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Abstract

Background
Myelodysplastic syndromes are a heterogeneous group of clonal disorders of hematopoietic

progenitors and have potentiality to progress into acute myelogenous leukemia. Development of
effective treatments has been impeded by limited insight into pathogenic pathways. In this
study, we applied RNA-seq technology to study the transcriptome on 20 MDS patients and 5
age-matched controls, and developed a pipeline for analyzing this data. After analysis, we
identified 38 mutated genes contributing to MDS pathogenesis. 37 out of 38 genes have not
been reported previously, suggesting our pipeline is critical for identifying novel mutated genes
in MDS. The most recurrent mutation happened in gene IFRD1, which involved 30 % of patient
samples. Biological relationships among these mutated genes were mined using Ingenuity
Pathway Analysis, and the results demonstrated that top two networks with highest scores were
highly associated with cancer and hematological diseases, indicating that the mutated genes
identified by our method were highly relevant to MDS. We then integrated the pathways in
KEGG database and the identified mutated genes using our novel rule-based mutated driver
pathway scoring approach for detecting mutated driver pathways. The results indicated two
mutated driver pathways are important for the pathogenesis of MDS: pathway in cancer and in
regulation of actin cytoskeleton. The latter, which likely contributes to the hallmark morphologic
dysplasia observed in MDS, has not been reported, to the best of our knowledge. These results
provide us new insights into the pathogenesis of MDS, which, in turn, may lead to novel

therapeutics for this disease.
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Introduction
The frequency and incidence of myelodysplastic syndromes (MDS) are increasing in the US

population. This is attributed to multiple factors, including advancing age, the use of cytotoxic
and mutagenic therapies for cancer, and greater exposure to environmental toxins [1]. We have
recently reviewed the pathobiology and molecular pathogenesis of MDS and concluded that the
etiology and pathogenesis of MDS are very complex and remain inadequately characterized [2].
MDS is considered a clonal stem cell disease characterized by peripheral cytopenia with
normocellular or hypercellular marrow and monolineage, bilineage, or trilineage dysplasia [3].
According to the WHO classification, the main categories of MDS (listed in order of increasing
severity) include refractory anemia (RA), RA with ringed sideroblasts (RARS), refractory
cytopenia with multi-lineage dysplasia (RCMD), and RA with excess blasts (RAEB) [4].
Currently, a comprehensive understanding of the pathogenesis remains largely elusive, and

thus outcomes in MDS patients have not improved over the last few decades [5].

The completion of the Human Genome Project has enabled molecular genetic classification of
lymphoid and myeloid malignancies using high-throughput genome-wide approaches (e.g.,
cDNA microarrays, array CGH and SNP arrays) [6]. These approaches, applied to studies of
MDS since the last decade, have resulted in conflicting and inconsistent results, regarding to
how to differentiate low-risk from high-risk MDS patients [7]. In addition, these results cannot
pinpoint genes responsibility, or how they cause MDS phenotypes. Answers to these questions
are needed to elucidate the molecular mechanisms behind MDS, and to influence the design

and development of new strategies for its diagnosis, treatment, and prevention.

Next generation sequencing (NGS) is a new methodology for whole genome or transcriptome
research, and enables cost-effective sequencing with higher sensitivity. In contrast to
microarray-based studies, an NGS-based approach can generate single base-resolution data,

and enable high-resolution identification of point mutations, small insertions/deletions,
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alternatively spliced transcripts, alternatively polyadenylated transcripts, and fusions that may

be common in cancers or MDS [8].

Some putative mechanism-related mutations in MDS have been identified, including classical
oncogenes, such as RUNX1 and TP53, which were associated with severe thrombocytopenia
and an increased proportion of bone marrow blasts [9]. Recent studies also found some
recurrent mutations on splicing factors in MDS [10-12]. These mutated genes, including
U2AF35, ZRSR2, SRSF2, SF3B1, SF3Al1, SF1, U2AF65, and PRPF40B, are involved in

multiple components of the RNA splicing machinery.

Many methods have been proposed to distinguish the mutations called “driver mutations”
(promoting cancer cell proliferation) from those called “passenger mutations” (being neutral to
cancer proliferation). A standard approach for recognizing a “driver” mutation is to detect
recurrently mutated genes in cancer samples. However, this is not an effective way to reveal all
driver mutations, since different mutations may target the same pathway and genomic
aberrations in cancer exhibit significant mutational heterogeneity, even among the same
histologic type of cancers [13, 14]. As a result, some researchers have shifted to a focus on

mutated driver pathways, and the identification of cancer pathways [15-17].

Recent studies uncovered two features associated with mutated driver pathways [18]. First,
mutated driver pathways were found in many patients, which demonstrate characteristics of
“high coverage”; second, mutated driver pathways obey the “exclusivity principle”, which means
most patients only have one mutation in a driver pathway. Thus, some measurements and
algorithms have been proposed to recognize mutated driver pathways [19, 20]. However, these
methods have generally assumed that mutated pathways have similar gene expression, so they

may not work for cancers that are more heterogeneous in nature, such as MDS.
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The purpose of this study was to explore novel MDS-related mutated genes by developing a
novel bioinformatical pipeline. In samples from 20 MDS patients and 5 age-matched controls,
we selected the mutations, and predicted to be deleterious to the function of corresponding
genes. We then discovered mutated driver pathways, using a unique method, named a rule-
based mutated driver pathway scoring approach (RMDP®**"), to integrate mutation information
with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, so as to identify the
mutated driver pathways that may contribute to the pathogenesis of MDS. Our findings may

lead to the development of novel therapeutics for this disease.

Results

Mutated genes
The NGS-based methodology for mining MDS-related mutations is summarized in Figure 1.

First, RNA was extracted from HSCs and analyzed using Genome Analyzer Il from lllumina.
Then, tools were adopted to align reads to whole human genome and call variants. After calling
variants, removing known single nucleotide polymorphisms (SNPs) and deleting synonymous
mutations, the 20 MDS samples revealed 91 mutated genes when we set the threshold of
coverage as 30. Six samples had no mutations. Most of the mutated genes were mutated in one

sample; 12 genes mutated in two or more samples.

Mutations may change the sequence of a gene without affecting its function. To find function-
involved mutations, we used PROVEAN [21] and SIFT [22] to assess the biological effect of
these mutations. We found 38 mutated genes that were non-synonymous, involving 44 mutated

points (see Table 1 for details). All these genes mutated in one sample except for the IFRD1.

The most recurrent mutated gene was C133R mutation interferon-related developmental
regulator 1 gene (IFRD1), which occurred in 6 samples (30%). FRD1 could play a role in
regulating gene activity in the proliferation and differentiation pathways induced by nerve growth

factor (NGF). In humans, a non-synonymous variant in IFRDL1 is verified as a disease-causing
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candidate [23]. Although IFRD1 mutations have been reported previously in sensory/motor
neuropathy with ataxia [23] and cystic fibrosis lung disease [24], they have not previously been
associated with MDS. Among mutations listed in Table 1, only one gene, IDH1, was reported
previously as associated with MDS [9]. Of note, although some results obtained from
PROVEAN and SIFT may disagree, they consistently predicted 26 mutations, including 2

nonsense ones.

To verify the mutation detection pipeline, we chose 3 genes (IFRD1, IQGAP2, and DIDO1) for
validation (See Mutation validation section for details). IFRD1 locates in 7q31.1, IQGAP2
locates in 5q13.3, and DIDOL1 locates in 20q13.33. 5q, 7q and 20q are all located in frequent
deletion segments of the chromosomes in MDS patients. The chromosomal deletion may result
in haploinsufficiency of genetic expression and/or the mutation-related loss of genetic functions
possibly committed to pathogenesis of MDS. We used chromatography (Figure 2) to verify the

presence of these 3 mutations in our samples.

Although single nucleotide mutations cannot reveal how they affect the pathway directly, they do
affect the function of corresponding gene. According to CanPredict [25]

(http://www.canpredict.org/) the point mutation of IQGAP2 with glutamine to histidine

substitution (Q1146H) results in likely cancerous changes, which indicates that loss of its tumor
suppressor function might contribute to the pathogenesis of MDS. We also studied the structure
of IQGAP2 and found that the mutated nucleotide was located in its GTPase domain, which
may impair its GTPase activity (Figure 3).

IPA analysis

We further merged the detected 38 mutated genes with 86 mutated genes previously reported
in the literature for IPA analysis. Network analysis tools in IPA were used to determine the
biological relationships among MDS-related candidates. The two networks with the highest

scores were highly associated with cancer and hematological disease (Figure 4). Of note, IPA
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analysis was also performed to the gene set consisting of only 38 genes detected in this work.
The cancer-related network centered at CDKN2A and NFkB genes were still highly enriched;
however the one associated with hematological disease was not observed. The first network
includes 26 genes (gray and red nodes) we input; 11 (red nodes) came from our pipeline. This
network centers at CDKN2A and NFkB, and the mutated genes are very close to them. Protein
ROCK2, ERAP2, and NXF1 directly connect with NFkB. ROCK2 is one isoform of the ROCK
genes, which are important regulators of cell growth, migration, and apoptosis via control of
actin cytoskeletal assembly. The mutation we detected, Y285H, locates in the kinase domain of
ROCK2 (Figure 3), which may affect its phosphorylation function [26]. The relationship between
ROCK2 and NFkB demonstrates that inhibiting active ROCK2 will decrease activation of the
NFkB complex, indicating that functional mutation of ROCK2 may affect the function of NFkB.
The other target of ROCK2 is 26s proteasome, which is the ATP-dependent proteolytics
complex, responsible for ubiquitin-dependent protein degradation. The IPA results indicate that
Rock2 protein mediates activation of the 26s proteasome in Neuro-2a cells of mouse. Similarly,
NXF1 protein (TAP) contributes to the activity of NFkB complexes according, and its mutation
may also decrease NFkB activity. NFkB plays a major role in hematopoiesis, and is important in
the development of hematopoietic lineages. Recent data strongly show that the deregulation of

NFkB pathway significantly contributes to many hematopoietic cell diseases [27].

Another network (Figure 4B) only contains three genes we detected (red nodes). However, the
most recurrently mutated gene in our sample, IFRD1, is involved. IFRD is involved in myocyte
differentiation, and it regulates the NFkB pathway by affecting the activity of histone

deacetylases and forming complexes with the p65 subunit of NFkB [28].

Mutated driver pathway analysis
To comprehensively identify mutated driver pathways, we used a rule-based mutated driver

pathway scoring approach (RMDP*®™) (see Methods) with an adjusted threshold of coverage
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to 15 when calling mutations (Figure 1). With this approach, 470 mutated genes were identified,
including 13 genes (GNAS, IDH1, PTPN11, RUNX1, CTSL1, U2AF1, XPO1, CSTF1, CTSL1,
HNRNPCL1, NAA16, SDCCAGL, and SF3B1) previously reported as associated with MDS.
Among these 470 genes, 129 genes were annotated in the KEGG pathway database, and were
used for the mutated driver pathway analysis. The mutation matrix and connection matrix were

constructed as described in the Methods section.

We believe the chance that many mutated genes enrich in a common pathway is small.
Therefore, k was selected in the range between 4 and 10. For eachk , our algorithm outputted
several gene sets with highest score. Then from the outputs, we further selected gene sets that
perfectly match the definition of the mutated driver pathway. When k = 6, we obtained two
optimal gene sets involved in cancer pathways (Figure 5A, Figure 5B and Figure 6). These
two sets were confined to only 8 different genes: FLT3, HSP90B1, MAPK9, MLH1, TPM3, TPR,
SMAD4, and RUNXL1. The fms-related tyrosine kinase 3 gene (FLT3) encodes tyrosine-protein
kinase, acting as a cell-surface receptor for the cytokine FLT3LG. The FLT3 pathway is one of
the most important pathways in blood disease, because it regulates differentiation, proliferation,
and survival of hematopoietic progenitor cells. Previous studies reported that FLT3 mutation
lead to constitutive kinase activation; its mutations represent most recurrent perturbations in
acute myeloid leukemia (AML) [29, 30]. Our sequencing data identified the mutation L832W in
FLT3. This mutation locates in the kinase domain, like most mutations of FLT3 found in AML
[30], and was predicted to be deleterious by PROVEAN and to be damaging by SIFT. The
HSP90B1 (G543R) mutation in our samples locates in the ribosomal protein S5 domain. This is
also a harmful mutation, according to the PROVEAN and SIFT results. MAPK9 encodes a
member of the MAP kinase family, which is involved in a wide variety of cellular processes such
as proliferation, differentiation, transcription regulation, and development. We found that it has a

mutation (F225S) in the protein kinase domain and this mutation also damages its function.
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Aside from the known downstream pathways of FLT3 (such as PI3K, Ras, STAT5, and RUNX1),
SMAD4, and MLH1 may also be regulated by FLT3 [31]. They take parts in anti-apoptosis,
abnormal cell growth, and blocking differentiation. Hsp90 is also involved in this regulation and
following abnormal hematopoiesis by chaperoning FLT3 and downstream signaling molecules,
as well as direct effects on mitochondria [32]. The functional profiles of these genes are

summarized in Figure 6.

When k = 4, we found 2 optimal gene sets (ABI2, IQGAP2, PPP1R12A, ROCK1 ) and (ABI2,
IQGAP2, PPP1R12A, PIP4K2B), five genes in total. These are involved in regulation of actin
cytoskeleton (Figure 5C and Figure 5D). The Abi-2 (protein of ABI2) may regulate cell growth
and transformation by interacting with non-receptor tyrosine kinases. However, the function of

Abi-2 still remains largely unknown.

Discussion
MDS includes a series of hematopoietic stem cell disorders with high heterogeneity. This

characteristic limits the efficiency of a research approach based only on mutation frequency of
particular genes [10-12]. Instead of recurrent mutations, which were the focus of prior studies
[10-12], our pipeline aims to recognize functional mutations and mutated driver pathways. First,
we used function analysis tools, such as PROVEAN and SIFT, to estimate the effect of
mutations. Our method found a promising marker, called IFRD1, which was mutated in 30 % of
samples. This gene has a major role in sensory/motor neuropathy with ataxia and cystic fibrosis
[23, 24]. Two other genes of interest are IQGAP2 and DIDOL1. Like IFRD1, they all located in
frequent deletion segments of the chromosomes in MDS patients. IQGAP2 is a putative tumor
suppressor; down-regulation and inactivation through aberrant promoter methylation of IQGAP2
were found in hepatocellular carcinoma and promote invasion in gastric cancer, respectively
[33]. The DIDOL1 (death inducer-obliterator 1) gene located on 20q13.33, is another putative

tumor suppressor gene. It is up-regulated early in apoptosis and implicated in the induction of
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myeloproliferative neoplasm/myelodysplastic syndrome [34]. PROVEAN and SIFT both
predicted that mutations in IQGAP2 and DIDO1 were damaging. Additionally, structure analysis
indicates that some mutations happen in important motifs; for example, the IQGAP2 mutation is
on its GAPase domain. These novel discoveries are significant given their major roles in various
diseases and cancers [33, 35], suggesting that these genes may also contribute to the

development of MDS.

IPA analysis indicated that the mutated and transcribed genes identified were concentrated in
two networks that are highly associated with cancers and hematological diseases. These results
demonstrated the importance of detected mutated genes to MDS. This also reduces one
shortcoming of the current study — inability of validating MDS-free somatic tissue in the same
patient, to rule out the possibility of germ line mutation/polymorphism. Although IPA analysis
can discern networks among mutated genes, not all genomic aberrations in malignant cells

contribute to the malfunction of cell growth, proliferation, and apoptosis.

We then used our unique RMDP*°"" methodology to identify the mutated driver pathways, i.e.
a set of mutated genes that lead to development of MDS. This approach indicates that two key
pathways (i.e. cancer and regulation of actin cytoskeleton) may play important roles in MDS.
The pathway in cancer is likely related to the pre-leukemic status of MDS, and the other may
contribute to the hallmark morphologic dysplasia observed in MDS due to the dysregulation of

the cytoskeleton.

Our approach is particularly important for a disease that is very heterogeneous in nature, such
as MDS. According to previous studies, recurrent mutated genes occurred at very low
frequencies in MDS patients. This heterogeneity in mutated genes is reinforced by the fact that
37 of the 38 mutated genes we found to be associated with MDS were not reported by previous

studies when using genomic sequencing approaches. This indicates that our RNA-seq

10



Page 11 of 29 Molecular BioSystems

approach is likely more efficient for identifying novel mutated genes in MDS, since this approach

focuses on genes that are transcribed and thus functional.

Compared with previous driver mutated pathway analysis methods [19], the advantage of
RMDP*°"" methodology is that it integrates well-studied KEGG pathways instead of using pure
gene expression data. This idea was motivated by two concerns. First, there is no strong
evidence to support that co-expressed genes in MDS had interactions, and expression data
have a low signal-to-noise ratio. Second, MDS is highly heterogeneous, and relationships
between genes will not be consistent in different patients. However, our method is somewhat
limited by using prior well-established pathways; these are expanding dramatically with the new
undergoing “omics” studies. Thus, the strength of RMDPS®™™ as a new enrichment analysis

which concerns the characteristic of “driver pathways” will be further improved.

Our work demonstrated the important roles of gene mutations in MDS, and delivered new
insights to the pathogenesis. Limitations exist in the currently available data samples, which
may prevent us from other important discoveries. For example, with the limited size of patient
samples, correlations between mutations and severity/gender of MDS patients cannot be
investigated at this time. In future, we will continue to collect samples, and expect to provide

more comprehensive studies.

Materials and Methods
This study was approved by the Institutional Review Board of The Methodist Hospital, Houston,

Texas, USA and the need for written informed consent from the participants was waived by the

IRB.

Primary samples and NGS
RNA samples were prepared for next generation sequencing from 25 cases

(http://ctsb.is.wfubmc.edu/MDS/MDS.html), including 5 age-matched controls and 20 MDS

11
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patients. Individuals ranged from 30 to 78 years old (mean age 58.6 years). Among those with
MDS, we had 3 cases of refractory cytopenia with multi-lineage dysplasia (RCMD); 7 cases of
RA with excess blasts (RAEB); 1 case of acute myelogenous leukemia with MDS; 9 cases of
MDS with subtype unknown. First, cryopreserved bone marrow aspirates were thawed. Then,
hematopoietic stem cells (HSCs) were sorted out from each bone marrow aspirate by CD34
magnetic beads (Miltenyi Biotec, Auburn, CA). The HSCs were directly lysed in Nugen lysis
buffer (Nugen, San Carlos, CA), then transcribed into cDNA with the WT-Ovation RNA
Amplification System (Nugen) and analyzed according to the user’s guide. After sonication, the
fragmented cDNA from 200 to 400 base pairs was isolated and amplified with 10 cycles of a
polymerase chain reaction assay according to the paired-end protocol for the Genome Analyzer
Il (GAIl) (Ilumina, San Diego, CA). The prepared cDNA library was then sequenced on the GAll
[36]. The reads (short cDNA sequences) obtained from the GAIl were mapped to the reference
human transcript database (NCBI, National Center for Biotechnology Information) by the

methods described below.

NGS data analysis
We developed a pipeline (Figure 1) to detect functional mutated genes and mutated driver

pathways from the MDS RNA-seq data. Following next generation sequencing, raw reads were
first aligned to the UCSC reference genome using Bowtie [37]. Then the outputs were further
processed by SAMTOOLS [38] for piling up the alignments and Seqgene [39] for mutation
calling and annotation. After this step, we excluded known SNPs, mutations in no-coding
regions, mutations that also happened in controls and mutations that were synonymous. The
synonymous mutations were removed due to their unclear functions and the availability of
functional annotation tools. For example, the two tools applied in this work, PROVEAN [21] and
SIFT [40], can only be used for function annotation of non-synonymous mutations. The mutated

genes that remained were candidates for further analysis. In our pipeline, we set two levels of

12
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threshold for the coverage of called variants. One was 30, which ensured low false positive
rates. Mutations with coverages higher than 30 were selected for functional analysis. Meanwhile,
for the mutated driver pathway study, we used a threshold of 15, allowing for a more
comprehensive mutated driver pathway analysis.

Biological Function of Mutations

Not all mutations damage the function of corresponding genes. Some tools, for example
PROVEANI[41] (Protein Variation Effect Analyzer) and SIFT[22] (Sorting Intolerant From

Tolerant) (both available at http://www.jcvi.org/cms/research/software/), can identify non-

synonymous variants that should be functionally important. We input all mutations detected into
these two tools to predict if these mutations were deleterious (damaging) or neutral (tolerated).
Mutations that were predicted to be either deleterious by PROVEAN or damaging by SIFT were

selected for downstream analysis.

Mutation validation
To validate the reliability of our mutation detection method, the mutations in 3 genes (IFRD1,

IQGAP2, and DIDO1) were further validated by Sanger sequencing. These genes were
amplified from the aliquot of cDNA library for NGS with following primers: 5'-
TGCGAAGACAAGGCAAGCAGC and 5-TCAATTCCAGGGCCCAGCTGA for IFRD1, 5-
TCGACATGACAGCTGGAGGTCAGA and 5-AACTTCTCTTCTGGCTCAGGGACA  for
IQGAP2, 5-GCCTGTGATAGAGGCGCCTGG and 5-GCCTGAGCACCGCATTTCGG for
DIDO1. PCR products were purified using QIAquick PCR Purification Kit (Qiagen, Valencia,
CA), and then sequenced using Sanger method at Baylor College of Medicine Sequencing Core
Laboratory.

Ingenuity Pathway Analysis (IPA)
The IPA database (http://www.ingenuity.com/products/pathways analysis.html) consists of

millions of interactions between proteins extracted from the biological literature; thus, it can be

13
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used to indicate the likelihood of the input genes or proteins in a given pathway or network. We
collected 114 genes and input them into the IPA database for network analysis. Of the 114
genes, 38 were recognized by our mutation detection pipeline (Figure 1). The other 86 genes
which may be mutated in some cases of MDS were retrieved from three published studies [10-
12] .

Mutated driver pathway analysis

We first formalized the mutated driver pathway discovery method by following Vandin’s work
[20]. Then we proposed a rule-based mutated driver pathway scoring approach (RMDP**°®) by
integrating the formalization with validated pathways in the KEGG database (downloaded from

the Broad Institute).

In [20], the characteristics of the mutated driver pathway were abstracted as a Maximum Weight

Sub-matrix problem:

argmax f(M)gT'(M)|-ao(M) (1)

where A is mutation matrix, M is number of samples and N is the number of genes, M, is

sub-matrix of A, and k is the number of genes selected in mutated driver pathways.

I'(M)=UT(g)= U{i:A, =1 is a set of patients who have mutations in a gene subset
geM geM

corresponding to matrix M ; @(M) = ZF(g)—lF(M)lmeasures the coverage of M, which
geM

means —»(M ) can be viewed as a measurement of exclusivity.

Based on this formalization, Vandin et al. and Zhao et al. separately proposed Markov Chain
Monte Carlo (MCMC) [19, 20]and Binary Linear Programming (BLP) [19]methods to optimize
function. Zhao et al. [19]also considered biological context by integrating gene expression

profile. However, gene expression has a low signal-to-noise ratio that may distort the

14
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interactions between genes. In this research, we were interested in the mutated driver pathways
related to MDS. Therefore, instead of gene expression data, we integrated validated pathways

(KEGG) into the above model to get a rule-based mutated driver pathway scoring approach:

argmax f(M)+A«C(N) , (2)
M

where N, , is a sub-matrix of B with b; =1 if gene i and gene j are in the same pathway
and bij =0 otherwise, it corresponds to the same gene set as in the sub-matrix M ;
C(N) :Zi>j2*nij /(k*(k —1)) measures the connectivity of these genes included in matrix N .

A is a parameter setas 2*k in our case. The scoring function in (2) was solved using Genetic
algorithm (GA) [42, 43]. For every pre-determinedk , GA was run ten times to eliminate the

effect caused by different initial value settings.

Conclusion
In this study, we demonstrated the feasibility of using a new NGS-based transcriptomic

methodology to study the pathogenesis of MDS. Using the bioinformatics pipeline established
herein, this study identified key MDS-related mutated genes, and constructed potential driver
pathways with a rule-based score approach RMDP*°™™. This knowledge will provide further
insights into MDS, highlight the role of mutated genes and driver pathways, and accelerate the

development of new therapeutic agents.

List of abbreviations
MDS : Myelodysplastic syndromes

RMDP*" : rule-based mutated driver pathway scoring approach
RA : refractory anemia

RAEB : RA with excess blasts

IPA : Ingenuity Pathway Analysis
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Figures
Figure 1: Flowchart of NGS-based mutation analysis. The pipeline consists of cell preparation,

raw data generation, calling mutations, and functional analysis. Each part is described in the

Materials and Methods section.

Figure 2: Chromatograms of three validated mutations in IFRD1, IQGAP2 and DIDO1 (a, c, e:
forward; b, d, f: reverse). Since these are all heterozygous mutations, at each mutation point
there are two peaks of different colors. IFRD1 is in plus strand and the mutationis T to C; a
mixed signal of C (blue) and T (red) is seen in a) and of G (black) and A (green) in b). IQGAP2
is in plus strand and the mutation is G to T; a mixed signal of T (red) and G (black) is seen in c)
and a mixed signal of A (green) and C (blue) in d). DIDO1 is in minus strand and the mutation is
G to A; a mixed signal of A (green) and G (black) is seen in f) and a mixed signal of T (red) and

C (blue) in e).

Figure 3: Details of mutations in ras GTPase-activation-like protein (IQGAP2) and Rho-
associated coiled-coil kinases 2 (ROCK2). IQGAP2 contains four domains. The mutation
(Q1146H) was mapped onto the GTPase activation domain. ROCK2 also contains four domains.
The mutation (Y285H) was mapped onto the kinase domain. RBD: Rho-binding domain; PH:

Pleckstrin homology domain; CRD: cysteine-rich domain.

Figure 4: Two networks predicted by IPA. A. The first was identified with cancer, hematologic
disease, and molecular transport. 26 genes that we input were annotated as gray and red and
11 red nodes presented genes came from our mutation detection pipeline. This network
centered at CDKN2A and NFkB, and the mutated genes are very close to them; B. The second
network was identified with cancer, hematologic disease, and cellular development. This
network contained 19 genes that we input (grey and red). Three (red) were found by the

mutation detection pipeline. This network centered at ERK1/2.
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Figure 5: Two mutated driver pathways. A. The results of our RMDP**"™ method when K was
set as 6. Two optimal gene sets were output. Green boxes indicate mutations. Each matrix
involves six patients who had exclusive mutations which are all in the pathway in cancer. This

driver pathway is associated with cancer. B. The figure shows results of our RMDPscoring

method when K was set as 4. Two optimal gene sets were output. Green boxes indicate
mutations. Each matrix involves five patients and they have exclusive mutations which are all
involved in the regulation of actin cytoskeleton. This mutated driver pathway is associated with

regulation of the actin cytoskeleton.

Figure 6: Functional profiles of genes enriched in the cancer driver pathway. SMAD4 and MLH1
are regulated by FLT3 through the MAPK9 pathway, affect transcription, and lead to anti-
apoptosis, abnormal cell growth, and differentiation blockage. Hsp90 chaperones FLT3 and the
downstream signaling molecules and is also involved in this regulation and following abnormal

hematopoiesis.

Tables
Table 1: Mutations detected in 20 MDS samples, with the threshold of coverage set as 30. POS:

the position of mutated base in chromosome; ref: information used as a reference; mut:
mutation in our sample; het: heterozygous mutation; hom: homozygous mutation; PROVEN:
prediction of PROVEAN; SIFT: prediction of SIFT; NA: not available; * in the Amino acid column

refers to a nonsense nutation.
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Table 1: Mutations detected in 20 MDS samples, with the threshold of coverage set as 30

POS: the position of mutated base in chromosome; ref: information used as a reference;

mut: mutation in our sample; het: heterozygous mutation; hom: homozygous mutation;

PROVEN: prediction of PROVEAN; SIFT: prediction of SIFT; NA: not available; * in the

Amino acid column refers to a nonsense nutation.

Symbol

AHNAK
AHNAK
BDP1
C10orf12
Clilorf84
CALR
CEP135
CMTM7
COX7C
DEK
DEK
DEK
DIDO1
EIF3A
ERAP2
GON4L
GONA4L
GON4L
HSD17B4
IDH1
IFFO2
IFRD1
IQGAP2
MSL2
MUC12
NRD1
NUCB2
NUMB
NXF1
PARP2
PHF20L1
PLACS8
PPHLN1

POS

62292425
62298107
70763215
98743732
63585765
13054721
56878014
32483465
85913936
18258280
18258281
18258282
61538644
120801799
96228086
155746190
155746202
155746206
118872214
209113113
19246218
112097081
75970445
135870569
100645785
52301829
17336970
73822386
62567942
20822340
133851794
84015929
42745802

Base
(ref/mut)
A/G
T/IG
T/C
T/A
C/T
G/T
C/T
G/A
G/A
T/IG
T/G
T/IG
G/A
C/A
G/T
A/C
G/C
T/IG
A/G
G/T
T/C
T/C
G/T
AT
C/T
G/A
A/T
C/IT
T/C
T/A
T/C
C/A
A/G

Amino acid
(ref/mut)
M/T
KIT
C/R
M/K
L/F
E/D
R/C
R/H
G/S
K/N
K/R
K/IQ
S/L
G/V
D/Y
F/C
T/S
T/P
E/G
R/S
E/G
C/R
Q/H
I/K
P/S
P/L
E/NV
W/*
E/G
C/s
L/P
D/Y
E/G

Type

het
het
het
het
hom
het
het
hom
het
het
het
het
het
het
het
hom
hom
het
het
het
het
het
het
het
het
het
het
het
het
het
het
het
het

PROVEAN

Deleterious
Deleterious
Deleterious
Deleterious
Neutral
Neutral
Deleterious
Deleterious
Deleterious
Neutral
Neutral
Neutral
Deleterious
Neutral
Deleterious
Deleterious
Deleterious
Neutral
Deleterious
Deleterious
Deleterious
Deleterious
Deleterious
Neutral
Neutral
Deleterious
Deleterious
Nonsense
Deleterious
Deleterious
Deleterious
Deleterious
Deleterious

SIFT

Tolerated

Damaging
Tolerated

Damaging
Damaging
Damaging
Damaging
Damaging
Tolerated

Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
Tolerated

Tolerated

Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
Tolerated

Damaging
Nonsense
Damaging
Damaging
Damaging
Damaging
Damaging
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RAD21
RBBP6
ROCK?2
RPS3
SCP2
SP100
SP100
TSPYL2
UBEZ2L3
YLPM1
ZCCHC1
1

117875473
24578657
11367395
75113469
53516318

231307768

231307771
53115453
21965309
75295994
52954588
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CIT
G/A
AIG
TIC
T/C
T/G
A/C
AIG
A/G
TIC
CIT

G/E
AT
Y/H
L/P
M/T
L/R
E/A

v
K/R
L/P
Wr*

het
het
het
het
het
het
het
het
het
het
het

Deleterious
Neutral
Deleterious
Deleterious
Deleterious
Deleterious
Deleterious
Neutral
Deleterious
Deleterious
Nonsense

Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
Damaging
NA

Nonsense
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a) IFRD1 forward primer b) IFRD1 reverse

ACGCCGBGLCCTG TTCAE GG CGGCEGETT

c) IQGAP2 forward primer d) IQGAP2 reverse

TTCcaTCocacgoy BT GLET G A A

e) DIDO1 forward primer f) DIDO1 reverse
L I o G T C

Figure 2
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IQGAP2: Sequence features summary and mutation
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ROCK?2: Sequence features summary and mutation
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