele. There were a total of 56 cancers
on tumor growth; such small selective grovvth advantages are enalyzed _in the sFudy (44_). Seven cancers had mutations in the other allele
nearly impossible to discern in cell culture over short time per- (i.e., two intragenic mutations), whereas the other 49 appeared to lose the
iods. And it explains why so many driver mutations are needed to second allele through an LOH event. Thus the relative rate of LOH vs. point

f d d l ithin the lifeti f individual mutation in  APCis 7' 1.
orm an advanced malignancy within the lifetime ot an individual. For further discussion and analysis of the model, see Sl Appendix.
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Appendix to

Accumulation of driver and passenger
mutations during tumor progression

Ivana Bozic, Tibor Antal, Hisashi Ohtsuki, Hannah Carter, Dewey Kim,
Sining Chen, Rachel Karchin, Kenneth W. Kinzler, Bert Vogelstein
& Martin A. Nowak

1 Simulations

We model tumor progression with a discrete time Galton-Watson branching process [1]. In
our model, at each time step a cell with mutations (or j -cell) either divides into two cells,
which occurs with probability b;, or dies with probability d;, whereb;+ d; = 1. In addition, at
every division, one of the daughter cells can acquire an additional mutation with probability
u. The process is initiated by a single cell with one mutation. We sel; = %(1! s)’, so that
additional mutations reduce the probability of cell death. The number of iispring produced
by aj-cell in this process is governed by the generating function

fO(s1,s0,...) = d; + b(L! u)s? + bus;s; 1, (S1)
with 0" s " land! =1,2,.... In simulations, we track the numbers of cells with
mutations, N, forj =1,2,..., rather than the faith of each individual cell. We increase the

efficiency of the computation by sampling from the multinomial distribution at each time
step. Let N;(t) be the number of cells withj mutations at time t. Then the number of
j -cells that will give birth to an identical daughter cell, B, the number ofj -cells that will
die, D, and the number ofj -cells that will give birth to a cell with an extra mutation, M,
are sampled from the multinomial distribution with

Prob[(Bj, Dj1 M]) = ( Ny, Noy, ng)] — nNJ(t)l

m[bj(l L ou)]™di2(bu)™, (S2)

for n; + ny + ng = Ny(t). Then,
Nj(t+1)= Nj(t)+ B;! D;+ M, . (S3)

Note that in this model, all cell divisions and cell deaths occur simultaneously at each time
step. One could debne an analogous continuous time model, with a very similar behavior.
Simulations of the continuous time model, however, are much ledé@ent, since the updates
occur at smaller and smaller time steps as the population size grows. Durrett and Moseley
have recently modeled accumulation of mutations in a general continuous time branching
process, where they give formulas for the distribution of the number of cells wikhmutations
and the distribution of waiting times to k mutations [2].
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Figure S1: Speed of introduction of new mutants: comparison of formula and simulation. Compar-
ison of predicted and simulated average time it takes the lineage of the brst successjulmutant to
produce the brst successfulj(+ 1)-mutant, !;, for di! erent values of selective advantage. Circles
correspond to times obtained from simulations, and lines correspond to formula (S7). Parameter
values areu = 10' ®> and T = 4 days.

2 The rate of introduction of new mutants

Simulations of our Galton-Watson process suggest that the times at which a new mutant
with a surviving lineage is produced have a significant effect on the dynamics of the process.
In this section we give an approximation for the average time it takes the first j-cell with
surviving lineage to produce a (j + 1)-cell with surviving lineage.

The average number of j-cells grows as z; = ﬁ[bi (21! )T, where ! is the time
measured from the appearance of the first successful j-cell, T" is generation time and ¢ is the
extinction probability of a lineage started by a single j-cell. New (j + 1)-cells with surviving
lineages appear at rate (1! ¢j+1 )ubjzj, and we approximate the time of the appearance of
the first (j + 1) cell with surviving lineage, !;, by the time when the total rate reaches one
cell, that is

T

3 L 20w =1 (S4)

1 .
= 11 g
This leads to

o
. T'log [1 + ubj(]i.! (:J]j+1) (1! tq(zl! u))]
e loglty (21 w)]

We consider selection and mutation rate to be small enough, u 1, so
log[bj (2! u)] # js. We also assume js " 1 so we can approximate (2! (1! s)')# 1+js, and
thus 11 1/[b; (2! w)] # js. Since the initial j-cell either dies immediately or divides into two j-
cells (we can neglect mutation here because it happens only once in 10° cases), g = dj +b; qu,

(S5)

1 and s



Table S1: Times between clonal waves

Selective advantages (%) Mutation rate u !; (years) !, (years) !z (years) !4 (years)

0.1 10 ° 58.0 328 234 183
0.5 10 ° 15.1 83 5.8 4.5
1.0 10 5 8.3 45 32 25
2.0 10 ° 4.5 25 17 13
10.0 10 ° 1.1 0.6 0.4 0.3
1.0 10 © 10.8 58 4.0 31
1.0 5410 6 9.1 4.9 34 2.7
1.0 10 ° 8.3 4.5 32 25
1.0 2410 ° 7.6 4.2 29 23
1.0 10 4 5.8 33 23 18

Numerical values obtained using formula (S7) for the average timé, (in years) between the brst successful
cell with k and k + 1 driver mutations, for di ! erent values of the selective advantages and the mutation
rate u. Cells divide every T =4 days. The table shows that changing the selective advantage of drivers has
a large @ ect on the waiting times, while changing the driver mutation rate has a relatively small € ect.

so it follows that the extinction probability ¢; = % = 1!(1(!1!5);)1/ 2/2 ~ i ?2

~ 1 —2js. Thus in

Vg 2§
ub (1! g+1) 7 u(j+l)
time it takes the first j-cell with surviving lineage to produce a (j + 1)-cell with surviving

lineage:

Now we can write the formula for the average

these limits we also have

T 2j%s

We can further simplify this formula by noting that ]j—l ~ 1 to obtain
T 2js
I~ —log —. S7
I s 0g » (S7)

The excellent agreement between approximation (S7) and simulations is shown if Fig.
S1.

3 Waiting time to k£ mutations

We also derive a formula for the average time it takes for the first successful k-mutant to be
produced in the process, t;, by assuming

b= 1, (S8)

Substituting expression (S6) for !, we arrive at the formula for the waiting time to k muta-
tions o1
A 2j%s
tk = - 10g J

i1 js (7+Du (59)



t, (years)

Figure S2: Waiting time to & mutations. Comparison of predicted and simulated average time it
takes for the brst successfuk-mutant to be produced in the process for di erent values of selective
advantages. Circles correspond to times obtained from simulations, and lines correspond to formula
(S11). Parameter values arew = 10' ®> and 7' = 4 days.

We use approximation (S7) and we replace the last sum with an integral
k
T 2Xs
ty = — log —dx. S10
= | loe (510

which then leads to our bPnal formula for the waiting time tdk driver mutations
T 4ks?
tx = — log—— logk. S11
k= 5g 109—5- log (511)

The excellent agreement between the above formula (S11) and simulations is shown in
Fig. S2.

4 Passenger mutations

Suppose now that we have a model in which there are two types of mutations: drivers, which
confer selective advantage as before, and passengers, which have no inBuence on the btness
of the cell. If a cell with n passenger mutations divides, then each of the daughter cells can
have one additional passenger mutations with probability. Since passenger mutations do

not a! ect the btness of the cell, aftet time steps, each cell still alive has the probability

(;)v”(l —v)tn (S12)



to have n passenger mutations. It follows that the average number of passenger mutations
present in the neoplastic cell population after t time steps is

n(t) = tv. (513)

Note that a crucial condition for (S12) to be valid is that the time increments must be
constant, that is by time t each cell undergoes t cell divisions. This condition is not satisfied
generally in continuous time branching processes. Note also that, while in our model only
one of the two o! springs can acquire a driver mutation in a cell division, both of them can
acquire a passenger mutation. The reason is that we safely neglected the possibility of new
driver mutations in both o! springs, since that is roughly u/2 ! 10'% times less probable
than acquiring a driver mutations in only one of the o! springs.

5 Drivers vs passengers

Combining our results (S11) and (S13) for driver and passenger mutations, we give a for-
mula for the number of passengers we expect to find in a tumor that accumulated K driver
mutations

log k. (S14)

Note that n is the number of passengers that were present in the last cell that clonally
expanded. It is these passenger mutations that can be detected experimentally. Formula
(S14) can only be applied to tumors in tissues in which there was not much cell division
prior to tumorigenesis.

6 Continuous time formulas

In this section we define a similar continuous time model and list the above analytical results
in this setting. As before, we start with one cell with one driver mutation. In a short time
interval " t, a cell with j driver mutations can divide with probability " t and die with
probability d;" t.

In order to model tumor progression, let us specify the rates j and dj. Perhaps the
simplest choice is to assign the same fitness advantage to each driver mutation, that is have
a ] dependent division rate b =1+ Sj, and constant death rate dj = 1. The main problem
with this choice is that it turns out that the average number of cells becomes infinite at finite
time t° =" logu/[s(1" u)]. The underlying reason for this blowup is the presence of an
infinite number of cell types. This artifact can be easily avoided by making each mutation
decrease the death rate of cells, that is to define d; = (1" s)’, and to make the division rate
constant j = 1. The population always remains finite in this version of the model. Fitter
cells, however, have shorter generation times than less fit cells. Hence, at any given time t,
di! erent cells may have undergone di! erent numbers of cell divisions. As a consequence, the
expected number of neutral mutations is not the same for all cells (in fact it is positively
correlated with the number of driver mutations), hence we do not have a simple relationship
between drivers and passengers as in the discrete time case. For this reason we propose the
following definition instead.



We debne a continuous time branching process similar to the discrete one we use in the
paper. In this process, an event (division or death of a cell) occurs at ratéTl If an event
occurs to a cell withj mutations, then it is death with probability @t 9) and division
with probability 1 ! 2(1! s)l. Thus,j = +(1! (1! s)))andd = (1! s).

In this case, the time between the appearance of the brst success$fakll and the ap-
pearance of the brst successful ¢ 1) cell, 7; is given by

T 2js
i = —log—. S15
1= s 09T (S15)
The waiting time to the brst successfuk mutation is

4k s?

B logk. (S16)

ty = T lo
k= 59 g
Since the times between successive divisions of a single cell line are constant on average,
we can use formula (S13) for passenger mutations, in order to get the following formula for
the number of passengers as a function of the number of drivers

——— logk. (S17)

7 Mutation data

Parsons et al. [3] sequenced 20,661 protein coding genes in 22 human glioblastoma mul-
tiforme GBM tumor samples using polymerase chain reaction (PCR) sequence analysis. 7
samples were extracted directly from patient tumors and 15 samples were passaged in nude
mice as xenografts. All samples were matched with normal tissue from the same patient in
order to exclude germline mutations. Analysis of the identiPed somatic mutations revealed
that one tumor (Br27P), form a patient previously treated with radiation therapy and temo-
zolomide, had 17 times as many alterations as any of the other 21 patients, consistent with
previous observations of a hypermutation phenotype in glioma samples of patients treated
with temozolomide [4]. After removing Br27P from consideration, it was found that the 6
DNA samples extracted directly from patient tumors had smaller numbers of mutations than
those obtained from xenografts, likely because of the maskinffext of nonneoplastic cells
in the former [5]. For this reason we chose only to focus on the mutation data which were
taken from xenografts. From the 15 xenograft samples, we excluded one sample(Br04X)
because it was taken from a recurrent GBM which may have had prior radiation therapy or
chemotherapy, leaving us with 14 samples we used for our study.

Similarly, Jones et al. [6] sequenced 20,661 protein coding genes in 24 pancreatic cancers.
10 samples were passaged in nude mice as xenografts and 14 in cell lines. For the purpose of
our study, we discarded the samples taken from metastases, and used the 9 samples which
were taken from primary tumors as xenografts, for consistency with GBM data.



Table S2: Driver mutations predicted by CHASM

Gene Mutation CHASM score P-value
CDKN2A H9o8P 0.024 0.0004
CDKN2A L63V 0.096 0.0004

TP53 C275Y 0.028 0.0004
TP53 G266V 0.024 0.0004
TP53 H179R 0.152 0.0004
TP53 255N 0.024 0.0004
TP53 L257P 0.048 0.0004
TP53* R175H 0.078 0.0004
TP53* R248W 0.114 0.0004
TP53 R282W 0.126 0.0004

TP53 S241F 0.044 0.0004

TP53* V217G 0.144 0.0004
TP53* Y234C 0.022 0.0004
NEK8 A197P 0.268 0.0008
PIK3CG R839C 0.258 0.0008
SMAD4* C363R 0.240 0.0008
TP53 D208V 0.240 0.0008
TP53* K120R 0.262 0.0008
TP53 T155P 0.202 0.0008
MAPT G333V 0.322 0.0021
DGKA V379l 0.336 0.0025
STK33 F323L 0.342 0.0025
FLJ25006 S196L 0.392 0.0038
PRDM5* V85| 0.396 0.0038

TP53 L344P 0.406 0.0050

TTK D697Y 0.426 0.0063
NFATC3* G451R 0.464 0.0067
PRKCG* P524R 0.444 0.0067
CMAS I1275R 0.474 0.0071
KRAS* G12D 0.474 0.0071
PCDHB2 A323V 0.476 0.0071

STN2 1590S 0.474 0.0071

SMAD4 Y95S 0.496 0.0092

Missense mutations found in 24 pancreatic cancer samples from Jones et al.[6] which are classibed as drivers
by CHASM at FDR of 0.2, shown with their associated Random Forest scores and® values. * denotes the
missense mutations classibed as drivers in the 9 samples used in our analysis.



8 CHASM analysis of missense mutations found in pan-
creatic cancers

Carter et al. [7] used CHASM algorithm to analyse GBM missense mutations found in 22
GBM samples from Parsons et al [3] and classify them as either drivers or passengers. We
carried out CHASM analysis of missense mutations found in the original 24 pancreatic cancer
samples [6]. 33 mutations that were classified as drivers by the CHASM algorithm at false
discovery rate (FDR) 0.2 are shown in Table S2.

9 Simulations of FAP

We perform computer simulations of the evolution of polyps in FAP patients. Assuming
a constant number of susceptible stem cells and a constant rate of APC inactivation, new
polyps in a 'patient’ are initiated at a constant rate. After initiation, we assume all polyps
follow the tumor progression model described in our paper. In simulations, we keep track
of the number and size of all polyps in a ’patient’ and their change in time. We then
compare simulation results for the age distribution of FAP patients at two clinical stages,
the distribution of the number and size of visible polyps these patients have, as well as the
polyp appearance and growth rate, with clinical data from two studies [8, 9].

To emulate the design of the first study [8], each run of our simulation corresponded to
one FAP ’patient’. In the computer simulation we randomly selected "patients’ between ages
0-40 years who had visible polyps (note that the results are identical if we choose the upper
age limit to be > 40). We recorded the distribution of age, number and size of the polyps
these patients had. As in the study [8], we also followed them for a year to determine the
change in the number and size of their polyps. We assumed that polyps can be detected if
they have more than 10° cells (1 mm?®). This parameter is based on data for the standard
deviation (!) of polyp sizes [8]. A 1 mm? polyp is 2! away from the average, which is a
reasonable estimate for the smallest detectable polyp size. In addition, as FAP patients who
have a history of cancer were excluded from the first study [8], in our simulation we also
excluded "patients’ with polyps of more than 10! cells, since such large polyps are cancerous
with a high probability [10].

To compare our model predictions with experimental results from the second study [9], in
our simulation we randomly selected "patients’ (runs) in the required age range (8-25 years)
that did not have visible polyps and followed them for four years, when we recorded the
number and size of the polyps they developed.

10 Oncogenes and tumor suppressor genes

Table S3 contains the results of a new analysis of the COSMIC database. Through this
analysis, we were able to reliably classify genes as tumor suppressor genes, oncogenes, or
passengers, on the basis of genetic criteria. These data are summarized in the main text and
led to more precise estimates of our model parameters.



The COSMIC database (http://www.sanger.ac.uk/genetics/CGP/cosmic/) contains se-
guencing information on 91,991 human tumors representing 353ffdrent histopathologic
subtypes. The database encompasses 105,084 intragenic mutations in 3142 genes . Of these,
937 genes contained at least 2 nonsynynomous mutations, for a total of 97,567 mutations.
We considered a gene to be a tumor suppressor if the ratio of inactivating mutations (stop
codons due to nonsense mutations, splice site alterations, or frameshifts due to deletions
or insertions) to other mutations (missense and in-frame insertions or deletions) was0.2.

This criterion identiPed all well-studied tumor suppressor genes and classibed 286 genes as
tumor suppressors. We considered a gene to be an oncogene if it was not classibed as a tumor
suppressor gene and either (i) the same amino acid was mutated in at least two independent
tumors or (ii) > 4 different mutations were identibed. This criterion classibed 91 genes as
oncogenes; the remaining 560 genes were considered to be passengers.
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Table S3: Oncogenes and tumor suppressor genes

Gene C . Truncating Missense Recurrent
ancer Gene Type Accession Number . . :
Symbol mutations/gene mutations/gene mutations/gene
ABL1 Oncogene X16416 0 214 183
ABL2 Tumor Suppressor Gene NM_005158 2 2 0
ACVR1B Tumor Suppressor Gene NM_020328 4 0 2
ACVR2A Tumor Suppressor Gene NM_001616 9 1 8
ADAM29 Tumor Suppressor Gene NM_014269.2 1 3 0
ADAM33 Tumor Suppressor Gene NM_025220.2 1 1 0
ADAMTS18 Tumor Suppressor Gene NM_199355.1 2 4 0
ADAMTS20 Tumor Suppressor Gene NM_025003.2 1 3 0
ADAMTSL3 Oncogene NM_207517.1 1 7 0
ADH7 Tumor Suppressor Gene NM_000673.3 1 1 0
ADHFE1 Tumor Suppressor Gene NM_144650.1 1 2 0
AKAP6 Oncogene NM_004274.3 0 6 0
AKAP9 Tumor Suppressor Gene NM_147171.1 2 5 0
AKT1 Oncogene NM_005163 0 62 61
ALK Oncogene NM_004304 1 77 65
ALOX15 Tumor Suppressor Gene NM_001140.3 1 1 0
ALPK2 Tumor Suppressor Gene NM_052947 1 2 0
ALPK3 Tumor Suppressor Gene NM_020778 1 2 0
ALS2 Tumor Suppressor Gene NM_020919.2 1 1 0
ANAPC5 Tumor Suppressor Gene NM_016237.3 1 4 0
APBBL1IP Tumor Suppressor Gene NM_019043.3 1 4 0
APC Tumor Suppressor Gene NM_000038 1691 161 1435
APOB Tumor Suppressor Gene ENST00000233242 1 2 0
ARHGAP29 Tumor Suppressor Gene NM_004815.2 2 5 1
ARHGAP6 Tumor Suppressor Gene NM_013427.1 1 1 0
ARHGEF11 Tumor Suppressor Gene NM_198236.1 1 1 0
ARID1A Tumor Suppressor Gene NM_006015.3 1 1 0
ASXL1 Tumor Suppressor Gene ENST00000358956 9 4 3
ATM Tumor Suppressor Gene NM_000051 56 141 a7
ATR Tumor Suppressor Gene NM_001184 2 5 0
ATRX Tumor Suppressor Gene NM_138271.1 1 3 0
AURKA Tumor Suppressor Gene NM_003600 1 2 0
AXL Tumor Suppressor Gene NM_001699 1 4 0
BAI3 Oncogene NM_001704.1 0 8 0
BAZ1A Tumor Suppressor Gene NM_013448.2 1 3 0
BCL11A Oncogene NM_022893.2 0 7 0
BCORL1 Tumor Suppressor Gene NM_021946.2 1 1 0
BIRC6 Tumor Suppressor Gene NM_016252.1 2 5 0
BMPR1A Tumor Suppressor Gene NM_004329 1 2 0
BRAF Oncogene NM_004333 7 12523 12466
BRCA1 Tumor Suppressor Gene NM_007294.1 21 5 1
BRCA2 Tumor Suppressor Gene NM_000059.1 21 13 1
BRD2 Tumor Suppressor Gene NM_005104 1 4 0
BRD3 Tumor Suppressor Gene NM_007371 1 2 0
C140rf115 Tumor Suppressor Gene ENST00000256362 1 1 0
C90rf96 Tumor Suppressor Gene SU_SgKO071 1 1 0
CAD Tumor Suppressor Gene NM_004341.2 1 4 0
CASK Tumor Suppressor Gene NM_003688 1 1 0
CBL Oncogene NM_005188.1 2 80 60
CD248 Tumor Suppressor Gene ENST00000311330 1 1 0
CDC42BPA Tumor Suppressor Gene NM_014826.3 1 1 0
CDC42BPB Tumor Suppressor Gene NM_006035 1 3 0
CDC7 Tumor Suppressor Gene NM_003503.2 3 0 2
CDC73 Tumor Suppressor Gene NM_024529.3 33 3 7
CDH1 Tumor Suppressor Gene NM_004360.2 90 80 a7
CDKL2 Tumor Suppressor Gene NM_003948 1 2 0
CDKN2A Tumor Suppressor Gene NM_000077 1190 1532 2481
CDSs1 Tumor Suppressor Gene ENST00000295887 1 1 0
CEBPA Tumor Suppressor Gene NM_004364.2 328 287 397
CENPF Tumor Suppressor Gene ENST00000366955 1 1 0
CENTB1 Tumor Suppressor Gene ENST00000158762 1 2 0
CENTD3 Tumor Suppressor Gene NM_022481.4 1 3 0




CES3 Tumor Suppressor Gene ENST00000303334 1 1 0
CHD5 Oncogene NM_015557.1 0 5 0
CHD8 Tumor Suppressor Gene XM_370738.2 1 2 0
CHEK1 Tumor Suppressor Gene NM_001274 1 1 0
CHUK Tumor Suppressor Gene NM_001278 5 0 2
Cic Tumor Suppressor Gene ENST00000160740 1 2 0
CLSPN Tumor Suppressor Gene NM_022111.2 1 2 0
CNTN1 Tumor Suppressor Gene NM_001843.2 1 1 0
COL11A1 Oncogene ENST00000358392 0 3 1
COL14A1 Tumor Suppressor Gene NM_021110.1 2 4 0
COL1A1 Tumor Suppressor Gene ENST00000225964 1 3 0
COL7A1 Tumor Suppressor Gene ENST00000328333 1 3 0
CSF1R Oncogene NM_005211 5 36 33
CSMD3 Tumor Suppressor Gene NM_198123.1 5 17 1
CTNNA1 Tumor Suppressor Gene NM_001903.2 6 0 0
CTNNB1 Oncogene NM_001904 23 2369 2221
CTNND2 Tumor Suppressor Gene NM_001332.2 1 2 0
CTSH Tumor Suppressor Gene ENST00000220166 1 1 0
CUBN Tumor Suppressor Gene ENST00000377833 1 4 0
CXorf30 Tumor Suppressor Gene XM_098980.6 1 1 0
CYB5D2 Oncogene ENST00000301391 0 2 1
CYLD Tumor Suppressor Gene NM_015247.1 5 1 0
DBF4 Tumor Suppressor Gene NM_006716.3 2 0 2
DBN1 Tumor Suppressor Gene ENST00000309007 1 2 0
DCLK3 Oncogene SU_DCAMKL3 0 6 0
DDR2 Tumor Suppressor Gene NM_006182 1 1 0
DEPDC2 Tumor Suppressor Gene NM_024870.2 2 5 0
DGKB Oncogene NM_004080.1 0 7 0
DGKG Tumor Suppressor Gene NM_001346.1 1 2 0
DIP2C Tumor Suppressor Gene ENST00000280886 2 3 0
DLC1 Tumor Suppressor Gene NM_182643.1 1 1 0
DNAHS8 Oncogene NM_001371.1 1 5 0
DPH4 Tumor Suppressor Gene ENST00000395949 1 1 0
DPYSL4 Oncogene ENST00000338492 0 2 1
DYRK2 Tumor Suppressor Gene NM_006482 1 1 0
EGFL6 Oncogene NM_015507.2 0 2 1
EGFR Oncogene NM_005228 11 5214 5028
EIF2AK1 Tumor Suppressor Gene NM_014413 1 1 0
ELP2 Tumor Suppressor Gene NM_018255.1 2 1 1
EP300 Oncogene NM_001429.1 0 5 0
EP400 Tumor Suppressor Gene ENST00000389562 1 2 0
EPHA3 Oncogene NM_005233 0 8 0
EPHAS Oncogene NM_004439 0 5 0
EPHAG Oncogene SU_EPHA6 0 6 0
EPHA7 Oncogene NM_004440 0 6 0
EPHB1 Tumor Suppressor Gene NM_004441 2 3 0
EPHBG6 Oncogene NM_004445 0 6 0
ERBB2 Oncogene NM_004448 1 100 64
ERCC6 Oncogene NM_000124.1 0 6 2
ERGIC3 Tumor Suppressor Gene ENST00000279052 1 1 0
ERN1 Oncogene NM_001433 1 5 0
ERN2 Tumor Suppressor Gene NM_033266.1 2 0 0
EVC2 Tumor Suppressor Gene ENST00000344408 1 2 0
EVI1 Tumor Suppressor Gene ENST00000264674 1 1 0
EXOC4 Tumor Suppressor Gene ENST00000253861 1 2 0
EZH2 Tumor Suppressor Gene NM_004456.3 2 0 0
F2RL2 Tumor Suppressor Gene NM_004101.2 1 1 0
FAM123B Tumor Suppressor Gene NM_152424.1 20 a7 46
FBXW7 Tumor Suppressor Gene NM_033632.1 45 198 177
FGFR1 Oncogene NM_000604 0 6 0
FGFR2 Oncogene NM_022970 1 7 0
FGFR3 Oncogene NM_000142 8 1892 1862
FKTN Oncogene ENST00000223528 0 2 1
FLNB Oncogene ENST00000295956 0 5 0
FLT3 Oncogene 726652 1 6833 6740
FN1 Oncogene ENST00000336916 0 6 0
FOXL2 Oncogene NM_023067.2 0 95 93




FRAP1 Oncogene NM_004958 1 7 0
FYN Tumor Suppressor Gene NM_002037 1 2 0
G3BP2 Tumor Suppressor Gene ENST00000395719 1 1 0
GATA1 Tumor Suppressor Gene NM_002049.2 158 25 115
GEN1 Tumor Suppressor Gene ENST00000317402 2 1 0
GLI1 Oncogene NM_005269.1 0 6 0
GLI3 Tumor Suppressor Gene NM_000168.2 1 4 0
GNAQ Oncogene NM_002072.2 1 131 129
GNAS Oncogene NM_000516.3 0 240 237
GOLIM4 Oncogene ENST00000309027 0 4 1
GPR124 Tumor Suppressor Gene ENST00000021763 1 1 0
GPR81 Tumor Suppressor Gene ENST00000356987 2 0 0
GRK5 Tumor Suppressor Gene NM_005308 1 1 0
GUCY2F Tumor Suppressor Gene NM_001522 1 4 0
HAPLN1 Tumor Suppressor Gene ENST00000380141 1 1 0
HDAC4 Tumor Suppressor Gene NM_006037.2 3 2 1
HDLBP Tumor Suppressor Gene NM_005336.2 1 2 0
HERC1 Tumor Suppressor Gene NM_003922.1 1 1 0
HERCG6 Tumor Suppressor Gene NM_017912.3 1 1 0
HIF1A Tumor Suppressor Gene NM_001530.2 2 1 0
HNF1A Tumor Suppressor Gene NM_000545.3 56 50 55
HRAS Oncogene NM_005343 2 605 592
ICK Tumor Suppressor Gene NM_016513 1 1 0
IDH1 Oncogene NM_005896.2 0 890 887
IDH2 Oncogene NM_002168.2 0 43 41
IGF1R Tumor Suppressor Gene NM_000875 1 3 0
IKBKAP Tumor Suppressor Gene NM_003640.2 1 3 0
IKBKB Tumor Suppressor Gene SU_IKKb 1 1 0
IKZF3 Tumor Suppressor Gene NM_012481.3 1 2 0
ING4 Tumor Suppressor Gene ENST00000341550 1 1 0
ITGA10 Tumor Suppressor Gene NM_003637.3 1 2 0
ITGA9 Tumor Suppressor Gene NM_002207.2 1 2 0
ITGB2 Tumor Suppressor Gene NM_000211.1 3 1 0
ITGB3 Tumor Suppressor Gene NM_000212.2 1 3 0
ITGB4 Tumor Suppressor Gene NM_000213.3 1 1 0
ITK Tumor Suppressor Gene NM_005546 1 3 0
ITPR2 Oncogene NM_002223.1 0 7 0
ITSN2 Tumor Suppressor Gene NM_006277.1 2 0 0
JAK2 Oncogene NM_004972 1 23281 23237
JAK3 Oncogene NM_000215 1 18 7
JARID1A Tumor Suppressor Gene NM_005056.1 2 0 0
JARID1C Tumor Suppressor Gene NM_004187.1 6 2 0
KIAA0182 Tumor Suppressor Gene NM_014615.1 1 1 0
KIAA1409 Tumor Suppressor Gene ENST00000256339 2 0 1
KIF16B Oncogene NM_024704.3 0 5 0
KIT Oncogene NM_000222 67 3572 3445
KNTC1 Tumor Suppressor Gene NM_014708.3 2 2 0
KRAS Oncogene NM_004985 3 14828 14796
LAMCA1 Tumor Suppressor Gene NM_002293.2 1 1 0
LAMP1 Tumor Suppressor Gene ENST00000332556 1 1 0
LATS2 Tumor Suppressor Gene NM_014572 1 1 0
LDHB Tumor Suppressor Gene NM_002300.3 2 0 1
LRRC7 Tumor Suppressor Gene ENST00000035383 1 1 0
LRRK2 Tumor Suppressor Gene SU_LRRK2 2 3 0
LTBP1 Tumor Suppressor Gene NM_206943.1 2 0 0
LTF Tumor Suppressor Gene ENST00000231751 1 1 0
MACF1 Tumor Suppressor Gene ENST00000360115 1 2 0
MAMDC4 Tumor Suppressor Gene ENST00000317446 1 2 0
MAP2K4 Tumor Suppressor Gene NM_003010 7 10 2
MAP2K7 Tumor Suppressor Gene NM_005043 2 2 2
MAP3K2 Tumor Suppressor Gene NM_006609 1 2 0
MAP3K6 Tumor Suppressor Gene NM_004672 1 4 0
MAP4K4 Tumor Suppressor Gene NM_145686 2 0 0
MAPK13 Tumor Suppressor Gene NM_002754 1 1 0
MARK1 Tumor Suppressor Gene NM_018650.1 1 2 0
MARK4 Tumor Suppressor Gene NM_031417 1 1 0
MAST4 Tumor Suppressor Gene SU_MAST4 2 4 0




MCM3AP Tumor Suppressor Gene NM_003906.3 1 2 0
MEN1 Tumor Suppressor Gene ENST00000312049 128 63 51
MET Oncogene NM_000245 5 111 82
MEX3B Tumor Suppressor Gene NM_032246.3 1 1 0
MGA Tumor Suppressor Gene XM_031689.7 2 3 0
MGC16169 Tumor Suppressor Gene SU_TBCK 1 2 0
MGC42105 Tumor Suppressor Gene NM_153361 2 2 1
MICALA Tumor Suppressor Gene ENST00000358807 1 1 0
MINK1 Tumor Suppressor Gene NM_015716 2 1 0
MLH1 Tumor Suppressor Gene NM_000249.2 28 22 16
MLL Tumor Suppressor Gene NM_005933.1 2 5 0
MLL2 Oncogene ENST00000301067 2 15 0
MLL3 Oncogene ENST00000262189 1 7 0
MLL4 Oncogene ENST00000222270 0 5 0
MMP16 Tumor Suppressor Gene NM_005941.2 1 1 0
MMP2 Oncogene NM_004530.1 0 5 0
MPL Oncogene NM_005373.1 1 241 232
MSH2 Tumor Suppressor Gene NM_000251.1 28 1 7
MSH6 Tumor Suppressor Gene NM_000179.1 98 33 86
MTMR3 Tumor Suppressor Gene NM_021090.2 1 1 0
MYH11 Tumor Suppressor Gene ENST00000338282 1 1 0
MYH9 Oncogene ENST00000216181 1 6 1
MYLK2 Tumor Suppressor Gene NM_033118 1 2 0
MYO1B Oncogene ENST00000392317 0 2 1
N4BP2 Tumor Suppressor Gene NM_018177.2 2 2 0
NBN Tumor Suppressor Gene NM_002485.3 2 1 0
NCDN Oncogene ENST00000373253 0 2 1
NCOA7 Tumor Suppressor Gene NM_181782.2 1 1 0
NEK10 Oncogene SU_NEK10 0 5 0
NEK11 Tumor Suppressor Gene NM_024800.2 1 3 0
NEK7 Tumor Suppressor Gene NM_133494 1 1 0
NEK8 Tumor Suppressor Gene SU_NEKS8 1 2 0
NEK9 Tumor Suppressor Gene NM_033116.3 1 1 0
NF1 Tumor Suppressor Gene ENST00000358273 132 31 40
NF2 Tumor Suppressor Gene NM_000268.2 546 67 322
NFKB1 Tumor Suppressor Gene NM_003998.2 2 0 1
NIN Tumor Suppressor Gene NM_016350.3 1 1 0
NIPBL Tumor Suppressor Gene NM_133433.2 2 2 0
NLE1 Tumor Suppressor Gene NM_018096.2 2 1 1
NLRP1 Tumor Suppressor Gene NM_033004.2 2 2 0
NLRP5 Tumor Suppressor Gene ENST00000390649 1 1 0
NLRP8 Oncogene ENST00000291971 0 5 0
NOTCH1 Tumor Suppressor Gene NM_017617.2 184 442 447
NOTCH2 Tumor Suppressor Gene NM_024408.2 8 4 3
NPM1 Tumor Suppressor Gene NM_002520.4 2167 7 2161
NRAS Oncogene NM_002524 1 2118 2099
NRBP1 Tumor Suppressor Gene NM_013392 1 1 0
NRK Tumor Suppressor Gene SU_ZC4-NRK 1 2 0
NTRK3 Oncogene NM_002530 0 7 0
NUP214 Tumor Suppressor Gene NM_005085.2 1 3 0
NUP98 Tumor Suppressor Gene NM_016320.2 1 4 0
OBSCN Tumor Suppressor Gene SU_OBSCN.1 4 12 0
ODZ1 Oncogene ENST00000262800.1 0 9 0
PAK7 Tumor Suppressor Gene NM_020341 1 4 0
PARP1 Tumor Suppressor Gene NM_001618.2 1 1 0
PDGFRA Oncogene NM_006206 4 498 452
PDK3 Tumor Suppressor Gene NM_005391 1 1 0
PDZRN4 Tumor Suppressor Gene NM_013377.2 1 3 0
PER1 Tumor Suppressor Gene ENST00000317276 1 4 0
PHF14 Tumor Suppressor Gene NM_001007157.1 2 1 0
PHOX2B Tumor Suppressor Gene ENST00000381741 4 1 1
PIK3CA Oncogene NM_006218.1 19 2105 1998
PIK3R1 Oncogene NM_181523.1 1 9 0
PIM2 Tumor Suppressor Gene NM_006875 1 1 0
PKHD1 Oncogene ENST00000371117 0 5 0
POLN Tumor Suppressor Gene NM_181808.1 1 2 0
PRKAR1A Tumor Suppressor Gene NM_212472.1 4 2 0




PRKCA Tumor Suppressor Gene NM_002737 1 3 0
PRKD2 Tumor Suppressor Gene NM_016457 1 3 0
PRKDC Oncogene NM_006904 0 9 0
PTCH1 Tumor Suppressor Gene NM_000264.2 162 109 84
PTEN Tumor Suppressor Gene NM_000314.4 961 691 1200
PTPN11 Oncogene NM_002834.3 0 372 347
PTPN9 Tumor Suppressor Gene NM_002833.2 1 1 0
PTPRC Oncogene NM_002838.2 0 6 1
PTPRT Oncogene NM_133170.2 0 5 0
RAD18 Tumor Suppressor Gene NM_020165.2 2 1 1
RAD21 Tumor Suppressor Gene NM_006265.1 1 1 0
RAD50 Tumor Suppressor Gene NM_133482.1 2 0 1
RAD54B Tumor Suppressor Gene NM_012415.2 1 1 0
RASA3 Tumor Suppressor Gene NM_007368.2 1 1 0
RASGRF2 Oncogene NM_006909.1 0 5 0
RB1 Tumor Suppressor Gene NM_000321 206 33 93
RET Oncogene NM_020975 0 346 311
REV3L Tumor Suppressor Gene NM_002912.1 1 1 0
RFC4 Tumor Suppressor Gene NM_002916.3 1 2 0
RFX2 Tumor Suppressor Gene ENST00000303657 1 2 0
RGL2 Tumor Suppressor Gene NM_004761.2 1 1 0
RIF1 Oncogene NM_018151.1 0 5 0
RNF123 Tumor Suppressor Gene NM_022064.2 1 2 0
ROCK1 Tumor Suppressor Gene NM_005406 2 1 0
ROCK?2 Tumor Suppressor Gene NM_004850 2 1 0
ROR1 Oncogene NM_005012 1 6 0
ROR2 Tumor Suppressor Gene NM_004560 1 3 0
ROS1 Oncogene NM_002944 1 5 0
RPS6KA2 Tumor Suppressor Gene NM_021135 2 2 0
RUNX1 Tumor Suppressor Gene ENST00000300305 86 120 105
SENP6 Tumor Suppressor Gene NM_015571.1 1 2 0
SERPINA2 Tumor Suppressor Gene XM_372532.2 1 1 0
SETD2 Tumor Suppressor Gene ENST00000330022 12 3 0
SFRS6 Tumor Suppressor Gene ENST00000244020 1 1 0
SGK3 Tumor Suppressor Gene NM_013257 1 1 0
SgK494 Tumor Suppressor Gene SU_SgK494 1 3 0
SgK495 Tumor Suppressor Gene SU_SgK495 2 2 0
SMAD2 Tumor Suppressor Gene NM_005901.3 2 1 0
SMAD3 Tumor Suppressor Gene NM_005902.3 1 1 0
SMAD4 Tumor Suppressor Gene NM_005359.3 73 103 57
SMARCA4 Tumor Suppressor Gene NM_003072.2 11 15 0
SMARCB1 Tumor Suppressor Gene NM_003073.2 146 86 154
SMC6 Tumor Suppressor Gene NM_024624.2 2 1 0
SMG1 Tumor Suppressor Gene SU_SMG1 1 4 0
SMO Oncogene NM_005631.3 0 28 11
SNF1LK Tumor Suppressor Gene NM_173354 1 2 0
SNX13 Tumor Suppressor Gene NM_015132.2 1 1 0
SOCS1 Tumor Suppressor Gene NM_003745.1 24 31 11
SORL1 Tumor Suppressor Gene ENST00000260197 1 4 0
SOX11 Tumor Suppressor Gene ENST00000322002 1 1 0
SPEG Tumor Suppressor Gene SU_SPEG 1 3 0
SPEN Oncogene NM_015001.2 1 5 0
SPO11 Tumor Suppressor Gene ENST00000371263 1 1 0
SPTAN1 Tumor Suppressor Gene ENST00000372731 1 4 0
SRC Tumor Suppressor Gene NM_005417 11 0 10
SRPK2 Tumor Suppressor Gene BC035214 1 1 0
STK11 Tumor Suppressor Gene NM_000455 95 85 85
STK19 Tumor Suppressor Gene NM_032454 2 1 1
STK32B Tumor Suppressor Gene NM_018401 2 1 0
STK32C Tumor Suppressor Gene SU_YANK3 1 1 0
STK36 Tumor Suppressor Gene NM_015690 1 4 0
SUFU Tumor Suppressor Gene NM_016169.2 3 1 0
SYNE1 Oncogene ENST00000265368 0 5 0
SYNE2 Tumor Suppressor Gene ENST00000358025 1 2 0
TAF1 Tumor Suppressor Gene NM_138923 2 6 0
TAF1L Tumor Suppressor Gene NM_153809 5 6 1
TCF12 Tumor Suppressor Gene NM_207037.1 4 0 1




TCF7L2 Tumor Suppressor Gene ENST00000369397 2 1 1
TECTA Tumor Suppressor Gene ENST00000392793 1 3 0
TEX14 Oncogene SU_SgK307 0 6 0
TGFBR2 Tumor Suppressor Gene NM_003242 4 7 1
TMEM161A Oncogene ENST00000162044 0 2 1
TMPRSS6 Tumor Suppressor Gene ENST00000346753 1 2 0
TNFAIP3 Tumor Suppressor Gene NM_006290.2 68 34 32
TNFRSF8 Oncogene NM_001243.2 0 2 1
TNK2 Tumor Suppressor Gene NM_005781 2 4 0
TNKS2 Tumor Suppressor Gene AF264912.1 1 4 0
TNNI3K Tumor Suppressor Gene NM_015978 2 3 0
TNPO1 Tumor Suppressor Gene NM_002270.2 2 2 0
TNPO3 Tumor Suppressor Gene NM_012470.2 1 1 0
TOP2B Tumor Suppressor Gene NM_001068.2 1 2 0
TP53 Tumor Suppressor Gene NM_000546 164 449 423
TPO Tumor Suppressor Gene NM_000547.3 1 2 0
TRIM33 Tumor Suppressor Gene NM_015906 3 3 0
TRIM36 Tumor Suppressor Gene NM_018700.2 1 2 0
TRIO Oncogene NM_007118.2 1 8 0
TRIP11 Tumor Suppressor Gene ENST00000267622 1 3 0
TRRAP Oncogene NM_003496 0 13 0
TSC1 Tumor Suppressor Gene NM_000368.2 3 1 0
TSHR Oncogene NM_000369.1 0 263 234
TTBK2 Tumor Suppressor Gene SU_TTBK2 1 1 0
TTK Tumor Suppressor Gene NM_003318 5 0 4
TTN Oncogene NM_003319 3 61 0
TWF2 Tumor Suppressor Gene NM_007284 1 1 0
TYK2 Tumor Suppressor Gene BC014243 1 1 0
UBP1 Tumor Suppressor Gene NM_014517.2 1 1 0
UBR4 Tumor Suppressor Gene NM_020765.1 5 6 0
UBR5 Oncogene NM_015902.4 0 5 0
ULK2 Tumor Suppressor Gene NM_014683 2 2 1
UspP24 Tumor Suppressor Gene XM_371254.3 2 3 0
USP54 Tumor Suppressor Gene NM_152586.2 1 1 0
UTX Tumor Suppressor Gene NM_021140.1 23 4 18
VEPH1 Tumor Suppressor Gene ENST00000392832 2 1 0
VHL Tumor Suppressor Gene NM_000551.2 727 483 870
VPS13B Oncogene NM_017890.3 1 6 0
WNK1 Oncogene NM_018979 0 5 0
WNK2 Tumor Suppressor Gene SU_WNK2 3 3 0
WNK4 Tumor Suppressor Gene NM_032387 1 3 0
WRN Tumor Suppressor Gene ENST00000298139.1 1 1 0
WT1 Tumor Suppressor Gene NM_024426.2 222 65 194
XRCC6 Tumor Suppressor Gene NM_001469.2 2 0 1
ZC3H12B Tumor Suppressor Gene NM_001010888.1 1 1 0
ZMYM4 Tumor Suppressor Gene NM_005095.2 2 1 0
ZNF384 Tumor Suppressor Gene ENST00000361959 1 2 0




