Cancer Treatment Reviews 80 (2019) 101894

Contents lists available at ScienceDirect

cancer
TREATMENT

Cancer Treatment Reviews

Be-®

journal homepage: www.elsevier.com/locate/ctrv

Tumour Review

Comprehensive intra-individual genomic and transcriptional heterogeneity: ) |
Evidence-based Colorectal Cancer Precision Medicine

updates

Ioannis D. Kyrochristos™”, Dimitrios H. Roukos™" "

2 Centre for Biosystems and Genome Network Medicine, Ioannina University, Ioannina, Greece
® Department of Surgery, Ioannina University Hospital, loannina, Greece
¢ Department of Systems Biology, Biomedical Research Foundation of the Academy of Athens (BRFAA), Athens, Greece

ARTICLE INFO ABSTRACT

Keywords: Despite advances in translating conventional research into multi-modal treatment for colorectal cancer (CRC),
Colorectal cancer therapeutic resistance and relapse remain unresolved in advanced resectable and, particularly, non-resectable
Genome

disease. Genome and transcriptome sequencing and editing technologies, coupled with interaction mapping and
machine learning, are transforming biomedical research, representing the most rational hope to overcome unmet
research and clinical challenges. Rapid progress in both bulk and single-cell next-generation sequencing (NGS)
analyses in the identification of primary and metastatic intratumor genomic and transcriptional heterogeneity
(ITH) and the detection of circulating cell-free DNA (cfDNA) alterations is providing critical insight into the
origins and spatiotemporal evolution of genomic clones responsible for early and late therapeutic resistance and
relapse. Moreover, DNA and RNA editing pave new avenues towards the discovery of novel drug targets.
Breakthrough combinations of sequencing and editing systems with technologies exploring dynamic interaction
networks within pioneering studies could delineate how coding and non-coding mutations perturb regulatory
networks and gene expression. This review discusses latest data on genomic and transcriptomic landscapes in
time and space, as well as early-phase clinical trials on targeted drug combinations, highlighting the transition
from research to clinical Colorectal Cancer Precision Medicine, through non-invasive screening, individualized
drug response prediction and development of multiple novel drugs. Future studies exploring the potential to
target key transcriptional drivers and regulators will contribute to the next-generation pharmaceutical con-
trollability of multi-layered aberrant transcriptional biocircuits.
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Introduction personalized medicine [20]. Multi-modal treatment of resectable tu-

mors, including liver metastases, has showcased rapid advancements

Genome and transcriptome sequencing and editing technologies,
complemented by machine learning, are revolutionizing biomedical
research shaping a shift from inexact science to Precision Medicine
[1-8]. Especially for cancer, progress has been so impressive that a
transition from research on spatiotemporal tumor heterogeneity [9-11]
to early phase clinical trials is now beginning [4,12-17]. Precise
characterization of dynamic intra-individual genomic and tran-
scriptomic landscapes could enhance prediction of drug response in
individual patients and optimize combinatorial therapy towards clinical
Cancer Precision Medicine [7,8,18,19].

Colorectal cancer (CRC) has gathered immense research and clinical
interest, with the standardization of treatment on the basis of clinico-
pathologic and genetic characteristics (KRAS/NRAS/BRAF and MSI
status), as well as tumor staging, reflecting an initial step towards

while progress in non-resectable disease remains slow [20,21]. Indeed,
targeted therapy, which represents a major hope for clinical oncology,
has not met expectations in the adjuvant or neo-adjuvant settings [20],
while anti-EGFR (for KRAS/NRAS wild-type disease) and anti-VEGF
agents have only moderate efficacy in the advanced or metastatic set-
tings [22]. These advances and limitations mirror the standards of
modern oncology, including the static tumor homogeneity and single
biopsy-guided diagnostic approach, as well as the linear transcription
dogma-based drug development [20,23,24].

A most rational perspective to overcome current unmet needs
through understanding genome- and transcriptome-wide molecular
mechanisms underlying drug resistance and relapse in each individual
patient is provided by accumulating evidence on genetic, genomic and
transcriptional heterogeneity both at bulk [10] and single-cell [9,25]
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resolution. A recent explosion in static tumor next-generation sequen-
cing (NGS) analysis has led to the identification of new cancer-driver
genes, mutations and oncotargets [26]. However, considering dynamic
clonal evolution [27], spatiotemporal detection of genomic clones with
both multi-regional (MR) tumor NGS and matched circulating cell-free
DNA (cfDNA) or circulating tumor DNA (ctDNA) NGS to identify bulk
intratumor (ITH) [28] and circulating [29] heterogeneity respectively
enable the delineation and improvement of therapeutic failure and re-
lapse [30]. Moreover, beyond bulk sequencing, breakthrough techno-
logical systems, such as single-cell transcriptomics, CRISPR-Cas9 and
their combination have returned exciting data on cell-by-cell varia-
bility-dependent drug sensitivity [9,31-33]. This pre-clinical effort is
strongly backed by cancer models, particularly patient-derived xeno-
grafts and organoids [34]. Nevertheless, the design of optimized
therapy comprises a framework combining both standard linear tran-
scription-based drug development [23,33] and breakthrough discovery
of next-generation drugs disrupting aberrant linear and non-linear
regulatory networks [8].

The structure of this review is delineated in Fig. 1. We discuss valid
published data on basket trials, bulk and single-cell NGS coupled with
cf/ctDNA-NGS, DNA and RNA editing, as well as early-phase clinical
trials, aiming for a transition from research to clinical Colorectal Cancer
Precision Medicine. This shift sets the stage for overcoming three major
clinical challenges: non-invasive screening for early diagnosis, in-
dividualized prediction of therapeutic response and discovery of mul-
tiple novel drug targets.

Clinical standards: state-of-the-art

The two pillars of Modern Oncology over the past decade have been
the static tumor homogeneity concept and the single-biopsy approach
for diagnosis, staging and treatment [20], as well as the single-gene
transcription dogma [23], governing drug development. Regarding
CRC, multi-modal treatment of resectable disease, not only for non-
metastatic tumors, but for liver and/or lung metastasis as well in con-
trast to most other cancer types, has marked substantial progress [20].
Complete tumor resection (R0) has been the cornerstone of therapeutic
modalities, complemented by adjuvant (AT) or neoadjuvant treatment
(NAT). The over-abundance of prognostic factors used for patient sub-
grouping, as well as the lack of appropriate large-scale randomized
clinical trials (RCTs) for specific subgroup analyses, represent a bot-
tleneck for accurate decision-making among the multitude of ther-
apeutic options available for several patient sub-populations [20,35].
Patient stratification is based on multiple prognostic factors including
TNM stage, resection status (RO, R1, R2), high volume of surgery and
high-risk factors such as poor differentiation, microsatellite instability
status, lymphatic, vascular or perineural invasion, obstruction and
perforation [20,35,36].

In colon cancer, surgery alone is indicated for stages I/II without
high-risk features, while adjuvant chemotherapy is suggested for high-
risk tumors and more advanced stages. Neoadjuvant chemotherapy may
be considered in presence of clinical T4b stage disease and neoadjuvant
radiation therapy with concurrent chemotherapy can be considered for
initially unresectable non-metastatic colon cancer to aid resectability.
For resectable liver and/or lung metastases RO resection remains the
standard of care with AT or NAT [20]. Perioperative chemotherapy has
improved progression-free survival [37] but did not demonstrate any
OS benefit [38]. On the other hand, standard treatment of resectable
rectal cancer is centered around anterior resection or abdominoperineal
resection with total mesorectal excision (TME). For clinically early
stage rectal cancer (T1-2, NO) surgery or NAT is proposed. No adjuvant
treatment is suggested for pT1-2, NO, while pT1-2, N1-2 requires ad-
juvant chemotherapy. In contrast to colon cancer, most other more
advanced rectal tumor stages, resectable liver and/or lung metastases
included, are treated with neoadjuvant chemo-radiotherapy, followed
by surgery and AT [20].
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Over the past two decades, laparoscopic resection has gained sig-
nificant popularity versus open surgery. Randomized trials on mini-
mally invasive surgery have already demonstrated improved short-term
outcomes [39], while providing similar long-term oncological outcomes
to open surgery in centers of excellence, initially for colon cancer [40],
as well as for rectal cancer more recently [41]. Additionally, although
high ligation of the inferior mesenteric artery has been the method of
choice in many experienced institutions as opposed to low ligation
[42], considering the low proportion of positive nodal disease at the
inferior mesenteric root, no evidence from high quality RCTs currently
exists supporting either approach [43].

Targeted therapy

Targeted therapy represents the major hope for improving disease-
free (DFS) and overall survival (OS) rates, following a wide expansion
of available targeted agents over the past decade. However, in contrast
to great clinical success and dramatic reduction in relapse and cancer-
related death rates for a few cancer types, such as breast, progress has
been slow for many other major cancers, including colorectal [20].
Indeed, there is no evidence from RCTs that the addition of cetuximab
or bevacizumab to adjuvant chemotherapeutic regimens improves on-
cological outcomes for resectable primary CRC without or with liver
metastasis [20,35,44,45]. Although resection is preferable for oligo-
metastatic disease, locally ablative techniques can be considered [20].
Moreover, the optimal first-line systemic treatment of unresectable
advanced or metastatic disease remains under question. Recent RCTs
suggest cetuximab or bevacizumab as standard additions to che-
motherapy [46,47]. By contrast, modern recommendations include
chemotherapy alone or combined with cetuximab or bevacizumab in
the treatment alternatives, in the absence of strong evidence [20].

Basket trials

Recent evidence on genetic similarities between different cancer
types, as well as the potential for further exploitation of available tar-
geted drugs, approved only for specific cancers, have formed the basis
of basket trials [48]. A prime paradigm is the HER2 amplification, ob-
served in breast and gastric cancer, successfully targeted by trastu-
zumab in both cancer types. A recent phase II basket clinical trial
(NCT01953926) on 141 patients with 21 tumor types harboring HER2/
3 mutations, including breast and colorectal, has demonstrated poten-
tial clinical utility of HER kinase inhibition with neratinib and trastu-
zumab across different malignancies [49]. Another ongoing, phase 2a,
multiple basket study on 57 patients with treatment-refractory, HER2-
amplified metastatic colorectal cancer (NCT02091141), which accounts
for 2-6% of cases, demonstrated 32% objective response to dual HER2-
targeted therapy with pertuzumab and trastuzumab [50]. Previously,
the phase II HERACLES trial reported promising results for trastu-
zumab-lapatinib in patients with treatment-refractory HER2-positive
metastatic CRC [51]. Similarly, a phase II basket study on 122 patients
with BRAF V600 mutation-positive non-melanoma cancer
(NCT01524978), including CRC, the response rates ranged from 42%
for non-small-cell lung cancer to no response for CRC [52]. Ad-
ditionally, initial results from the phase III BEACON trial suggest pro-
mising efficacy of the encorafenib-binimetinib combination added to
standard cetuximab for BRAF V600E-mutant metastatic CRC after prior
treatment failure [53]. Further phase III RCTs are thus required to va-
lidate the efficacy and survival benefit of targeted drug combinations in
metastatic HER2-positive or BRAF V600E-mutated CRC. However,
basket trials represent an initial step in the transition from inexact to
Precision Medicine for CRC [8].

Unmet needs

Despite excellent prognosis of early-stage disease (T1-2, NO), 5-year
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Fig. 1. Structure of the review. Colorectal cancer management state-of-the-art, unmet needs and potential solutions via the exploration of genome and transcriptome
alterations implementing bulk and single-cell sequencing, editing and interaction mapping. Abbreviations: adjuvant treatment (AT), cell-free DNA (cfDNA), col-
orectal cancer (CRC), intratumor heterogeneity (ITH), neo-adjuvant treatment (NAT), next-generation sequencing (NGS), targeted NGS (tNGS).

DFS is approximately 70% for high-risk stage II and III CRC [35], while
4-year progression-free survival is approximately only 30% after re-
section of liver metastases [38,45]. Moreover, oncological outcomes
remain dismal for non-resectable metastatic disease, with median
overall survival ranging between 12 and 20 months [22]. These chal-
lenges, as well as the lack of high quality definite evidence on multi-
modal treatment [20], suggest that a valid innovative research strategy

is badly needed. Breakthrough genome and transcriptome exploration
in time and space, coupled with DNA and RNA editing, represent a
highly exciting and promising perspective to address unmet needs.

Data analysis on genomic and transcriptomic landscapes

Over the past decade DNA and RNA sequencing and editing
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technologies have transformed life sciences. Shortly after its market
launch in 2005, NGS was introduced in the modENCODE [54] and
ENCODE [55] projects, aiming to comprehensively characterize struc-
tural and functional, coding and non-coding genome elements. Since
early integration of NGS into small studies, ease-of-application, con-
tinuously dropping cost and validity [56], coupled with recent re-
commendations on large sample sizes required for the valid identifi-
cation of cancer driver genes and oncotargets [10], have led to an
explosion in patient-derived sample NGS analyses [30]. Next-genera-
tion sequencing includes targeted (tNGS), whole-exome (WES), whole-
genome (WGS), RNA (RNAseq) and chromatin immunoprecipitation
sequencing (ChIP-seq). Sequencing of known gene panels through tNGS
has rapidly provided clinical implications in daily practice, being the
most appropriate method for basket trials. The protein-coding part of
the genome (1.5%) is sequenced by WES, while WGS provides the un-
precedented potential to identify all coding and non-coding alterations.
This ability has changed the researchers’ opinion on “junk” DNA, re-
vealing the functionality of most of the non-coding genome [55].
Moreover, RNAseq represents a powerful tool for transcriptome ex-
ploration. Finally, the fifth technological capacity of NGS is chromatin
immunoprecipitation sequencing (ChIP-seq), for genome-wide mapping
of DNA-protein interactions via high-throughput DNA sequencing [1].
Rapid progress in the exploration of genomic and transcriptomic
landscapes from static tumor homogeneity integrating a single biopsy
[10,57] to modern spatiotemporal genomic clone evolution and tumor
heterogeneity, requiring NGS of multiple tumoral and liquid biopsies,
opens new diagnostic, predictive and therapeutic avenues [16,30].
Moving on from bulk NGS and ITH, to single-cell DNA and RNA se-
quencing has detected genetic, genomic and transcriptional hetero-
geneity, along with drug sensitivity variability, even among individual
cells [9,25]. Moreover, genome and transcriptome sequencing and
editing systems could uncover multiple therapeutic targets, required to
overcome extensive inter- and intra-patient heterogeneity [33].

Translating static and dynamic tumor heterogeneity analysis into clinical
implementation

Owing to the increasing affordability, accuracy and widespread
availability of conventional NGS technologies and considering the
magnitude of CRC as a public health threat, a multitude of studies have
emerged, exploring the genomic and transcriptomic characteristics of
CRC through static patient-derived tumoral sample analysis (Table 1)
[10,26,57-66]. A major goal of single biopsy-based genomic studies is
to expand the cancer type-specific catalog of driver genes and muta-
tions towards completion, according to recent guidelines for large-scale
analyses proposed by Lawrence et al. [10] for valid genomic dis-
coveries. Indeed, numerous novel CRC driver genes have been identi-
fied by means of WES and WGS [10,57,65]. Additionally, apart from
several putative new prognostic factors [62,63], researchers have pro-
posed molecular classifications, aiming for clinical implications and
accurate patient stratification [58,61,64]. Although the molecular fea-
tures that could provide an optimal classification still remain unclear,
the most robust stratification is currently the one documented by
Guinney and colleagues [58], which classifies CRC into four consensus
molecular subtypes (microsatellite instability immune, canonical, me-
tabolic, mesenchymal) potentially informing future clinical trial designs
and targeted drug development. Moreover, as many as 75% of CRCs
have been reported to harbor genetic drug targets [65], including on-
cotargets of FDA-approved agents, such as ERBB2 amplifications [57],
suggesting the potential for biomarker-guided basket trials on combi-
national targeted therapy.

Over the past five years, more advanced NGS systems have emerged,
in order to overcome the major limitation of single-biopsy analysis,
namely the ability to investigate spatiotemporal clonal evolution, re-
sulting in therapeutic resistance. These methods include both single-
and multi-regional simultaneous analysis of matched primary and
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metastatic specimens, as well as NGS of plasma cf/ctDNA (Table 2)
[17,28,29,67-80]. Comparative analysis of matched primary and me-
tastatic tumors revealed high levels of mutational concordance, ranging
between 80 and 100% for tNGS of known gene panels [68,70] and
65-70% for WES/WGS [67,73], while high heterogeneity was an ad-
verse prognostic factor [67]. However, metastasis specific lesions, some
of which were actionable, identified mainly by WES/WGS [67,73],
suggest that genome analysis of the metastases, complementary to the
primary lesion, could improve therapeutic decision making [73]. Fur-
thermore, MR-NGS to identify primary and metastatic ITH uncovered
variable degrees of intra- and inter-tumor heterogeneity [28,69,71,72],
with de novo mutations in metastases indicating constant evolution in
time and space [72]. Nevertheless, methodological flaws such as the
small scale and heterogeneous protocols hinder the extraction of valid
conclusions and warrant further investigation within prospective trials.

Forward from tumoral specimens, much interest has been directed
towards patient-friendly blood-based methods to guide early diagnosis,
as well as both primary and secondary decision-making through NGS of
plasma cfDNA or ctDNA. Both terms have recently been utilized to
describe circulating DNA alterations. Cell-free DNA with detectable
cancer-specific mutations is usually termed as circulating tumor DNA
(ctDNA). The mutational landscapes of plasma cf/ctDNA were found to
reflect those of the primary tumor [74,75,78], including the detected
resistant alterations [74,77]. Moreover, promising results regarding the
capital hope of early non-invasive diagnosis via a blood test, such as the
CancerSEEK [76], have already resulted in a very large-scale clinical
trial titled “The Circulating Cell-free Genome Atlas” (NCT02889978).
The study employs tNGS, WGS and whole-genome bisulfite sequencing
of cfDNA to detect and localize multiple different tumor types, in-
cluding CRC, and has already enrolled the vast majority of the 15,000
planned participants. In a recently reported preliminary sub-analysis on
1422 subjects the overall detection rates across all stages for 12 deadly
cancer types were 76%, with a sensitivity of 74% for stage I-III CRC
[17]. However, sensitivity heavily correlated to tumor stage, as rates of
detection for stage I cancers were only 34% for the whole 12-cancer
cohort, 77% for stage II and 84% for stage III, while localization rates
were high for all stages [17]. Hence, sensitivity is currently insufficient
to fulfill clinical criteria for screening and early diagnosis and waiting
for the final results is mandatory before concluding on the test’s cancer
type-specific accuracy. By contrast, a very recent landmark study by
Cristiano et al. [29] returned quite exciting data. The authors applied a
machine learning model named “DELFI” to analyze cfDNA fragmenta-
tion patterns based on low-coverage WGS on seven cancer types, re-
porting detection sensitivity above 70% for CRC with very high speci-
ficity. However, the most impressive finding was a detection rate of
79% for stages I-II of all cancer types, while overall sensitivity increased
to 91% when fragmentation profiles were complemented by mutation
detection through tNGS [29]. These results for the first time suggest
that, following validation within prospective clinical trials, this method
could at last realize the long-term research and clinical dream of a
simple blood test suitable for screening and early diagnosis.

Additionally to diagnosis and primary decision-making, serial cf/
ctDNA-NGS before and during therapy has been used for the identifi-
cation of emergent mutations responsible for therapeutic resistance and
relapse as a result of dynamic clonal tumor evolution [79,80]. For in-
stance, up to 32% of baseline RAS wild-type patients developed RAS
mutations attributed to targeted treatment with panitumumab [80].
Thus, serial liquid biopsies is currently an attractive method for patient
monitoring and prediction of therapeutic failure before the clinical di-
agnosis of relapse, but their use within appropriately designed studies is
still very premature.

Early clinical trials

Following the explosive progress on NGS analyses, the first small
patient-centric registered genetic trials are subsequently emerging, as a
first step towards evidence-based precision (Table 3) [12-14,16]. For



Cancer Treatment Reviews 80 (2019) 101894

LD. Kyrochristos and D.H. Roukos

'(SoM) Supuanbas sawouad-sfoym (SAM) Surduanbas swoxa-sjoym (SON3I) Surouanbas uonersual-jxau pajadiey
‘(ANS) JueLIRA 9pnjosnu d[8uns ‘(basyNy) Suuanbas YNY ‘(SdY) [eAIaIns aa1j-asdefar ‘(1d) Jown) Areurrid ‘(s1d) syuanied ‘(ISIA) AM[IqeISUT 9)I[[91BSOIDTW ‘(LIAT) Jowm) dnelIseIaw ‘(VNY2U]) VNY Surpod-uou Suof ‘(INH)
parenuLadAy‘(YH) onel piezey ‘(SH) a[qels swouasd (1D) [eunsajuronsed (DYD) I9dULd [€12210]00 ‘(VND) uUonerdfe aqumu Adod ‘(NID) AI[IqeIsul [ewrosowoIyd ‘(dryD) uoneyrdaidounuru unewolyd :SuoneiAdIqqy

suoneinw SUrPod-UoU Jo [0 [edIUI[d [enuajod

Ayqiqeisur dnausg 1o sadueyd

onouadids ‘uorssardxa auad Jueiraqe uisned Aq sisouadLIowm) IALIP AeUI SUOTIRINW STD @

Ayugye Surpuiq gD 1D 199k 03 paarpaid are Auewr pue ‘Jom se sad£) 190ued 19YJ0 UL

(sourp

[99]  ay3 uo d3epronya 03 paxmbai are sarpnis ajerrdordde pue o81eT  paaIdsqo se ‘Juanbaiy a1om (SSED) SoMs Surpurq ursayod Je suoneinu jurod SUIPOd-UON o 0X2-dIyD ‘SOM 1192 pue sajdures rowmny) syd €1g
[9A0U G ‘PAUNUIPI 2I9M SIUSS ISALIP 66C JO [BI0) V @
[s9] suopeInu d[qe33nIp pey syuaned DYD JO %S ISOWY o SHM  (s2dAy 19dued €€ WO €TH6) 0T
10°0 > @nfea-d & pue sasATeue a[dures a31e| £19A saimbaix
[o1] sandoreled auad 19ALIp dyIdads-adA) 190ued Jo uonsrduwion PAaUNUSPI 219M I9DUBD 0] SUOTIIDUUOD TI[D YIIM SoUudd [9A0U SAM (sad£) 190ued 17 WO Zh/Y) €T
snoymbiqn A[reau sem DEIA JO AJIATIOR PIseaIdU] @
PAYNUSPI SeM UOISNY [T/DL-ZAVN IUSIMNDI Y e
Z491 jo uonesyrdure
[oaou e pue suonedyrdure zggyd 2[qerase) A[feryuajod apnul SYND JUSLINIDY o
goLw pue
IV AN ‘€994 TIIdH 9491 TAOI ‘urusied-g ‘Surreusis LNM 5198183 Snip [enuslod e
(XIM/IEZINVA 6X0S ‘VIAIYY) [PA0U dWos ‘pajeinur ANuedyrudls a1om sauad 7 o
sarderoy) pajadie) uo S[eLn [edrurd suoneIa)fe dIwoudd Je[rurs A[qeyIewnl pey siown) pajenuirodAy-uoN e
[£8] 1oy uonedynens juaned armng 10y Jydisur sapraoid Apmis siyf, u0[0 Y311 9y} w1y A[yI[ 210w ‘pajeinuriadAy a1om SDUD JO %91 e basyNY S1T ‘SOM £6 ‘SAM +TT syd 9/2
£deIay) UOTIBUIqUIOD qEWNZIJBAS] Io)je
A[2A1109dsa1 SOUIODINO 3SIOM 0} MO[ pue pasoidull 0] $3)e[2110D NID Y31Y-01-2]eIpoulIolu] ¢
Ade1ay) UOIIRUIqUIOD qRWINZIDEAD] sadfiqns (syyei8ouax
[$9]  Jo 1rewolq aAnoIpald Tenuajod [aA0u e ST peof Jaquinu Adop Iendsjow snsuasuod PIm Surdde1ano ‘SYND UO paseq PayIIUSpI 9IoM SIdISN € ¢ SOM ‘SHM  osnour pue sajdures Joumy) sid /g
sisoudoid as10M ® 9ARY SUOHBINUWI DY INOYIIM SIOUN], @
[g9] o1uIp 9y 10§ 1jrewolq dnsoudoid fenuslod e st DIV onsoudoid se paynUIPI sem SaUIS LT JO 19sqNS YV @ (1oued sua8 1ZET) SONI 891
(64°0 = d ‘ZT'T YH) [BAIAINS )M pajerdosse Apuapuadapur jou sem [SIN e
spopour onsoudoid paseq-ISIA wrojradino ued soued susy ¢ (#10°0 = d ‘18°0 ¥H) [eATAINS 193UO[ [IIM PIJL[LIOD USPING UOTRINUI JTJBWIOS [EI0], @
(usping uoneINW [LJ0} pue UoOHEINUI (500 > d)
[29] £5d1) PYNULPI 219M $10108] disoudold [9A0U OM], @ Sy 19110Us 1M pajerdosse Afjuspuadapul a1om suoneINuW SYND Pue JVYd ‘SVIXY ‘€SdL @ SON? [el) ¢ YVSYNO Woy 115
Id40d
PUB 6X0S Ul SUONEINW JUILINIAI YIIM paynuapl sem adAiqns DY d[qeis-swouad vy o
SOTISLI9IDRIBYD SUNUILIT S[qeLIeA PRy siowmn) pajenutadAH e
SO
[19] souedytudis ansoudoid aaey pnod SurdAiqns Temds[oN  pue ‘NID ‘ANS-INH ‘ISIN ‘Agd :sodAiqns Te[nosjour 9Ay pastiduiod SBUIOUIDIBIOUSDE [D @ SAM (s190ued 19 S[dnmw) 1g6
SIOALIP SB PIUIIUSPI 10U Ik Sauad pajdajje o) Jo AUy e
uorssaidxs suas 109k suonenw uorssaxdxs aua8 1a81e)
[09] 3urpod-uou Moy pueIsIapun 0) parmbal are sarpnIs IBYLN 1dNISIp YOIYM UT SUONEBINUI ‘PIYTIUSPT SeM 1D0] SUIPOD-UOU €6 T JO FIOMISU [qO[S V @ basyNY¥ ‘SOMm sad£) 190Ued gZ WOl 06
uorssaxdxa pue| oruadojur 1DYSIY paIIqIYXe
Inq ‘Burreuss sruadolrur ur uoneIAe d1PUS3 ou pey Apuanbaiy sOYD papIs-1JT e
I9DUBD UO0D 3] pue IYSLI UdaMIaq PAVINS PUD SHANY ‘TINV VOENId ‘AVId SV
[6S] S9OURIAYIP [eAIAINS Ure[dXd PINOd AI[IqRLIBA DIUIOUSD) Ul SUOTIRISI[E DIUSS0DUO IIM PIIRIDOSSE dIOM SDYD I[qeIS )I[[IBSOIdIW PIPIS- YT o SON? (SLIN €€S ‘s1d 109) 666
oruadAtod ATySry se pajewnise sem SLI DY) e
uonouny sunurwl 1oy 301 e 3unioddns ‘syNyou| pue syuerrea Ao>usnbaiy mop
Juawrdofaaap 3nip pue SurusaIds Surpnpur ‘paIsA0dSIP 21dM ;T X § > d I8 S[euSIS Uoneroosse juspuadopur Mau O e
[oz] 1sIsse 0} pa1mbai aIe sjueLIEA dIBI UO SIIPNIS d8IB[ IDYIIN] paynuapI sem [GHD e Teuss juerrea Lousnbaig opg°0 2an09101d A[Suons v e SOM 6P T
S[LI} [EDIUI[D UIIIM UOTIEdYIIRNS Anmnn [eorurpd renuajod YIM (JEWIAYDUISIW DI[OGRISUW ‘TedIuoued surrojyerd uorssaidxe aual
[85] juemed Surqeus A[renusjod uonedYISSE[d DYD ISNQOI B ST SIY L, ‘ounurwy [S) PIYNUSPI 21om sadAIqns Ie[NIS[OW SNSUISUOD JOUTISIP A[TB[NII[OUT N0, Juanidy pue ximewipy ‘basyNy 1STH
pEN | suonedrduy sSurpurg A3ojouyday], sjuaned

'sisATeue Suruanbas uonerouss-1xau d1els YSNoIy) s193I2100U0 pUE SUONEIYISSE[D JE[NII[OW ‘SIUIS JOALIP JdUED MAU JO UONBIYIIUSP]

I 3IqeL



Cancer Treatment Reviews 80 (2019) 101894

LD. Kyrochristos and D.H. Roukos

(98pd 1x2u UO panunuU0d)

[£4] SON? ‘BUINVAL
%16 01 AJANISUSS [[EISAO PISEIIDUT SONI UMM [Ta( JO UONEUIqUIO)
A12A1309dsax
Aynads %486 PUB %S6 10§ %0L PUE %18 Sem DYD 10§ AITANISUSS o
11-1 sa8e1s 10J %6/ A[@rewrxoidde sem AJIATIISUSS [[BIOAQ @
BUTU2I2S UIAS IO SISOUSEIP J9dUED 10J Pasn A[peoiq aq pP[nod A1Y0ads 486 18 %66 < 01 SON? ‘(SOM-VNJ2
[62] 1ATAQ e $1s983ns ‘parmbal SO\ Jo Junoure [fews Y[, 9SG JO SIMIATIISUSS UOTIIIAP Pey [opoul SUTUIES] SUIYOeW [ITAJ YL e 98eI19A00-MO] UO paseq) [ATAd (sed£)y 190ued /) 967
SISOUSRIP JAISBAUI-UOU Apygmads Y3y Area yim ‘93eis 01 3urpiodoe (sxoyrewrorq urajoxd
[9/] 9JeINddE 2ASIYDE 0) painbal are syusWAUYAI [BIIS0[OUYID], Burkrea ‘DD 10§ %G9 AP1ewrxoidde sem 1533 YHHSIOOURD ) JO AJIANISUIS  § pue YDd-xd[dnnur) Yagsiooued) (sod4£y 190ued g) s3d G001
suoneIa)[e ddueIsIsal Jounsip aidnnu Surroqrey syuaned asayl Jo %16
YIM ‘POYIIUSPI SEM SUOTIRINUI Y,{DF UTBWIOP JB[N[[2IBNXD JO IAISN[D [PAOU Y o
Jusunjean Joj suoneddur fenuajod yIim sadedspue| erpuadwod juapuadapur
[s/] [euoneNW YD 193ssIp A[9A109YS ued Sunuanbas YN@ID  I9YI0 Ul aNSSN) Jo 3soyy 03 d[qeredwod a1om YN Ul saouanbaly uoneiny e SON? (syuaned DYD padueApe) £6ST
%P sem YD III-] 23e1s 10§ LNADISUSS o
sisougerp Apyoads %66 18 %9/ sem (8£6688C0.LDON
[£1]  I9OUBD 9AISBAUI-UOU PIR P[NOD YNJ? Jo Suryoid uone[AyIaiN (DD [oul) s1adued A[peap g T 10J AIANISUSS PUB 046G Sem AJTANISUDS [[BI9AQ @ SAOM/SOM/SONI-VNAJ? ‘sod£) zoumy 1z woyy ‘Apnis-qns) gy 1
(%9°8T <) suoneINUI IIALIP d[qe1adie)
YIMm sjuaried UT PIYDLIUS PUB UOWIWIOD SBM dDURISISII PIIRIIOSSE-JUSUNEIL], @
uonn[oAd
Teuopd pue Adeiayy 0) paInqriie a1om ddus[esdld uoneINU Ul SSOUSIYIA e
suoneIdl[e JALIP (DINSOD ‘VHDI) Suuanbas
[+£] JUBISISAI 10919P P[NOD PUB UOHIN[OAD [BUO[D SIJ[JOI YNJO  ONSSH JOWN] WOIJ 9SOY3 PIYdIew souas ISALIp Iofew Ul suopeIdie VNG e SON? (sod4£y 1ooued 28e3s-93%] 0S <) LOS‘IC
sarsdoiq pinbiy a13urs jo Surousnbas uonersusad-1xaN
sauo[aqns Aduanbaij-mof Sunsixs-a1d 03 A[qissod anjrej
syySrsur onnaderay)  onnadelray) pue UONN[OAS [eIINSU 0} HLI pangLiie sisA[eue feuoneinduio) o
[82] ap1ao1d p[nod uonNoAd IIUELD U0 UOHIEPIIN[D ISYLIN] sIowmn) [[e Ul paynuapt sem HII YSIH e SAM-YIN (sordures AT Z pue 1d YN SZ) 6
SISEISEIOUI )] JO [opow  painjedj sjuaned SO e
SYLN ,£-VIIOAd Pue “EINV “ZIAV
pue Yy ‘Zvoyd ‘T404 ‘ILVA SUOISI[ dYI>ads-SISEISEIaU J[qEUOIDY o
q190 “19D
‘SONV P¥X ‘ENdYL THOVA ‘TdXO04 3O SYLN € YIOHNS T600I100V
‘€' SINF6S-I [d¥ SYNYIU :SIUSWS[D SUTPOI-UOU pajenl AUSLINISY @
3unjyas dnelselaur oY) ul SUDRW-UOISIIIP uonn[oas Juadaarp Suntoddns Oyroads-siseiselaur 0,61 pue -Ioumi
[e£] onnaderayy wirojur pnod s1981e100u0 dy19ads-SISeISeIdN AI9M %GT IMIYM ‘10JTua801d UOUIIOD B PAILYS SUONBINUI J[JBWIOS JO %G9 @ SOM (LN pue Ld paysrew) g1
SISe]SeI9U JO SW) pue 9IS
suoneInw d[qeasiel  YIM SUN[IIOd ‘SLIA Ul PAYTIUIPI 919M SOUIS [BISASS UI SUONIBINUI OAOU 3 @ (SLIA Sunjy 10/pue I9A1[
[22] Burrows Aynuapr 0 paxmbai st sisAfeue SON drwreukq SLIAl UI pauTejuretl Sem Snjels Uonenw Syy Id e SON? payplewr pue 4 woiy sajdures YN 02) s3d 41
parednsaAur J9UlINJ 3q pnoys APAndadsar 14 9y) ur sauodqns d[3urs pue Juspuadopur
[1£]  IolAeYdq [EJIUI[D pUB UISLIO DIILISBIOUW USIMID] UOTIR[OIIOD w0y 9s0Ie sasejselaur Juelsip pue dneyduwk] ‘sased Jo GE pue 0469 Ul sisATeue jeadar-suruendAjoq (LIN pue N'T ‘ILd paysiewr €12) L1
DY) dnelseow 1d 9y ur Juasaxd are
[02] Pparw-19A1] Jo uoissaidoxd reaur| syzoddns Apnis sTy],  suoneIalfe AT [[e JO %/ 18 PUe IA'T o3 Ul Juasaid a1e SANS dIeWos Id JO %E 64 SON? (sordures JA'T pue Ld payolewr) 8T
1IN pue Ld usamiaq Jueprodsip A[ysiy are sroqumu £do) o
suoneIdle (1Ld 913urs e woiy sojdures
[69] uonedynens jusned 21Ny 10j pasn aq pnod HII JToquinu-Adod suad 01 painqriie sem A319U28019)9Y IOWN}-NUI PUE -19)U] @ (joued auad 0OT) SON? 89 pue SIN pue 14 woij sajdures £6) sid /g
uonepIfea SUOTIRID)[E JUSLINDAI 10J JUBRPIOdUOd ATySTy
[89]  Suimor|oj sisouSerp 1oj pasn aq p[nod LA 10 Ld I9YIS JO SON PUR ‘JVyd PUB ‘SYYN ‘SVHN I0J JURPIOOUOD %] 219M sa[gyoid uomnenjy ( uo SOM) SON3 (sardures TN pue Ld paydewr) syd 69
SOUIODINO SIOM 0] PIJe[a1I0d A)1ouadoralay YSTH e
AT pue Id U99m3aq JudISISuod A[Y3IY Sem SaUO[d-qns JO JqUINU 343 %0/ Ul e
SISBISEIOUI JIAT[ JO d[qerrea ATyS1y sem (s1d dnelselouwr
[£9] 10301paid e se Aj1ouadoralay Jowmy 10§ paxmbar st uonepIeA pue spoylow [euoneindwod y3noiy pajeurnss sem A11ousdo1)ay Joumy, ¢ SAM -uou g pue sIN pue Ld payoleur o4) sid g8
£319U93019331] JOWN) JO 9OUISIOWS PUB SIUO[D J[UWIOUIF JO UONN[OAD ITWRUAQ
FEN suonedrdwy surpuig A3orouyday, (sordures) syusned

*AdeIat) pazI[enpIAIpUl ULIOJUI 0] SIayIewolq dANRIpald pue aanuaadid se AJreusdoralay Sunemoin pue Jowmjenur feiodwajoneds pue onels uriodxy

¢ ?1qelL


http://NCT02889978

Cancer Treatment Reviews 80 (2019) 101894

LD. Kyrochristos and D.H. Roukos

‘(SON?) Supusnbas

uoneuad-1xau pajadie) ‘(1d) Jown) Arewrrid ‘(¥q) asuodsar renred ‘(L) Iown) dpeiselaw ‘(YD) asuodsar a391dwrod (DYD) I9dued [I02I0[00 ‘(YNAID) VNJ Jowmn) SunemaIn ‘(YNJJO) VNJ 991-[[90 :SUORBIAIqQY

uorssardoxd

sarsdorq pmbry

pue anssn) [eLI9S Aq payoen aq ued pue ainjeu [euoAjod
JO U91JO oIk IDUB)SISAT RUWIXNISD _uwuw—.—vum pue \QNEE& Y
VNQJo Jusuneanaid ur suonenut

Kemped syy 10qrey sjuaned adA)-prim Sy Iouwn) Jo 9405

(s)oom ¢ K193
sardures ewserd [eras pue (sa1sdoiq 2102) uorssardord

[o1] pue smqrey snnadesayy 11paid pod sarsdorq pmbiy [enss Juanbaig (888766C0.LON) e 11 aseyd aandadsoxd e s SI|L @ SON}-VNQJ? ‘SON? pue Yd ‘durfaseq e sajdures TN A]qNOp ‘Ld PAAIYIIY) L
$3)BI SO PUE Sd ‘0IIU0D JseasIp pasoxduur
Apuedyrusis yIim paje[a110d s}a8ie) Snip aiow jo Sunasie], e
Adexatp [eroreurquiod (9T = N “¥4d ‘T = N 4D ‘% = N ‘@seasIp 9]qe1s yjuow
pazienpIArpur o) (SnIp auo ‘UonEINUI IALIP du0) A30[0ou0 uoIsPRId  -g) [0TIUOD ISEISIP PIAAIYDE dsuodsar 10j a[qen[ead sid Jo %0E e (sordures
[#1] 1oy wSipered [ern [eJTUI[ JUSLIMD ) WOy PIys e sytoddns [ern siyl,  (SZ9¥E€STOION -LDIATYA-T) [BLI [edTUID PaIdlsI3al e ST SIY]L e SONI-VN@P ‘SON?  VNQI? Pue Ld d1eIS ‘DYD 1) SI9dULd PIdueApR ISIDAIP €8
syuanyed [1// 9SeasIp 3[qels pue [1/{ Ul PIASIYDE SeM Yd e
Ade1ay) paymjew e Suraredal
Adeiay) pajaSie) 10J UONEIYNEIS JDUBRYUD 0) S[RLI} [edTUID I#/11 Pm ‘s3d 00 T/TIH Ul paynuapl 21om sjodie) Snig e (sordures
[e1] aseyd-A[1es ur SONI-YN@? jo uonedrdde oy suoddns Apnis siyf, (Apnis 1ADYVL) [ern [edrur aseyd Ares ue si Syl e SONI-VN@I VNQI2 d1BIS “DYD £7) SI9OUED PIdUBADR ISIDAIP 00T
(£€°0 = d “%9'T€ :d WIe [4Z°€T
Y ULIR) 047°9g 919M YD 10 Yd PUe 9seasIp I[qels JO saey e
sardeiat)) paseq-awoldirosuen
Adei1at) pazi[enpIAIpul UO SIIPMIS Iaylmy apnd pue -swousd 01 syuaned Surudisse (962958 TO.LON sorwoydrosuer;
[21] pmod Suryoad dSrwoyduosuen pue drwousd et s1sad8ns [ern sy, Tern YHH.LNIM) [BL1 [edTUr[d paIalsi3ar e I syl e paseq-Aeire pue SONI  (s9[dures 14 dNeIS ‘DYUD H€) SIdUBD PIdUBAPE ISIOAIP £OT
BEY suorjedrjduiy surpurg A3oroutyda],

(sordures) syuanied

"QUIDIPIIAl UOISIIRIJ PIseq-22uaplias Jo Suruurdaq ay3 SunySdiysry s[ern [ed1ur)d paseq-Supuanbas uornerousd-1xau pajadie) aseyd-Areq
€ dlqelL

*(SOM) Surusnbas awouad-afoym ‘(SgOM) Suruanbas a11ynsiq sawouad-afoym ‘(SIM) Surouanbas suroxa-a[oym (SON3I) SON pa1edie)

‘(ANS) 1ueLIRA 9pTI09[onu of3uts (1d) 1wn) Arewtid ‘(s1d) syuaned ‘(SON) Surdusnbas uonersuad-1xau ‘(YIA) euoISaI-nnur ‘(L) Jown) dnelselawr ‘(N'T) apou ydwA| ‘(JNT) siseiserau oAl ‘(H.LI) A11ouadorslay Jowmjenur
‘(141dQ@) uondedisyur A[Ies 10j sjuawidelj Jo uonenyesd YNA (DYD) I9dued [e12210[0d ‘(YNJI?) VNG Jowmn) Sunemdin ‘(YNJJ2) VN 9-[[90 ‘(BulNvdd) sonaudew-uonedydure-uois[nus-speaq :SUoneradiqqy

UOTIE[91I0D OU PRy SUOneINW SYY VNJI?

JUSIOWd I[IYM ‘SIUI0INO SIOM PRy SV JUBINUI JUI[ISEq YIIM Sjudned e

suonenw Sy VNJI uEOMhUEw pue aul[aseq jo OUENU@_EM_W

suoneINW Sy JUSSIoWS pey LM-JUI[3seq JO %ZE e (qeumumyiued 19)ye pue

[o8] [eS1uI]d 31} 9)e3NISIAUT 0) PIPIIU ST YIIBISAT ISYLIN SY¥ JuBINUW 0, TZ pue M 21om sajdures sauraseq Jo %6/ e SON3  ourpeseq Je sajdures ewsed ‘Apnis [DDAISY) 8€T
Bunyew-uoIsIap P9AI9SQO SeM dWIT} UI USPIN( [EUOTIBINUI JOWN) UT ISEIIOUT UY @
Arepuodas pue Arewrtid 10§ pasn 2q pnod sarsdoiq pinbr1 o [EATAINS I91IOYS 0} paje[a.110d suoneinwi Aemied YT dureseqd o
1ayrew dnsoudoid e se Aouanbayy S9W02IN0 (qewnumrued 19)je pue
[64] uonenw e3nsoAul 0} parmbar are saIpnIs YN, @ 9SIOM 0) PIJe[a1I0d duIseq Je Aduanbaiy afare JueInW Sy 1OYSIH o SON3  ourpaseq Je sajdures ewsed ‘Apmis [DDAISY) 192
SON-VN@?/J> Terras ydnoayy asdefar pue soue)sisar Snip paimboe jo uonodipaid pue Suriojiuour Juaned
sisoudoid pue 28e1s 9SEaSIp YIIM PIIBIIOSSE 2IoM SAND e
DY) padueApe ul {00} dnsoudoid suo13a1 ewosowoIyd S[dNMW Ul PIYNUSPT dI9M SAND UOWIWO) @
[82] pue dnsouSerp e se pasn aq p[nod SON-VNQJO euwse[d wmnras uey ewserd ur 19y31y sem YNJO pIALIDp-IoWN], @ SOM sid 08
£1anIsuss Snip Jo 9ouaIoUIR-21 0 SPEI] UONESSID JUSUNEIL], @
9OUB)SISAT JO SWIS[URYDIW pue asuodsar jusunean IIZdVIN (gaod-nue
JI0)IUOW 0] 9IIN0SAI d[qenyeA & aq pnod sarsdorq pmbry YIOT ‘€L ‘TIIdT ‘LA ‘SVIN ‘SVH :PRUNUIPI SUONIRIIIR JURISISAY @ 19)ye sojduwes ewserd pue [d paydrew) syd 00T
FEN suonedyduy surpuig A3oroutda, (sordures) syuaned

(pomuguod) g 31qelL



LD. Kyrochristos and D.H. Roukos

instance, the WINTHER [12] and the I-PREDICT [14] clinical trials
investigated whether tNGS of the tumor and matched tumor/ctDNA
respectively could effectively guide combinatorial targeted therapy.
Both basket studies included patients with diverse lethal refractory
cancers, including CRC. A specialized committee reviewed the genetic
results and suggested combinational targeted drug regimens, based on
both on- and off-label matches. Off-label examples of drugs approved by
FDA for other cancer types include pertuzumab and trastuzumab for
ERBB2 mutations, afatinib for ERBB3 mutations, dabrafenib, trametinib
and vemurafenib for BRAF V600E mutations and others (Supplemen-
tary Table 1). A “matching score” was calculated based on the number
of mutation-drug matches for each patient, with several patients re-
ceiving a combination of two or three agents, such as afatinib, trame-
tinib and sulindac for KRAS, ERBB3 and APC mutations, as well as
cetuximab plus trametinib for KRAS and SMAD4 alterations. Both stu-
dies concluded that patients with a higher matching score achieved
better disease control rates (> 6 months stable disease, partial or
complete response) and more favorable oncological outcomes, in-
cluding progression-free and overall survival [12,14]. In specific, the I-
PREDICT study reported a significant median progression free survival
increase from 3.1 to 6.5months (P = 0.001) for high versus low
matching score patients [14]. Similarly, the TARGET study [13] eval-
uated the potential to guide targeted therapy via ctDNA-NGS, con-
cluding that tNGS-guided matched therapies resulted in better rates of
disease control than non-matched treatments. These data support the
integration of genetic profiling into clinical practice following large-
scale confirmation, challenging the current clinical trial paradigm of
Precision Oncology, matching one driver mutation to one agent and
suggesting a shift to combinatorial optimized therapy irrespective of
cancer type.

Despite all these intriguing early results, static analyses are incap-
able of identifying tumor evolution responsible for therapeutic failure
and spatiotemporal studies within a clinical setting are still scarce. One
such trial was lately published by Khan and colleagues [16], focusing
on the emergence of resistance to cetuximab. For the first time within a
prospective phase II study, the researchers analyzed over therapy
longitudinally acquired multi-regional samples from matched primary,
metastatic and progressive tumors, along with frequent cfDNA liquid
biopsies by tNGS and reported several interesting findings. A significant
percentage as high as 50% of supposedly KRAS wild-type patients
harbored RAS pathway mutations at baseline cfDNA, conferring pre-
existing primary cetuximab resistance. Regarding acquired resistance,
tissue and liquid biopsies were highly concordant and both accurately
captured tumor dynamics resulting in treatment failure, highlighting
that resistance is polyclonal in nature and by one-third attributed to
aberrations in genes outside the RAS pathway, such as PIK3CA and
ERBB2, not routinely tested in clinical practice. Especially serial liquid
biopsies at dense time intervals (< 2-3 months), coupled with mathe-
matical modelling, were most successful to track dynamic tumor evo-
lution and emerging heterogeneity and provided sufficient predictive
power to readily detect therapeutic resistance and progression a few
months before clinical diagnosis. Therefore, dynamic tissue and liquid
sampling could effectively inform clinicians about the timing of clinical
decisions and future treatment strategies for CRC [16]. Nevertheless,
despite this study being the first spatiotemporal trial with a prospective
phase II protocol, major limitations include the small sample size (47
patients), the limited focus on the RAS pathway and cetuximab, as well
as the very small number of cancer-related genes within the utilized
tNGS panel (77 genes). Further prospective confirmation dynamic stu-
dies, integrating more advanced technological systems exploring in-
tratumor and circulating heterogeneity through WGS, are hence war-
ranted to determine the true benefit of longitudinal sampling in a
clinical setting.

Cancer Treatment Reviews 80 (2019) 101894

Sequencing at single-cell resolution and genome editing

Recently, technical improvements of the single-cell technique in
combination with NGS technologies have enabled the identification of
molecular differences between individual cells. Progress over the past
few years has been so impressive that single-cell RNA sequencing
(RNAseq), in conjunction with machine learning models, has already
successfully been applied to delineate the transcriptional dynamics of
normal organogenesis in mice, analyzing a striking total of two million
single cells [2]. Especially in cancer, bulk multi-regional NGS is con-
ceptually incapable to enable full exploration of genetic, genomic and
transcriptional ITH and the detection of rare subclones within the pri-
mary tumor, possibly driving progression and metastasis [81]. At pre-
sent, several reports on CRC single-cell genomics and transcriptomics
have been published, analyzing a few thousands of individual cells
(Table 4) [9,25,82-92]. In an exemplary study, Roerink et al. [25]
subjected single-cell-derived clonal organoids from three CRCs to
RNAseq with groundbreaking results. All three tumors contained cells
resistant to common drugs but most importantly differential drug re-
sponse was identified even between closely related cells, showing a
model of late emergence of resistance during tumorigenesis consistent
with Darwinian dynamic evolution [27] and suggesting the need for
early diagnosis and effective intervention [25]. A crucial implication of
single-cell transcriptomics for the precise characterization of cell-to-cell
heterogeneity-dependent drug sensitivity is the optimization of multi-
drug treatment at the individual level [9,19]. Single-cell next-genera-
tion sequencing (scNGS) has further been utilized as a means of more
detailed CRC sub-classification compared to bulk analysis [83,84], al-
lowing for the detection of rare aggressive cell sub-populations, po-
tentially associated with cancer progression and metastasis [85].
Moreover, scNGS of matched primary and metastatic tumor has been
used to track spatiotemporal tumor evolution as well as the dynamic
tumor immune microenvironment through single-cell multiomics and
single T-cell RNAseq respectively [82,83], potentially informing future
implications for cancer treatment and, particularly immunotherapy.
Taking into consideration that integration of scNGS into translational
research is only now beginning, future large patient-centric studies are
highly anticipated and expected to revolutionize current approaches to
cancer research.

In parallel to clinical and translational studies, CRC constitutes a
critical object for fundamental research on cancer models, such as cell
lines and organoids, integrating highly innovative technologies and
primarily CRISPR-based genome engineering in conjunction with DNA/
RNA NGS (Table 4) [9,25,82-92]. Targeted genome manipulation using
engineered nucleases via CRISPR-Cas systems has surfaced as a novel
approach with potentially crucial clinical implications [3]. The power
of CRISPR-Cas9 to identify and prioritize potential drug targets has
recently been demonstrated by CRISPR-based screening of more than
300 cancer cell lines from 30 different tumor types, including CRC, by
Behan and colleagues [86]. For instance the Werner syndrome ATP-
dependent helicase was verified as a synthetic lethal target in micro-
satellite instable tumors in a cancer type-agnostic manner, raising
promises for adjunct therapy to immune checkpoint inhibition. This
study underlines the capacity of genome editing to inform modern drug
development by enriching and diversifying the portfolio of cancer
therapeutic targets, in order to create a systematic framework for ef-
fective tailored treatment [86]. Several other studies have also ex-
hibited the capabilities of CRISPR-Cas in cancer target discovery,
especially for CRC [88,89,92]. Therefore, the revolutionary capacity for
precision editing both ex-vivo and in-vivo has delivered a transforma-
tive tool in the discovery of novel oncotargets and drugs in pre-clinical
studies, while the first early-phase clinical trials on various diseases,
including leukemias and solid tumors, implementing genome editing
have just begun to materialize [3,4,93]. Furthermore, innovative stu-
dies implementing various combinations of NGS technologies, and
particularly WGS and RNA sequencing, with interaction mapping via
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Hi-C and ChIP-seq, as well as DNA editing have explored and dissected
coding and non-coding, genomic and transcriptional heterogeneity at
bulk and single-cell resolution, substantially advancing our under-
standing of gene expression [9,26,60,66,73,87,90,91]. In the following
years, in-depth delineation of coding and non-coding cell-to-cell het-
erogeneity is expected to remodel the concepts of precise prediction and
drug development.

Future outlook

Exploiting breakthrough technologies and appropriate methodolo-
gies, emerging research focuses on overcoming three major challenges:
late diagnosis, lack of robust predictive biomarkers and limited efficacy
of available targeted agents. Innovative approaches exploring genome-
and transcriptome-wide aberrations in time and space encourage the
realization of long-term research dreams, including non-invasive
screening, individualized drug sensitivity prediction and development
of a drug bank to successfully address extensive genetic, genomic and
transcriptional heterogeneity. Patient-centric expectations comprise
medium-term clinical implications through a new generation of clinical
trials on the one hand [14], and a distant horizon of translational in-
tegration of breakthrough technologies into appropriately designed
studies to understand genome and transcriptome regulation in health
and disease on the other [94,95].

Evidence-based precision medicine

The explosive progress in NGS studies has highlighted the beginning
of a new era of early-phase clinical trials of simplistic design evaluating
the clinical utility of bulk ITH and cf/ctDNA-NGS to improve oncolo-
gical outcomes [12-14,16]. The development of effective non-invasive
screening could dramatically increase early-stage diagnosis, reducing
cancer-related death rates and public health costs. Currently, NGS of cf/
ctDNA represents the most rational and promising perspective. An un-
derway large-scale clinical trial integrating cfDNA-tNGS/WGS/WGBS
has already preliminarily reported high overall sensitivity rates for
several cancer types, such as CRC, but the final results are necessary to
determine the suitability of this platform as a screening tool, con-
sidering that sensitivity rates for stage I tumors was only 34% [17]. By
contrast, much more promising data have more recently been reported
through the combination of cfDNA-tNGS/WGS with machine learning
models, with overall combined sensitivity reaching 91% on a patient
population comprised in the majority by stage I and II disease [29].
Nevertheless, despite this method appearing to meet the criteria for
screening, large-scale confirmation clinical trials are required. Fur-
thermore, exploitation of both available drugs targeting specific gene
mutations irrespective of cancer type and extensive panels for tNGS, has
enabled the conduction of basket trials on individualized combinational
therapies. The positive results returned by Sicklick et al. in a small scale
combined analysis of tissue and matched ctDNA [14] are limited by the
simplistic tNGS-based design disregarding genome- and transcriptome-
wide alterations and warrant further larger and more sophisticated
validation trials.

Although several studies have provided exciting results on dynamic
genomic clone and tumor evolution, as of yet, there has been no com-
prehensive study or trial evaluating bulk intra-individual genomic and
trancriptomic landscapes in time and space. We propose an innovative
triple comparison between primary tumor ITH, serial cf/ctDNA-NGS
and metastatic tumor ITH for each individual patient within a new
generation of prospective patient-centric trials (Fig. 2). This protocol
could generate a series of research discoveries and clinical implications.
First, it provides the potential to assess the magnitude of genetic,
genomic and transcriptional intratumor heterogeneity (Table 2).
Second, the role of ITH as a prognostic and predictive biomarker
guiding primary therapeutic decision-making could be validated and
established. Third, the current grand challenge of detecting minute
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amounts of cfDNA, as in the case of minimal residual disease after
surgery, could be overcome by combining DNA fragmentation patterns
analyzed within machine learning models and mutation analysis [29].
Thus, dynamic cf/ctDNA-NGS could contribute to primary decision-
making on adjuvant treatment through comparisons between NGS of
cfDNA before and after RO resection with ITH. In the neo-adjuvant
setting, as is the case for most rectal cancers, comparison of multi-re-
gional NGS before and after treatment could reveal the emergence of
resistant clones and guide effective adjuvant therapy [96]. Moreover,
serial NGS liquid biopsies could be used for patient monitoring to
predict acquired resistance and relapse several months before imaging
diagnosis and enhance secondary decision-making by early targeting of
resistant mutations [19,29,97]. Fourth, ITH analysis of synchronous or
metachronous metastasis can identify alterations responsible for re-
sistance and hematogenous spread. And fifth, the precise character-
ization of the complete repertoire of intra-individual alterations in time
and space promises to provide high-quality evidence on the origins and
evolution of therapeutic resistance, highlighting the advent of Color-
ectal Cancer Precision Medicine [19].

Breakthrough genome, transcriptome and regulatory network exploration

Lately, integrated multiplex technological frameworks, including
single-cell genomics/transcriptomics, CRISPR-Cas9 and interaction
mapping, have opened new avenues towards individualized therapeutic
response prediction, discovery of novel drug targets and understanding
complex dynamic regulatory circuitry [6,94,98]. The recent evidence
on cell-by-cell variability-dependent drug sensitivity in an analysis of
thousands of cells from multiple cancer types [9] and the necessity of
machine learning to analyze transcriptional landscapes of two million
cells [2] suggest that high-precision dissection of drug resistance at
single-cell resolution within the primary tumor containing hundreds of
millions of cells will require sophisticated artificial intelligence systems
[99]. In addition, single-cell RNAseq could also add to the under-
standing of intricate cell-to-cell interactions potentially informing
therapeutic resistance [100]. Future large-scale single-cell NGS studies
and trials will enable full and detailed exploration of ITH [81], sig-
nificantly increasing the accuracy in the assessment of therapeutic re-
sponse for each patient. Beyond precise prediction, genome and tran-
scriptome editing technologies pose as a compelling opportunity, in
addition to NGS, to address the necessity of developing multiple novel
drugs to overcome extensive intra-individual heterogeneity. In addition
to genome editing [4,86], latest technological advances allowing pre-
cise RNA editing can be used to modify transcripts containing coding
and non-coding pathogenic mutations [101], as well as for tran-
scriptome reprograming with breakthrough drug systems [102].

Beyond long-term conventional linear experimentation, DNA and
RNA sequencing and editing technologies have provided critical insight
into the complex regulation of gene expression in health and disease.
However, the precise mechanisms through which coding and non-
coding variation affects gene control remain poorly understood. A re-
cent landmark paper integrating WGS, RNAseq, ChIP-seq, Hi-C and
computational algorithms unveiled the intricacy with which genetic
variation perturbs cis- and trans-regulatory coordination and gene ex-
pression unraveling the multiple network layers between genetic var-
iants, regulatory elements and gene expression underlying disease
phenotypes [94]. In cancer, future studies integrating a variety of
techniques and methods, including detection of bulk and single-cell
intratumor transcriptional heterogeneity [25,103] and transcription
factor-binding site mutations [60], as well as transcriptome editing
[101,102], could not only achieve high precision in drug response
prediction but also discover next-generation drugs targeting key tran-
scriptional elements and regulators of aberrant linear and non-linear
transcriptional circuits [8,104-106]. In summary, the future develop-
ment of an extensive drug bank, including both the continuing dis-
covery of drugs based on single-gene linear transcription and regulatory
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Fig. 2. Exploration of the comprehensive intra-individual genetic, genomic and transcriptional heterogeneity towards early and final stages of Colorectal Cancer
Precision Medicine. Step-wise flowchart including primary tumor ITH with matched c¢fDNA alterations and metastatic liver tumor ITH, towards individualized precise
drug response prediction and optimization of therapy. A. Medium-term evidence-based implications through bulk NGS and matched serial cfDNA-NGS trials: novel
screening via cfDNA-NGS and machine learning, development of predictive biomarkers and discovery of new CRC-specific oncotargets and drugs towards optimi-
zation of primary and secondary therapeutic decision-making. B. Long-term expectations: accurate individualized prediction of cell-by-cell heterogeneity-dependent
drug sensitivity, discovery of novel drug targets and development of next-generation therapies disrupting aberrant transcriptional biocircuits. Abbreviations:
adjuvant treatment (AT), cell-free DNA (cfDNA), colorectal cancer (CRC), intratumor heterogeneity (ITH), metastatic tumor (MT), multi-regional (MR), neo-adjuvant
treatment (NAT), next-generation sequencing (NGS), primary tumor (PT), RNA sequencing (RNAseq), targeted NGS (tNGS), whole-genome sequencing (WGS).

network-directed agents, could enable optimization of therapy on the
basis of precise prediction and selection of the most effective drug
combination.
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Conclusions

Genome and transcriptome sequencing and editing technologies,
coupled with interaction mapping and machine learning systems, as
well as the static and dynamic exploration of genetic, genomic and
transcriptional heterogeneity within early and underway clinical trials
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highlight a shift from research to clinical evidence-based Cancer
Precision Medicine. Future prospective CRC studies implementing a
triple comparison between primary and metastatic tumor ITH with
serial liquid biopsies could provide high-quality evidence on the origins
and evolution of genomic subclones responsible for drug resistance and
relapse. These advancements advocate the realization of three prime
clinical goals, namely non-invasive screening for early diagnosis, de-
velopment of multiple novel targeted drugs and individualized predic-
tion of sensitivity to drug combinations. Deeper insight into coding and
non-coding genome- and transcriptome-wide alterations deregulating
gene expression through linear and non-linear cis and trans regulatory
networks will unravel the next-generation therapeutic controllability of
perturbed transcriptional circuitry.
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