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Abstract

For more than 45 years since the War on Cancer in 1971, the ruling conceptual
framework on fighting disease has been, and still is, on hunting for genes and their
mutations, churning out countless “promising” breakthroughs, none of which really
panned out into treatment. As the human genome was declared “completed” in
2003, gene-obsessed scientists turned to whole-exome sequencing, in the guise of
Personalized Medicine, striving to comparatively identify all the deleterious mutations
likely to cause “personalized” disease. Nonetheless, the genome-guided Personalized
Medicine is not that guaranteed either. This review is not merely to discuss the inherent
problems around the common wisdom on disease, but to document a growing number
of multidimensional evidences, all coming together to point to one thing: genetic
mutation is not behind disease.

Introduction

At the June 26, 2000 Human Genome Announcement Speech at the
White House, President Clinton praised the completion of the initial working
draft sequence of the entire 3.2-Gb haploid human genome, stating: “It will
revolutionize the diagnosis, prevention and treatment of most, if not all, human
diseases.” The announcement was universally hailed as a historic achievement
for some hopes for galloping advances in the diagnosis and treatment of genetic
disease. Two years later in April 2003, the Human Genome Project (HGP) was
officially declared finished. The finished human genome map was published in

October 2004, with a substantial improvement over the initial draft sequence
[1], seemingly heralding the soon-to-be advent of Personalized Medicine.
Bioinformatic analysis predicted that the human genome contains only ~20,000
protein-coding genes, a shock compared to ~100,000 as estimated at the turn of
the new millennium. It turned out that not only the human genome map marked a
beginning of new research to crack the code of disease, but it also was a launchpad
to validate the ruling conceptual framework on fighting disease. Armed with the
finished human genome, bioinformaticians have teamed up with geneticists and
clinicians to address many confronting challenges, including: how to determine
the exact total number of protein-coding genes embedded in the human genome;
how to search for all the disease-causing deleterious mutations; how to accurately
predict alternative splicing patterns of protein-coding genes; how to identify the
functional and/or regulatory roles of the introns and the ubiquitous repetitive
elements (REs) in gene expression and regulation; how to create a complete
human genome reference sequence assembly which could be comparatively
analyzed against anyone’s genome. Nonetheless, three big problems around the
human genome persist, making it hard to address these challenges.

Is the finished human genome finished?

The “finished” human genome has three inherent problems. First, it was
haploid (3.2 Gb), not diploid (6.4 Gb), not able to make it possible not only to
identify the accurate number of protein-coding genes embedded in the human
genome, but also to provide the full spectrum of human diseases and disorders.
Second, it has never been completely sequenced, even with many
substantial improvements over the initial draft, despite continued advances in
genome sequencing and bioinformatics algorithms. Still, ~7% of the entire 3.2-Gb
haploid human genome are missing from GRCh38, the human genome reference
assembly build 38 (Figure: 1). The missing (or unsequenced) gaps mostly fall on

Figure 1: %Completion of the individual human chromosomes. Each of the 23 individual human chromosomes is not completely resolved yet, with overall %completion of 93%.
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“non-genic” REs, found clustered in the centromeres and telomeres of the human
genome. Notwithstanding the gaps, leading “gene-obsessed” scientists never
bothered with saying that the unsequenced should not play any role in disease.
Subsequently, they have turned to whole-exome sequencing, aspiring to target
only the protein-coding regions in the genome. GRCh38 is, in fact, a composite
genome of multiple individuals; it is vastly updated compared to its poorly
assembled predecessor GRCh37 [2], with new annotations for the centromeres
and a highly expanded collection of alternate loci to better represent diverse
human populations. It was recently suggested that a de novo genome assembly
procedure, called 3D genome assembly originally developed to sequence the 1.2
Gb genome of the Zika virus-carrying Aedes aegypti mosquito, may help build a
high-quality human genome reference sequence assembly with chromosomelength scaffolds, entirely from scratch [3].
Third, the compositional and structural organization of the human genome
is extremely complex [4], containing many functional and regulatory elements
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(Figure: 2). Shockingly, however, only ~1% of the human genome codes for
proteins, while up to 78% constitute REs including transposable elements
(TEs) and short tandem repeats (STRs). In particular, the structural complexity
of human protein-coding genes, composed of exons, introns, and untranslated
regions (UTRs), requires alternative splicing for proper gene expression.
Alternative splicing transcribes a single protein-coding gene into its several-tomany mRNA transcripts, each of which contains a different set of exons and is
subsequently translated into its respective protein isoform. To make it worse, the
patterns of alternative splicing are supremely variable and sporadically tissuedependent, not predictable yet. Moreover, protein-coding genes, forward (+) and
reverse (-), occur on both strands of the diploid human genome. Furthermore,
supposedly noncoding introns can include additional protein-coding genes within
themselves. Together, it is unlikely to develop a novel algorithm to unambiguously
and accurately identify all protein-coding genes present in the human genome,
raising questions about the rationale and validity of exome sequencing.

Figure 2: Compositional complexity of the human genome. The human genome contains many sequence components, including the ubiquitous non-genic repetitive elements
(REs). Transposable elements (TEs) are comprised of long interspersed nuclear elements (LINEs), short interspersed nuclear elements (SINEs), and long terminal repeats (LTRs).
~19% of REs are still not annotated yet.

Are we on the right track to fight disease?

Since President Nixon’s National Cancer Act of 1971, or the War on Cancer,
there have been massive efforts to fight against cancer. Inspired largely by the
1976 discovery of retroviral oncogenes by the two 1989 Nobel laureates Michael
Bishop and Harold Varmus, viruses had long been suspected as the cause of
cancer, and billions of dollars had been poured into cancer virus research until
the suspicion was removed in 2013. In parallel, “gene-obsessed” geneticists and
oncologists have blamed genetic mutations as the bona-fide cause of cancer,
having alleged that medical conditions and personal traits are all attributed to
genetic mutations, inherited or caused by environment. Writing in The New York
Times in 2009, the 1962 Nobel laureate James Watson declared: “We shall soon
know all the genetic changes that underlie the major cancers that plague us.”
Gene-obsessed scientists keep focused on chasing after cancer-causing genes and
their variations, announcing a myriad of cancer “breakthroughs.” Nonetheless,
cancer defied every one of them, remaining still elusive. What an abysmal failure!
The time is now ripe to take a careful look at where we are and to redefine the
conceptual framework for the War on Cancer.

Are genetic variations supposed to be mutations?

“Nothing in biology makes sense except in the light of evolution,” writes
Theodosius Dobzhansky in 1973. Evolution is all about change (or variation),
forward and positive!

The basic premise of comparative biosequence analysis is that biosequences
with a homologous function adopt similar higher-order structures to maintain
the homologous function throughout evolution, regardless of their sequence
variations, consistent with biological robustness [5]. In other words, biosequences
respond with changes to perturbations, internal or external, while rendering their
3D structure and, in particular, their function unchanged. For example, both types
of RNase P RNA, despite their substantial sequence differences, fold into overall
similar 3D structures and perform the exact same function of tRNA maturation
(Figure: 3). This implies that biosequences change in accordance with the Mother
Nature, optimizing an organism’s adaptation to their ever-changing environments
and, in turn, evolving in the direction of increasing the entropy of the organism.
In this regard, sequence variations in protein-coding genes, or genetic variations,
are supposed to not harm an organism’s function. Nonetheless, comparatively
derived genetic variations are taken for granted as disease-causing mutations,
not only violating the very premise of comparative biosequence analysis, but
also ignoring biological robustness. In particular, gene-obsessed scientists keep
alleging that a genetic mutation is a “permanent” alteration that triggers harmful
changes in the structure of its coded protein; the resulting protein goes awry and
initiates disease. In their perspective, genetic mutation is the only ‘must-have’
tool to fight disease.
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[8]. According to the gene-centric view on disease, these apparently suggest that
any change in any of the essential genes could lead to disease.

Interestingly, the blood disorder thalassemia is implicated by many
simultaneous “mutations” occurring in both coding and noncoding regions of
the β-hemoglobin gene [9]; it’s so challenging to pinpoint which one, coding or
noncoding, is responsible for the disease. More interestingly, primate-specific
non-genic TEs called Alu elements, aka short interspersed elements (SINEs)
accounting for ~13.7% of the human genome (Figure: 2), underlie numerous
“genetic” diseases including breast cancer, colon cancer, Ewing’s sarcoma,
hemophilia, Leigh’s syndrome, diabetes type II [10]. Besides, a recent genome
sequencing study confirmed that a woman lacking a gene putatively “essential”
for fertility had three children [11]. It was further confirmed that ependymomas,
the third most leading childhood brain cancer, bears no genetic variations, but
rather reveals a strong correlation with epigenetic changes [12]. Strikingly, a new
cohort study of 1,007 Ashkenazi Jewish patients diagnosed with breast cancer
showed that 903 (or 90%) carried none of the three conventional ‘founder’
mutations in the BRCA1 or BRCA2 genes [13]; 865 (or 96%) of 903 had no genetic
changes, raising a big question about the practicality of gene-based breast cancer
screening. Most shockingly, in January 2016, the Daily Mail Online reported a
then 7-year-old “bionic” girl who doesn’t eat, sleep, and feel pain, even with her
entire chromosome 6 missing. All these studies clearly suggest not only that the
“essential” genes be not that essential, but that genetic “mutations” be not listed
as a dominant risk factor for disease.
A recent large-scale screening against 874 genes from 589,306 healthy
individuals’ genomes identified 13 adults harboring resilient mutations for 8
serious single-gene Mendelian rare diseases (aka orphan diseases), each with no
positive childhood conditions for the orphan diseases [14]. Another recent study,
the first randomized trial of whole-exome sequencing in primary care, revealed
that 11 out of 50 volunteers, whose exomes were sequenced, had “mutations” in
at least one position of the 4,631 genes thought to be linked to ~1,000 orphan
diseases [15]. Surprisingly, however, only 2 of the 11 people with disease-causing
mutations turned out to be positive, raising questions about the application of
routine whole-exome sequencing for disease diagnosis in a primary care setting.
Furthermore, most non-Mendelian diseases are simultaneously linked to many
different genes. For example, more than 100 genes are implicated in autism
spectrum disorder (ASD) [16], which makes it extremely difficult not merely to
track down what gene causes ASD, but to hunt for its proper treatment.
Together, there is no compelling evidence to support that genetic
“mutations” cause disease. It is thus crystal clear that genetic variations do not
shed light on disease diagnosis and treatment. Consequently, neither wholeexome sequencing-based Personalized Medicine nor CRISPR/Cas9-based gene
editing to treat genetic diseases will be that practical. Therefore, the misleading
mutation-centric view on disease must be phased out.

New frontiers beyond genetic variation
Figure 3: : RNase P RNA secondary structures with annotated tertiary interactions. (A) Type A from Thermotoga maritima (PDB ID 2A2E). (B) Type B from Bacillus stearothermophilus (PDB ID 2A64). Long-range tertiary interactions are colored
differently; while red and blue lines are for base-base interactions, green lines are for
base-backbone or backbone-backbone interactions.

Do genetic variations shed light on disease diagnosis and
prevention?
Gene-obsessed scientists consider that every protein-coding gene we have
exists for a reason. If something “mutates” the sequence of a gene, we would not
survive or at least we would suffer from a disease. This suggests that genetic
“mutations” be reflected in diseases or medical conditions. In this scenario, gene
mutation databases, especially those based on whole-exome sequencing, should
hold the key for disease diagnosis and treatment. However, they turned out not to
be that reliable, either with too many false positives (up to 25%) or with too small
number of data points for many rare diseases [6]. Most surprisingly, a recent
bioinformatics analysis of >10 million genetic variations from 60,706 people’s
genomes revealed that only 15% (or 3,230) of the ~20,000 genes in the human
genome are essential, with universally (or 100%) conserved among people; the
remaining are highly variable from person to person and, in turn, can be removed
with no impact on human health [7]. Similarly, only 18.7% (or 1,105) of the 5,916
genes in the Saccharomyces cerevisiae (yeast) genome are essential for growth

The human genome sequences vary from person to person. On average,
humans acquire ~100 de novo variations per genome per generation, each of
which is currently suspected as a cause of early-onset genetic disorders [17]. Its
variations including ubiquitous copy number variations (CNVs), however, should
not be simply perceived as disease-causing mutations, but rather as evolutionary
consequences of its responses to perturbations as a way of adaptation to its
fluctuating environments. With such wide variations among individual genomes,
small and large, it’s not possible to build a human genome reference sequence
assembly; the current human genome “reference” sequence assembly, GRCh38, is
a hodgepodge of many people’s genomes. Thus, it does not make any sense for the
reference genome sequence to be comparatively aligned against an individual’s
genome to identify personalized disease-driving “mutations” and then diagnose
disease in the individual, healthy or ill. This indicates that genome-guided
Precision Medicine, launched by President Obama’s 2015 Precision Medicine
Initiative (PMI) with a bold ambition to precisely diagnose and treat disease in the
ill, will go nowhere unless “mutations” are really behind disease. Consequently,
the gene-centric view on disease will never work, prompting a next-generation of
strategies to fight disease.
Studies have shown that cancer cells produce far more lactic acid than normal
cells regardless of oxygen availability [18], implying a strong association between
cancer and glucose metabolism. Besides, a plethora of cancer-causing bacteria
have been identified for more than a century [19]; the first ones were discovered
by William Russell in 1890. It is now accepted that long-term infection with the
bacterium Helicobacter pylori is the very cause of gastric cancer [20]. It was also
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shown that pancreatic cancer, one of the most deadly with only 3% survival rate,
is directly tied to two periodontitis-causing bacteria, Porphyromonas gingivalis
and Aggregatibacter actinomycetemcomitans [21]. Other than cancer, bacteria
lead to other diseases as well. A most recent microbiome analysis uncovered a
direct link between gut microbiome composition and Alzheimer’s disease (AD),
the most frequent form of senile dementia [22].

Inflammation, the immune response to infection, is another leading culprit
in all cancers and other diseases; the connection between inflammation and
cancer was first proposed by Rudolf Virchow in 1863. It is now obvious that
inflammation, including inflammatory bowel disease, promotes colon cancer
development [23]. It was demonstrated for the first time that cancer cells keep
making prostaglandin E2 (PGE2), a pro-inflammatory mediator in the colon,
which in turn triggers the production of cancer stem cells (CSCs) responsible
for cancer progression, metastasis, and resistance to chemotherapy [24]. It was
also shown that the endotoxin-releasing gut bacterium Enterobacter cloaceae
B29 induced obesity and diabetes through endotoxin-mediated inflammation
[25]. However, little is still understood about how exactly inflammation
triggers disease, suggesting that inflammation be a promising target for disease
prevention and treatment. Inspired by the fact that anaerobic bacteria thrive
inside anaerobic cancer cells and die inside normal cells, a previous study showed
that, if combined with chemotherapy, the engineered anaerobic soil bacterium
Clostridium novyi killed living tumors in mice [26]. Another study demonstrated
that the combination of an engineered self-destructible bacterium Escherichia
coli and chemotherapy destroyed cancer cells in mice significantly [27]. The
development of such programmable cancer-targeting bacterial strains would be
a game changer in fighting cancer.
Furthermore, all cancer cells are characterized by aneuploidy, an abnormal
variation in chromosome number, including monosomy (2n – 1) or trisomy (2n
+ 1), unlike normal cells with diploidy (2n) [28]. Aneuploidy causes many other
disorders as well, including monosomic Turner syndrome and trisomic Down
syndrome. Unbelievably, however, aneuploidy in cancer has been completely
ignored by scientists and researchers for the past several decades. Consequently,
little is still well understood about how aneuploidy induces cancer [29]. Thus, it’s
presently not clear whether aneuploidy could be targeted for cancer treatment,
despite some treatment opportunities to target putatively aneuploidy-induced
energy and proteotoxic stress [30]. Strikingly, it was very recently reported that
aneuploidy is linked to the variations in the centromeric, functional satellite
repetitive elements (or simply satellites), which constitute ~10% of the human
genome but mostly still remain unsequenced even with the most advanced
sequencing technology [31].

Conclusions and Discussion

Genetic variations have been taken for granted as disease-causing mutations.
In particular, gene-obsessed scientists have been focused on the hunt for genetic
mutations in the ill. As the haploid human genome “reference” sequence came
out in 2003, they turned to whole-exome sequencing in the hopes of uncovering
all the disease-leading mutations by comparatively analyzing the genomes
of individuals, healthy and ill, seemingly opening the door to Personalized
Medicine. The past decade, however, has witnessed multidimensional discoveries
and findings, all coming together pointing to one thing: genetic mutation is not
responsible for disease. This implies that the gene-focused conventional view on
disease is misleading and deceiving; not only does it ignore the very premise of
comparative analysis of biosequences, but also violates biological robustness. In
addition, the current human genome “reference” assembly is still not complete,
containing many unsequenced gaps. Despite continued advances in genome
sequencing methods and bioinformatics algorithms, stitching together large
numbers of short sequence reads from DNA sequencing machines to build a
correct, complete human genome assembly is still very challenging.

Multidimensional evidences now clearly reveal that the mutation-focused
view on disease has no ground to stand on any more; gene-obsessed scientists
have been “barking up the wrong tree.” This means that a next-generation of
strategies beyond genetic mutation needs to be established to fight disease. More
and more evidences indicate that human health is largely and directly influenced
by the gut microbiome, the complex bacterial community in the gut, which is
composed of >10 trillion bacteria. The gut bacteria help digestion, produce
vitamins B and K, and drive cancer, obesity, and other metabolic diseases. The
gut bacteria generate signals, through which they communicate regarding their
needs and stress. For example, hunger ache is likely to be their “trick or treat”
signal for nutrients. This means that we need to listen and respond to bacterial
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signals promptly and properly, without disrupting the gut microbiome itself, to
stay healthy and live longer. Thus, the gut microbiome is not only a new, untapped
territory to explore for fighting disease, but the “Blue Ocean” to establish for drug
discovery and development.
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