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Introduction

In the grand opera of life, extinction has always
played the role of the final act—a curtain that falls
with nrrevocable silence, an irreversible punctuation
in the prose of evolution. Species once roamed the
earth as kings, only to be reduced to whispers
entombed in the sediments of deep time, their bones
nothing more than fossilized footnotes in the library
of Earth’s history. But what if the story doesn’t have
to end? What if, armed with the precision of
CRISPR and the audacity of synthetic biology,
humankind dares to scribble addendums onto pages
thought forever sealed? The resurrection of extinct
species, once the realm of speculative fiction, now
teeters on the edge of scientific reality.

Among the most spellbinding pursuits is the revival
of the dire wolf (4denocyon dirus), a predator whose
heavy jaws once cracked the bones of Pleistocene
megafauna and whose howl may soon rise again, not
through natural selection, but through human
design. The ambitious architects of this genetic
resurrection? Colossal Biosciences—a company
whose name befits its Herculean goals. This is not
merely a story of wolves. It is a tale of how modern
science has begun to pluck forgotten threads from
the tapestry of life and weave them into something

=) new.
G
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Colossal Biosciences: The Architects of Synthetic
Resurrection

Colossal Biosciences, founded in 2021 by
entrepreneur Ben Lamm and geneticist George
Church, emerged at the forefront of de-extinction
science with bold objectives: to leverage
CRISPR-Cas9 gene-editing technology to reverse
extinction, engineer climate-adapted species, and
enhance biodiversity. Imitially gaining global
attention for their woolly mammoth project,
Colossal expanded its portfolio to include the
ambitious resurrection of the dire wolf, an apex
predator that roamed North and South America until
its extinction approximately 10,000 years ago.

Colossal’s long-term goals encompass more than
spectacle; the company aims to develop functional
ecological proxies to restore degraded ecosystems,
combat climate change, and improve genetic
diversity within endangered populations. Their
future  plans include advancing CRISPR
multiplexing capabilities, perfecting somatic cell
nuclear transfer (SCNT), and establishing global
genomic biobanks to preserve the blueprints of both
endangered and extinct species.

B i

Engineering the Dire Wolf: A CRISPR Masterclass

The resurrection of the dire wolf required a precise, multi-layered scientific approach involving ancient
DNA analysis, comparative genomics, complex gene editing, and cross-species embryonic transfer.
Ancient DNA Refrieval and Assembly

The process began with the extraction of ancient DNA from exceptionally well-preserved dire wolf fossils,
including a 13,000-year-old tooth and a 72,000-year-old cranial fragment. Ancient DNA is typically
highly fragmented and chemically degraded, with the average fragment length often less than 100 base
pairs. Colossal employed next-generation sequencing (NGS) combined with specialized DNA repair
enzymes to maximize sequence recovery.

After sequencing, the ancient DNA reads were aligned against the reference genomes of modem grey
wolves (Canis lupus), African wild dogs (Lyecaon pictus), and domestic dogs (Canis lupus familiaris) to
identify homologous gene regions. Computational genome assembly tools, including de novo assemblers
and ancient DNA-specific alignment algorithms, were used to reconstruct portions of the dire wolf genome
with a coverage depth of approximately 10x.

ABojoiqoyied 1A
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Targeted Gene Selection

Comparative genomics identified 20 gene loci across 14 functional genes where dire wolf alleles diverged
significantly from their modem canid counterparts. These included:

+ IGF1 (Insulin-like Growth Factor 1): Associated with overall body size.

* BMP3 (Bone Morphogenetic Protein 3): Influences craniofacial development.

* MYH16 (Myosin Heavy Chain 16): Regulates jaw muscle mass and bite force.

+ MCI1R (Melanocortin 1 Receptor): Determines coat pigmentation.

» COL1AL1 (Collagen Type I Alpha 1 Chain): Controls bone density and tensile strength.

+ TLR4 (Toll-like Receptor 4): Modulates immune system responses.

Additional loci related to thermoregulation, metabolism, and skeletal robustness were also targeted based on
phylogenetic inference and functional annotation databases.

CRISPR-Cas9 Design and Multiplex Editing
The CRISPR-Cas9 system was utilized for site-specific genome editing. Guide RNAs (gRNAs) were
meticulously designed using in silico prediction tools to minimize off-target cleavage. A multiplexed
CRISPR strategy was employed to simultaneously edit all 20 target sites. This represents one of the most
complex CRISPR applications in a mammalian system to date.

#l The editing process involved:
» Cas9 mRNA and gRNA microinjection into zygotes derived from grey wolves.
* High-fidelity Cas9 variants (HiFi-Cas9) to reduce unintended genomic alterations.
Homology-directed repair (HDR) templates to introduce ancient dire wolf alleles.

. Following successful editing, whole-genome sequencing of the edited embryos confirmed the

incorporation of the desired alleles and verified the absence of off-target effects.

B Cloning and Surrogacy

The edited embryos were cloned via somatic cell nuclear transfer (SCNT) and implanted into domestic
i dog surrogates, selected for their reproductive compatibility and gestational tolerance. Veterinary
& moniforing protocols ensured embryonic viability and minimized the risk of gestational failure.
8 The result: three live wolf pups—Romulus, Remus, and Khaleesi—exhibiting enlarged skulls, robust bone

B iructures, and pale coat coloration reminiscent of dire wolf phenotypes. Genomic analysis confirmed that

approximately 0.5% of their genome was engineered to reflect dire wolf characteristics, while 99.5%

emained grey wolf DNA.
Beth Shapiro, Colossal's chief scientist, emphasized the scientific nuance: "What we have achieved is a

# piienolypic proxy, nof a pure genefic resurrection. These are engineered wolves, nol Irie dire wolves."

Veterinary and Genetic Implications

From a veterinary perspective, this project raises critical considerations regarding genetic stability,
immunocompatibility, and developmental health in edited orgamisms. The introduction of ancient
immune system genes may confer both beneficial resistance and unpredictable vulnerabilities in modern
pathogenic landscapes.

Key veterinary concerns included:

+ Cross-species gestational challenges

* Potential immune mismatches post-birth

+ Behavioral deviations due to incomplete neural development modeling

Long-term monitoring will assess the health, fertility, and ecological adaptability of these engineered
canids, providing valuable data on the viability of de-extinct proxies in controlled and semi-natural
environments.

colossal

Expanding the Genetic Ark: Other De-Extinction Projects

* Colossal Biosciences is actively pursuing additional de-extinction projects with sophisticated CRISPR
strategies:

* Woolly Mammoth (Mammuthus primigenius): Insertion of cold-adaptive alleles into Asian elephant
genomes targeting TRPV3 (cold sensation) and other thermoregulatory genes.

* Passenger Pigeon (Ectopistes migratorius): Editing band-tailed pigeon genomes to restore lost social and
flight behaviors using reconstructed neural gene networks.

* Tasmanian Tiger (Thylacinus cynocephalus): Marsupial-specific genome editing in dunnart surrogates
using tailored CRISPR-Cas9 approaches adapted for metatherian embryology.

* Pyrenean Ibex (Capra pyrenaica pyrenaica): Optimizing cloning fidelity and embryonic implantation
rates to improve survival beyond initial post-birth stages.

* Moa (Dinornithiformes): Colossal Biosciences has announced plans to resurrect the moa, a giant flightless
bird from New Zealand that stood up to 3.6 meters tall before going extinct nearly 600 years ago.

Future prospects include engineering amphibians with chytrid-resistant skin peptides, coral species with
enhanced thermal tolerance, and the potential to synthetically bolster genetic diversity in critically
endangered populations.
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The Dinosaur Dilemma: Cinematic Dreams vs. Molecular Realities

Can we bring back dinosaurs? The immutable laws of molecular biology deliver a definitive answer: no.
DNA degradation kinetics indicate a half-life of approximately 521 years under permatfrost conditions. After
an estimated 6.8 million years, DNA strands fragment beyond recognition. Dinosaurs perished over 65
million years ago.

Despite the seductive imagery of extracting DNA from amber-preserved mosquitoes popularized by Jurassic
Park, this scenario is scientifically untenable Protein degradation, DNA hydrolysis, and oxidative
cross-linking render the recovery of viable genetic material impossible.

Even if fragmentary DNA were to miraculously persist, reconstructing a viable genome without an extant
close relative 1s akin to reconstructing an encyclopedia from random shreds of paper. Birds, while dinosaur
descendants, have diverged too significantly to serve as functional genomic templates.

Perhaps most importantly, the Jurassic Park and Jurassic World franchises have provided eight clear
reasons not to bring dinosaurs back. Each cinematic installment, from electrified fences to genetically
enhanced superpredators, serves as a cautionary tale of ecological and ethical hubis.

And while it might be tempting to imagine CRISPR resurrecting dire wolves alongside the Stark children in
a real-world Game of Thrones, perhaps we should remember that in the show, even the dire wolves didn’t
survive to the finale.

Conclusion: CRISPR’s Double-Edged Legacy—Revival or Reckoning?

CRISPR technology has thrust humanity into a new evolutionary role: not just observers of extinction, but
active architects of revival. From dire wolves to mammoths and beyond, engineered proxies offer the
promise of restoring lost ecological functions, enhancing biodiversity, and repairing the damage wrought by
human activity. These genetic marvels could once again roam habitats, seed forests, and rebalance fragile
ecosystemns.

Yet, this power carries profound risks. Introducing reconstructed genomes—often incomplete and
hybridized—into modern environments may bring unforeseen health vulnerabilities, ecological distuptions,
or ethical quandaries. Ancient immune systems might falter against today’s pathogens; behavioral and
physiological traits may not suit current climates or social dynamics.

Colossal Biosciences and others wield CRISPR with great ambition and caution, aiming to blend science and
stewardship. The question remains: will these resurrected marvels become keystones of conservation or
genetic ghosts that haunt fragile ecosystems?

After all, the Game of Thrones dire wolves were epic—but even they couldn’t escape being written out. So,
as we script new chapters in nature’s story, are we prepared to live with the consequences of bringing back
creatures that evolution once said goodbye to?

Or are we just playing gods with a very unprediciable genome?




metabolism. Although far removed from an elephant, the experiment demonstrated parallel editing of
multiple loci and functional expression of ancient alleles in a modemn genome.

The Genetic Process of Woolly Mammoth Resurrection

The genetic resurrection of the woolly mammoth (Mammuthus primigenius) involves a complex,
multi-phase approach integrating paleogenomics, gene-editing technologies, stem cell biology, and
developmental cloning. The primary objective is not to create a perfect replica of the extinct mammoth,
but rather a genetically engineered Asian elephant (Elephas maximus) that expresses key mammoth
traits and can thrive in cold Arctic environments. This process can be subdivided into the following
stages:

Proof-of-Concept Trait Transfer
To validate those edits, scientists recently produced “woolly mice,” inserting seven mammoth
hair-related genes into laboratory mice and generating pups with thick, insulating coats and altered fat

1. Genome Recovery and Comparative Genomics

The first step involves sequencing and assembling the genome of the extinct woolly mammoth. Ancient
DNA (aDNA) is extracted from frozen mammoth specimens recovered from permafrost. Despite
degradation and fragmentation over millennia, advances in next-generation sequencing (NGS) allow
researchers to reconstruct large portions of the mammoth genome.

w Once sequenced, the mammoth genome is aligned with the genome of its closest living relative, the
Asian elephant. Comparative genomics then identifies critical genes that differ between the two

A P ATHw AY species—especially those linked to cold adaptation. These include genes responsible for:
N— Thermoregulation (e.g., TRPV3: temperature-sensing ion channels)
Hair growth and density (e.g., genes involved in keratin and follicle development)
To M AM M OTH REVIVAL Fat metabolism (e.g., adipose tissue genes promoting fat storage)
Hemoglobin function at low temperatures

Small ear size and dome-shaped skull morphology
These functionally significant genetic variants form the core targets for the editing phase.
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SLesmnve Sy o e 4 2. CRISPR-Cas9 Mediated Gene Editing

The selected mammoth-specific alleles are introduced into cultured Asian elephant fibroblast cells using
CRISPR-Cas9 gene editing. This tool allows for precise, site-specific insertion, deletion, or replacement
of DNA sequences.

Resurrection biology, also known as de-extinction, is a field of biotechnology that focuses on bringing
extinct species back to life or creating close genetic approximations of them. The primary goals of this
science are to restore lost biodiversity, better understand the biology and evolution of extinct organisms, and,
in some cases, to reverse human-caused damage to ecosystems.

The prospect of reviving the woolly mammoth has moved from speculative fiction to an active, well-funded
research agenda. Advocates argue that a mammoth-like elephant could restore lost Arctic grasslands, slow
permafrost thaw and symbolise new tools for biodiversity conservation. The vision is closely linked to
projects such as Pleistocene Park in Siberia, which proposes re-establishing Ice-Age grazing ecosystems to
curb carbon loss and improve landscape resilience.

WOOLLY MICE

Genomic Foundations

Over the past three years researchers have assembled high-quality chromosome-scale reference genomes for
Asian and African elephants and produced the first de novo—assembled mammoth genome. More than 60
ancient mammoth genomes have now been aligned to identify cold-adaptation variants with unprecedented
accuracy.

Engineering the Genome

Colossal Biosciences and academic partners employ multiplex CRISPR/Cas9 editing, supplemented by
integrases, recombinases and base editors, to transplant scores of mammoth-specific alleles—governing
sub-cutaneous fat, dense under-fur, and reduced ear size—into elephant cell lines. The company reports
successful editing at more than twenty high-impact loci linked to Arctic adaptation.
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Generate germ cells in vitro (sperm or oocytes)
Create early embryos via in vitro fertilization
Potentially establish embryonic stem cell lines for developmental studies

Asian elephant iPSCs have historically been difficult to derive, but recent breakthroughs have enabled their
stable propagation under specific culture conditions.

4. Embryo Development and Cloning
Techniques

Once mammoth-like embryos are created, they can
be introduced into a surrogate womb via one of two
methods:

Somatic Cell Nuclear Transfer (SCNT): The
nucleus from a genetically modified iPSC is
inserted into an enucleated elephant oocyte. The
oocyte 1s then stimulated to begin dividing,
forming a viable embryo.

Synthetic or Artificial Wombs: Due to ethical and
logistical challenges of using live elephant
surrogates, researchers are also working on ex vivo
gestation systems—bioengineered artificial wombs
lined with uferine tissue to support mammalian
fetal development.

The embryo must develop over a full 22-month
gestation period, typical of elephants, to produce a

viable calf.

5. Functional Validation of Mammoth Traits

Parallel to embryo creation, the functionality of
edited genes is tested in model organisms (e.g.,
laboratory mice or organoids). For instance,
several mammoth genes controlling hair growth
were inserted into mice, resulting in offspring with
thicker coats and altered metabolic profiles. This
step ensures that the introduced alleles behave as
predicted before they are used in embryo
construction.

From Cells to Calves

Editing cells is only half the challenge; they must
develop into viable embryos. Teams have now
derived authentic induced pluripotent stem cells
(1PSCs) from Asian elephants—Ilong considered
technically intractable—and are using them to
model early development, create gametes in
vitro, and refine somatic-cell nuclear-transfer
(SCNT) protocols. Work is proceeding on two
parallel gestational toutes: implantation into
living elephant surrogates and the construction of
bioengineered,  utero-tissue-lined  artificial
wombs designed to carry the 22-month
pregnancy ex-utero.

Ecological and Climatic Purpose

If released into high-latitude preserves,
mammoth-like herds could compact winter
snow, expose insulating vegetation, and maintain
steppe grasslands that reflect sunlight and lock
carbon m frozen soils—mechanisms thought to
have stabilised Ice-Age climates. Proponents
therefore ~ frame  de-extinction as a
climate-mitigation and ecosystem-engineering
strategy rather than an exercise in nostalgia.

technakxgy will not only dete.mnne the fale ﬂf ;
this project but may also reshape future
approaches to conservation and evolutionary
research.
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