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ABSTRACT

The Fragile Histidine Triad Diadenosine Triphosphatase (FHIT) gene is located in the Common
Fragile Site FRA3B and encodes an enzyme that hydrolyzes the dinucleotide Ap3A. Although FHIT
loss is one of the most frequent copy number alterations in cancer, its relevance for cancer
initiation and progression remains unclear. FHIT is frequently lost in cancers from the digestive
tract, which is compatible with being a cancer driver event in these tissues. However, FHIT loss
could also be a passenger event due to the inherent fragility of the FRA3B locus. Moreover, the
physiological relevance of FHIT enzymatic activity and the levels of Ap3A is largely unclear. We
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have conducted here a systematic pan-cancer analysis of FHIT status in connection with other
mutations and phenotypic alterations, and we have critically discussed our findings in connection
with the literature to provide an overall view of FHIT implications in cancer.

Introduction

Genome instability is a feature of cancer cells that
leads to the accumulation of mutations that contri-
bute to tumorigenesis initiation and progression [1].
Within the genome, Common Fragile Sites (CFSs) are
regions prone to having genomic alterations and are
frequently deleted in cancer [2]. These genomic
regions harbor long genes that replicate late in the
cell cycle. The common fragile site 3B (FRA3B) is
among the most fragile ones, and it contains the
gene Fragile Histidine Triad Diadenosine
Triphosphatase (FHIT) (Figure 1(a)). FHIT is a long
gene spanning 1.5Mb located on Chromosome 3. It
has 10 exons - separated by unusually long introns -
of which only 5 are coding exons (5 to 9). The FHIT
(Bis(5”—adenosyl)-triphosphatase) protein has 147aa
and is found in the cytoplasm [3,4], but also in the
nucleus [4] and mitochondria [5]. FHIT belongs to
a branch of the histidine triad (HIT) family proteins,
which have a specific sequence HpHpH@¢ where ¢ is
a hydrophobic amino acid, and they have nucleotide
hydrolase and transferase activity [6] (Figure 1(b)).
FHIT is a homodimer-forming enzyme [7] with the
active site in the His-96 [8] and has hydrolase activity
that catalyzes the cleavage of P1-P3-bis(5'—adenosyl)

triphosphate (Ap3A) into AMP and ADP [9,10]
(Figure 1(c)). Furthermore, FHIT binds, although
with lower affinity, P1-P4-bis(5-adenosyl) tetrapho-
sphate (Ap4A) and hydrolyzes it into ATP and AMP
[7,9,11]. It has also been proposed that FHIT may
hydrolyze other substrates such as natural metabolites
adenosine  5’-phosphosulphate and adenosine
5’'monophosphoramidate [12,13]. The biological rele-
vance and functionality of these enzymatic reactions
and metabolites are still unclear.

Diadenosine polyphosphates (ApnA) were dis-
covered in the 1960s [14] and they are present in
a variety of organisms. How these molecules are
synthesized is not completely clear but they are
believed to be by-products of various aminoacyl-
tRNA synthetases [15,16]. In the first step of the
reaction aminoacyl-AMP is formed, then it is
attached by the cognate tRNA forming the correctly
loaded aminoacyl-tRNA or, alternatively, by ADP or
ATP resulting in the formation of Ap3A or Ap4A,
respectively [17]. In complex organisms, ApnAs are
present in the intracellular and extracellular environ-
ments. In the extracellular environment, they are
involved in regulating the function of various phy-
siological systems, such as the cardiovascular system
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Figure 1. (a) Schematic representation of the FHIT gene. The exons are depicted as vertical lines in blue for the untranslated region
and in red for the coding exons. FHIT is located in the chromosome 3 and spans over 1.5Mb at positions 59,747,277 —61,251,452 in
the reverse strand. Transcript ID ENST00000492590.6 is shown. It has 3116bp and codes for a small protein of 147aa (accession
CCDS2894, AOA024R366 and P49789). Its RefSeq ID is NM_002012.4. The length of the 5°UTR is 363bp and of the 3'UTR 2308bp.
Adapted from Ensembl. (b) Schematic representation of the FHIT protein. The FHIT (Bis(5"—adenosyl)-triphosphatase) protein has
147aa and a molecular mass of 16.733 kDa (UniProt). The aminoacid sequence is shown and several features are highlighted: the
histidine triad motif (HVHVVLH aa 94 to 100) is shown as a blue bar; the active site in His96 is shown as a red circle,
phosphotyrosines are indicated with blue triangles and the secondary structure is depicted as ping bars for the beta strands and
green bars for the helixes. Adapted from uniprot. (c) Schematic representation of FHIT enzymatic reaction. P [1], P [3-]bis
(5"—adenosyl) triphosphate (Ap3a) is hydrolyzed into ADP, AMP and a proton. Reaction ID in RHEA is 13,893.

[18], or in insulin-secretory activity [19]. Ap3A and
Ap4A are stored in high concentration in the platelet
and released, upon activation, in the plasma, indu-
cing prothrombotic or antithrombotic effects to
maintain blood homeostasis [20,21]. Instead, the
intracellular functions of ApnA are still poorly
defined. Changes in Ap3A and Ap4A levels have
been associated with cell differentiation and apopto-
sis [22]. In particular, the increase in Ap3A induces
the interaction with FHIT, resulting in a pro-
apoptotic signaling complex [23]. In line with that,

the restoration of FHIT in cancer cell lines and mice
suppresses tumorigenesis and induces apoptosis
[24-26]. Recently, using a chemical proteomic
approach, it has been reported that upon stress,
a stable complex FHIT-Ap3A is formed and blocks
translation, leading to a reduction of cell viability
[27]. In addition, Ap3A and Ap4A are considered
“alarmones” and their cellular concentrations
increase upon cellular stress, like temperature
change [28], exposure to ethanol, cadmium, or
arsenite [29], oxidative damage via hydrogen
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peroxide and the DNA damaging agent mitomycin
C [30] suggesting a role in cellular stress and damage
response pathways. Furthermore, a number of pro-
teins interacting with Ap3A and Ap4A have been
recently described [30,31]. Nevertheless, it is still
controversial whether ApnA are functional mole-
cules with specific signaling and regulatory func-
tions, or simply by-products of metabolism, with
potential toxicity that must be controlled by enzymes
that degrade them [32].

FHIT alterations in cancer were first described
in 1996 in gastric cancer [33], lung cancer [34],
Merkel cell carcinoma [35], breast cancer [36], and
head and neck squamous cell carcinomas [37]. In
these studies, deletions affecting several of FHIT
coding exons were identified using RT - PCR and
cDNA sequencing of tumor samples. These dis-
coveries were first encountered with some contro-
versy as the Vogelstein laboratory reported a lower
percentage of FHIT-altered samples in a panel of
colon cancer cell lines and xenografts [38].
However, soon after, numerous independent
groups reported findings supporting FHIT loss as
a frequent cancer event in pancreatic cancer [39],
breast cancer [40,41], and head and neck cancer
[42], contributing to a solid foundation for FHIT
deletion being a recurrent event in human cancer.
However, whether FHIT loss is a driver event or
a passenger event that does not impact tumor
evolution is still an open question. One could
speculate that the fragile nature of FHIT locus
can translate into an elevated frequency of altera-
tions, especially in cancers with high levels of
replication stress and chromosomal instability,
even if those alterations are not positively selected
[43]. FHIT Copy Number Alterations (CNAs) are
approximately equally distributed in small hemi-
zygous deletions and homozygous deletions [43],
suggesting its passenger role. In contrast, hemizy-
gous deletions in CNAs affecting known recessive
cancer genes, like NF1, PTEN, or CDKN2A, repre-
sent only a small proportion, with the majority
being homozygous deletions [43]. Likewise, in
bona fide tumor suppressor genes, alternative inac-
tivating mechanisms like point mutations usually
occur in the retained allele, as another source of
gene inactivation. Again, FHIT point mutations
are scarce [44].

On the other hand, two Fhit knockout mouse
models showed increased tumorigenesis [45-47],
indicating a driver role of FHIT loss in cancer. Of
note, both mouse models target exon 5 of the Fhit
gene, which harbors the translation initiation
codon (and hence abolish the expression of FHIT
protein) but they do not mimic the partial or
whole deletion of the FHIT locus observed in
human cancer.

Besides, the transcription-replication conflict in
the root of the locus fragility is highlighted by
recent findings suggesting that the transcription
of FHIT gene is required for the locus to be fragile
since its silencing suppresses the occurrence of
copy number alterations [48].

Over the years, camulative data from cancer geno-
mics has increased the available information on FHIT
status in cancer. In this article, we have systematically
analyzed available information extracted from data-
bases and a published meta-analysis of FHIT in
cancer.

Results

FHIT is frequently altered in human cancer of
esophagogastric and bowel origin

First, we analyzed the data available from different
sources to get an insight into the frequency of FHIT
alterations in human cancer. We analyzed FHIT
alterations in whole exome sequences of 10,953
TCGA patients from the Cancer Genome Atlas
Pan-Cancer project that includes 32 different cancer
types [49] using cBioportal [50]. Three percent of the
patients studied (279 patients out of 10,953) har-
bored FHIT alterations. These alterations include
mutations, deep deletions (deep loss, possibly
a homozygous deletion), amplifications (high-level
amplification, more copies, often focal), and struc-
tural variations. The frequency of FHIT alterations
was not equally distributed among cancers.
Esophageal adenocarcinoma with 12.09% of samples
harboring alteration in FHIT (9.89% being deep
deletions) and stomach adenocarcinoma with
12.05% of samples harboring alterations in FHIT
(10.68% being deep deletions) exhibit the highest
frequencies. Next is colorectal adenocarcinoma with
7.07% of FHIT-altered samples (5.72% being deep



deletions) (Figure 2(a) and Supplementary Table 1).
Mutations (including missense, truncating, or affect-
ing splicing) and structural alterations are less com-
mon than copy number alterations.

Within cBioportal, a bigger cohort of patients
can be explored, including studies that are not part
of the Pan-Cancer Atlas Project. In a curated set of
non-redundant studies (Supplementary Table 11),
that includes 65,853 patients, FHIT was altered in
709 (1%) (Data by cancer study in Supplementary
Table 2 and by Cancer Type in Supplementary
Table 3). Again, we observed differences among
tissues. FHIT is deep deleted in 12.72% of esopha-
gogastric tumors and 4.94% of colorectal tumors.
In contrast, its amplification is less frequent
(0.90% in esophagogastric and 0.32% in colorec-
tal). In both cases, the ratio of deep deletion/
amplification is bigger than 10 (14.1 for esophago-
gastric and 15.4 for colorectal), suggesting that
there may be a selective pressure for FHIT
deletions.

COSMIC database, the Catalogue Of Somatic
Mutations In Cancer (https://cancer.sanger.ac.uk)
[51] is another useful source of genomic data that
includes mutations from 1.4 million tumor sam-
ples curated from TCGA, ICGC, and literature
including over 26,000 publications. It includes
coding mutations, non-coding mutations, gene
fusions, copy number variants (CNV), and drug-
resistance mutations. FHIT is included in the
COSMIC Cancer Gene Census (CGC), as a tier 1
(a gene must possess a documented activity rele-
vant to cancer) with impact in two cancer hall-
marks: suppresses genome instability and
mutations; and suppresses invasion and metastasis.
Within COSMIC, esophagogastric tumors are
again the ones harboring more frequently CNV
alterations in FHIT, with 33.3% of tested samples
harboring FHIT loss, and 9.92% of colorectal
tumors. In this case, the ratio of Loss/Gain is
greater than 25 for both esophagogastric and col-
orectal. In this database, cervix and urinary/blad-
der tumors rank second and third, with 19.9% and
11.4% of samples with FHIT loss respectively
(Supplementary Table 4).

The differences in the frequencies of FHIT
alterations obtained between cBioportal and
COSMIC can be attributed to the different sources
of genomic data used. While COSMIC contains
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data from TCGA, ICGC, and the literature,
cBioportal includes cancer studies by AMC,
BCCRC, BGI, British Columbia, Broad, Broad/
Cornell, CCLE, CLCGP, Genentech, ICGC, JHU,
Michigan, MKSCC, MKSCC/Broad, NCCS, NUS,
PCGP, Pfizer UHK, Riken, Sanger, Singapore,
TCGA, TSP, UTokyo, Yale [52].

Overall, genomic data from both cBioportal and
COSMIC show that FHIT alterations in cancer are
more frequently copy number alterations than
point mutations or structural alterations. Hence,
we dived into a meta-analysis in which somatic
copy number alterations were analyzed in Pan-
Cancer dataset unified across all lineages [53].
The authors described 70 regions or peaks recur-
rently amplified and 70 peaks recurrently deleted.
A peak containing FHIT ranked 17™ in the deleted
peaks among all cancers. In addition, when focus-
ing on specific tissues, the highest frequency of
FHIT was found in colorectal cancer, where
FHIT peak ranked 5™ (after RBFOX1, FAMI90A,
PARK2, and MACROD?2; and before WWOX). Of
note, 22 of the 140 identified regions contained
one of the 100 largest genes in the genome.
Interestingly, they were not distributed symmetri-
cally between deletions and amplifications. While
21 out of the 70 most significantly deleted peaks
harbored long genes only 2 of the amplified top
peaks did. Hence, the tendency of FHIT to get lost
in cancer is not unique among long genes. In this
same study, FHIT and ERBB2 CNAs were signifi-
cantly anti-correlated (q value 0.021). The exis-
tence of significant correlations with FHIT CNAs
may support a driver role of FHIT alteration.

While FHIT copy number alterations are fre-
quent, point mutations in FHIT are scarce. In the
curated set of non-redundant studies of cBioportal
aforesaid only 84 samples out of 42,053 harbor
FHIT point mutations. These are mostly missense
mutations distributed along the gene without any
hotspot of mutation clustering. In the TCGA Pan-
Cancer study, there are 41 FHIT mutations
described, showing the same pattern (Figure 2(b)).
However, we should keep in mind that even though
FHIT gene spans over 1.5Mb, the exons are quite
short and code for a small 17KDa protein.
Interestingly, Lopez-Bigas laboratory has curated
mutated genes in cancer using data from
cBioPortal, pediatric cBioPortal, ICGC, TCGA,


https://cancer.sanger.ac.uk

96 e L. SIMON-CARRASCO ET AL.

Pan Cancer Atlas TCGA

a 15 Il Deep deletion
0 B B Amplification
9 10 )
g- I Mutation
S 5 - I Multiple
B Structural

b
5 3§ ‘
§° 1 m TTTT]TTT TTT]T m ET r I ]T]T
0 50 160 147 aminoacids
C I .
® Diploid ® Deep Deletion Shallow Deletion ™ Amplification Gain
100 - TR P T T T I I TITTTT T u B m
0
@
g
S 50
n
ES
TCGA Study
d FHIT CN segment in TCGA Pan Cancer Atlas
Chr' 3 58,000 kb 59,000 kp 60,000 kp 61,000 kb 62,000 kb 63,000 kp

Combined studies (10967)

Esophageal Adenocarcinoma (182)

Stomach Adenocarcinoma (440)

Colorectal Adenocarcinoma (526)

(L = st LT I L o o | ot |t ot ——t—-HHHH | | " —t
DENNDGA-DT FLNB PXK!-?TDG CBorf67 LOC339902FHIT MIR548BB  FHIT PTPRG C3orf14 CADPS LINCOOSQBSYNPR
M - [ + +—+ + ] He—

DNAH12 SLMAP FLNB PTPRG-AS1 CADPS SYNPR-AS1
ABHD6 FAM3D FHIT

Figure 2. (a) For each cancer type grouped by TCGA study, relative fractions of deep deletions, amplifications, mutations, multiple alterations,
and structural variations are indicated. Only those studies where some samples harbor FHIT alterations are shown. TCGA abbreviations are
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PCAWG, Hartwig Medical Foundation, TARGET,
St. Jude, and literature gathered sequencing projects
and seven methods accounting for mutation count
bias, significant clustering of mutations and the
functional impact bias of the observed mutations
[54]. In their database, Intogen.org, FHIT is indeed
classified as a driver in Diffuse large B-cell lym-
phoma and Stomach Adenocarcinoma by the com-
bination of the methods. This is especially relevant
since the copy number alterations are not taken
into consideration in this study. Hence, despite
being rare, FHIT mutations may be significantly
enriched in some cancers [54].

FHIT is not frequently involved in transloca-
tions. Only 13 protein fusions involving FHIT
were described in the Pan-Cancer Atlas across
different cancers, without any observed enrich-
ment (Supplementary Table 5). Out of the 13
fusions, 6 involved genes located, as FHIT, in
chromosome 3, i.e., a FOXPI-FHIT fusion was
found in a thymic epithelial tumor, while the
other 7 involved genes from other chromosomes,
like a RPAIN-FHIT fusion identified in a breast
invasive ductal adenocarcinoma tumor.

FHIT is a hotspot for FRA3B CNAs

FHIT alteration in cancer is associated with the
instability of its locus, located within the CFS
FRA3B. Samples can be classified according to
FHIT putative copy number alterations values
from the algorithm GISTIC (Genomic
Identification of Significant Targets in Cancer)
[55] available in cBioportal in diploid (0 = neu-
tral/no change), deep deletion (-2 =homozygous
deletion), shallow deletion (-1 =hemizygous
deletion), gain (1 =low-level gain, a few addi-
tional copies, often broad), and amplification (2
=high-level amplification, more copies, often
focal). The proportion of FHIT samples in each
copy number category across the 32 TCGA Pan-
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Cancer studies is shown in (Figure 2(c)). Overall,
59% of the samples are diploid for FHIT, 1.75%
have deep deletion of FHIT, 29.82% shallow dele-
tion, 9.05% gain, and 0.38% high-level amplifica-
tion. Shallow or hemizygous deletion is the most
prominent copy number alteration and the ratio
of Deep/Shallow deletions is 0.059. Across stu-
dies, lung squamous cell carcinoma (LUSC) has
the lowest proportion of diploid samples, with the
majority (84.19%) of the samples having shallow
or hemizygous FHIT deletion. On the contrary,
thyroid Carcinoma (THCA) has 98.39% of
diploid samples. An increased proportion of
homozygous or deep deletions is found in three
cancer types: Stomach Adenocarcinoma (STAD)
with 10.73% of samples with FHIT homozygous
deletion and a ratio of Deep/Shallow deletions of
0.35, Colorectal Adenocarcinoma (COADREAD)
with 5.74% of samples with homozygous FHIT
deletion and a ratio of Deep/Shallow deletions
of 0.33 and Esophageal Adenocarcinoma (ESCA)
with 10.44% of samples with homozygous FHIT
deletion and a ratio of Deep/Shallow deletions of
0.17. Representations of segmented copy number
data show that FHIT gene is a hotspot within the
FRA3B locus for CNA, with some alterations
spanning the whole gene and others clustering
between exons 1 and 3 (Figure 2(d)). The first
coding exon of FHIT is exon 5, but it can be
predicted that deletion of the first exons will
affect the transcription and stability of FHIT
mRNA.

FHIT expression and copy number alterations

Next, we compared the expression of FHIT in
tumors and the corresponding normal tissue at
http://firebrowse.org/ (Figure 3(a)). The biggest
FHIT expression reduction in the tumor is found
in sarcomas, head and neck squamous cell carci-
noma, and esophageal carcinoma. In others like

carcinoma (KIRC), prostate adenocarcinoma (PRAD), ovarian serous cystadenocarcinoma (OV), lymphoid neoplasm diffuse large B-cell
lymphoma (DLBC), uterine corpus endometrial carcinoma (UCEC), mesothelioma (MESO), pancreatic adenocarcinoma (PAAD), liver hepato-
cellular carcinoma (LIHC), lung adenocarcinoma (LUAD), breast invasive carcinoma (BRCA), brain lower grade glioma (LGG), thymoma (THYM),
testicular germ cell tumors (TGCT), thyroid carcinoma (THCA), pheochromocytoma and paraganglioma (PCPG), kidney renal papillary cell
carcinoma (KIRP) and glioblastoma multiforme (GBM). (b) Schematic representation of point mutations in FHIT gene from TCGA pan-cancer
studies. In green, missense mutations. In red, splice mutations. (c) FHIT copy number proportions including deep deletion, shallow deletion,
diploid, gain and amplification are shown for 32 TCGA pan-cancer studies. The stacked proportion bar chart is sorted by increasing diploid
fraction. (d) Segmented copy number data for combined studies (n = 10967), stomach adenocarcinoma (n = 440), esophageal adenocarci-
noma (n=182) and colorectal adenocarcinoma (n=526) samples from cBioportal. Genomic regions surrounding FHIT locus is shown

(chr3:57,472,814 -63,497,314). Red: CN gain. Blue = CN Loss.
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Figure 3. (a) RSEM mRNAseq FHIT expression profiles for normal tissues and tumors of the same tissue. The center line of the box represents
the median, box ends represent respectively the first and third quartiles. Data from Firebrowse. (b) Distribution of FHIT copy number
alterations across cancer types in relation with FHIT expression in normal tissue. Each TCGA pan-cancer study is represented as a single dot in
the scatter plot. The horizontal axis represents the expression of FHIT in normal tissue from consensus dataset (nTPM) in Human Protein Atlas
Database, and the vertical axis represents percentage of samples with copy number alterations in cancers originating from each tissue. From
left to right, representation of percentage of samples with any copy number alteration, deep deletions, shallow deletions, gain or
amplification. (c) Scatter plot between FHIT Log2 copy number (horizontal axis) and WWOX Log2 copy number (vertical axis) in different
TCGA pan-cancer studies.




uterine corpus endometrial carcinoma (UCEC)
and prostate adenocarcinoma (PRAD) there is
increased expression in the tumor.

It has been previously reported that the fragility of
the FHIT locus relies on its transcription [48]. We
hypothesized that if FHIT loss was a passenger event
consequence of the inherent fragility of the site, FHIT
copy number alterations would be more frequent in
tumors that arise from tissues with the highest FHIT
expression. To explore this possibility, we have ana-
lyzed the frequency of FHIT copy number alterations
based on the Pan-Cancer TCGA studies and FHIT
expression based on the consensus dataset from
Human Protein Atlas. The matched tissue and cancer
type can be found in Supplementary Table 6. First, we
plotted in a scatter plot the relationship between FHIT
expression, in the horizontal axis, and the percentage
of samples that have any copy number alteration for
FHIT for a given cancer type (Figure 3(b)). We
observed no correlation between the data. Thus,
higher expression of FHIT did not translate into
a higher frequency of copy number alterations across
cancer types. We also looked at the relationship
between FHIT expression and specific FHIT copy
number alterations (deep deletion, shallow deletion,
gain, or amplification). Surprisingly, there was no
significant correlation in deep deletions, shallow dele-
tions, or gains. There was a significant anti-correlation
between FHIT expression and the percentage of sam-
ples harboring amplifications (R squared 0.2693 and
p-value 0.0191).

We have also compared the copy number value of
FHIT with the copy number value of WWOX (WW
Domain Containing Oxidoreductase), in the same
samples. WWOX is a gene located within the CFS
FRAI16D. The copy number alterations in CFSs can
be considered a signature of replication stress [56,57].
A representation of all the samples from the TCGA
Pan-Cancer study in a scatter plot showing the Log2 of
FHIT copy number value in the horizontal axis and
the Log2 of WWOX copy number value in the vertical
axis shows a cloud of dots with some clusters showing
correlation of FHIT and WWOX copy number, others
showing anti-correlation, and other values that show
independency of the two events (Figure 3(c)).
Interestingly, we identified different scenarios in spe-
cific cancer types. In breast and non-small cell lung
cancer, a fraction of samples shows a high correlation
between FHIT and WWOX loss. In addition, there is
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another fraction of samples in breast cancer that have
lost WWOX without any copy number change in
FHIT, and the opposite was found in non-small cell
lung cancer. In esophagogastric, colorectal, cervical,
and bladder cancer, there is no clustering of correlated
samples. Renal clear cell carcinoma shows a peculiar
pattern with many samples having FHIT copy number
loss, with no change in WWOX. Contrary, many
hepatobiliary cancer and glioblastoma samples have
WWOX copy number loss, with no change in FHIT.
Last, some cancer types have few copy number altera-
tions for both WWOX and FHIT. The fact that FHIT
and WWOX are frequently co-altered may reflect
a general increase in CFS instability in some tumors
due to high levels of replication stress. On the other
hand, the fact that other cancer samples do not show
this correlation may suggest a selective pressure for the
loss of FHIT or WWOX in specific tumors or
a different intrinsic fragility possibly related to the
expression of the loci.

Tumors harboring FHIT CNAs are enriched in
TP53 mutations and CNAs of other common
fragile sites

We explored genomic alterations in cBioPortal rela-
tive to FHIT status. First, we searched for events
enriched in those samples harboring FHIT copy
number alterations in a curated set of non-
redundant studies (213 studies, 69,223 samples and
65,853 patients). We found that TP53 is the most
significantly enriched mutated gene in FHIT copy
number altered tumor samples relative to FHIT copy
number unaltered. The log ratio is 0.89 and the
q-value is 2.80 x 107*° with 65.59% of FHIT-altered
samples harboring a mutation in TP53 in contrast to
the 35.34% of TP53 mutant samples in the unaltered
group (Figure 4(a), Supplementary Table 7). Similar
results were obtained in the TCGA Pan-Cancer data
(10,967 samples), as TP53 is the most enriched
mutated gene with 64.77% in FHIT copy number
altered versus 36.80% in FHIT copy number unal-
tered, with a g-value of 1.20 x 10~"° (Supplementary
Table 8).

When focusing on the genes altered by CNA
(rather than point mutation) enriched in FHIT-
altered tumor samples relative to FHIT unaltered,
the 38 most enriched genes are in the same cyto-
band as FHIT, 3pl4, suggesting that they are
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altered due to copy number alterations that affect
FHIT together with neighbor genes in cytoband
3pl4 (like, for example, PTPRG, and CADPS
which are the immediate neighbors downstream
of FHIT) (Supplementary Table 9). Next, there are
genes located in cytoband 3pl13 (FOXPI and
MITF) and 3p21 (like PBRMI, BAPI, and
CHDH). The 3p21 cytoband is not considered to
be a fragile site. However, it has been described as
a loss of heterozygosity region harboring potential
tumor suppressor in lung cancer [58]. If genes
located in chromosome arm 3p are left out of
consideration, the top CNA altered gene enriched
in FHIT altered group is WWOX, located in cyto-
band 16q23.1-q23.2 (fragile site FRAI6D). WWOX
is with FHIT among the most studied genes
located in fragile sites and lost in cancer [2].
WWOX is altered in 34.05% of FHIT copy
number altered samples and only in 3.52% of
FHIT copy number unaltered ones (q-value
5.09 x 107°°). This enrichment points toward
either a similar mechanism underlying the loss of
both genes or a selective pressure favoring the co-
occurrence of both events. However, as discussed
in the previous section, some cancer types do not
show a clear correlation in alterations of these two
genes. Next on the list is CCSERI (Coiled-Coil
Serine Rich Protein 1), located in cytoband
4q22.1 (fragile site FRA4F) (23.85% versus
2.78%), ASXLI, located in cytoband 20ql1.21
(22.88% versus 1.99%), MACROD2 (Mono-ADP
Ribosylhydrolase 2), located in 20p12.1 (fragile
site FRA20B) and several genes from the 20ql1-
13 including SRC (SRC Proto-Oncogene, Non-
Receptor Tyrosine Kinase), TOPI (DNA
Topoisomerase I), and AURKA (Aurora Kinase
A). Hence, among the most frequently co-deleted
genes, we found an overrepresentation of genes
located within CFSs. Similar results were found
in the Pan-Cancer cohort (Supplementary
Table 10).

FHIT CNAs correlate with increased tumor
mutational burden

Tumor Mutational Burden (TMB) is a measure
of the mutation count defined as the number of
somatic mutations per megabase of a given
tumor. This property varies across malignancies,

for example, the highest levels of TMB are found
in skin melanoma and lung small cell carcinoma
(most likely explained by the exposure to the
mutagenic sources UV light and tobacco respec-
tively), while lower values correspond to tumors
like thymus adenocarcinoma, testis cancer, thy-
moma, and chromophobe renal cell carcinoma
[59]. Lately, tumor mutational burden has been
extensively discussed as a potential biomarker
predictive of the outcome of immunother-
apy [59].

FHIT-altered samples have significantly increased
mutation count compared to FHIT wildtype samples
in the Pan-Cancer Atlas cohort (q-value <1079
(Figure 4(b)). In addition, FHIT alterations are signif-
icantly enriched in the quartile with the highest muta-
tion count (g-value <1079 (Figure 4(c)). Although
not significant, the highest mutation count is found in
samples with FHIT deep deletion. The increase is
significant in FHIT shallow deletion (where there is
a higher number of samples) (Figure 4(d)). Moreover,
this increase is not explained by a bias in the tumor
type composition of the populations, since it is also
present if only samples of stomach origin are consid-
ered (Figure 4(d)). However, there are no significant
differences in tumors from esophageal and colorectal
origin, when samples are clustered by copy number
status.

FHIT CNAs correlate with increased microsatellite
instability in colorectal cancer

Microsatellite Instability (MSI) is the molecular
fingerprint consequence of a defective mismatch
repair machinery [60]. Approximately 15% of col-
orectal cancers (CRC) exhibit microsatellite
instability. Most are sporadic CRC and the MSI
is caused by hypermethylation of the MLHI pro-
moter, while 2-3% of all CRCs are caused by
germline mutations in one of the mismatch repair
genes (MLHI, MSH2, MSH6, and PMS2) [60].
According to data from the Pan-Cancer project,
tumors that have altered FHIT copy number, are
enriched in microsatellite instable samples,
assessed by the MSI MANTIS Score (Figure 5
(a)). This enrichment is found in tumors with
deep or homozygous deletion of FHIT, but not in
those with shallow or hemizygous deletion.
Samples that have an MSI MANTIS Score above
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Figure 4. (a) Genes with mutations significantly enriched in samples with FHIT harboring a copy number alteration in comparison
with samples not having FHIT copy number alterations. Percentage of mutated samples in each group is shown per gene. Analysis
performed in 65,853 patients from 213 studies (curated set of non-redundant studies by cBioportal; molecular profiles: copy number
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0.6 are considered MSI, a score below 0.4 corre-
sponds to MSS (Microsatellite Stable Samples) and
those between 0.4 and 0.6 are uncertain.
Enrichment is also observed in those samples har-
boring FHIT amplification, especially in colorectal
and stomach cancer.

Mutations in MMR genes and MLHI hyper-
methylation are sources of MSI. In the Pan-Cancer
TCGA Colorectal adenocarcinoma cohort, there is
a significant enrichment for MSH6 mutations in
FHIT altered group in comparison to FHIT wildtype,
and a non-significant enrichment for mutations in
other MMR genes like PMS2, MSH2, and MLHI
(Figure 5(b)). In addition, there is a significant
increase in the methylation levels around the
MLH1 TSS in FHIT altered samples (Figure 5(c)).

FHIT alterations correlate with higher aneuploidy
scores

Aneuploidy score accounts for the number of
chromosome arms with arm-level copy number
alterations in a sample and ranges from 0 to 39
[61]. In the Pan-Cancer Atlas, samples with FHIT
CNAs, including deep deletion, shallow deletion,
and gain have significantly higher aneuploidy
scores (Figure 5(d)). Similar results are obtained
for esophageal and stomach adenocarcinoma.
However, in colorectal adenocarcinoma, samples
with FHIT deep deletion show lower, albeit non-
significant, aneuploidy scores than the diploid
ones. These results are similar to the obtained if
comparing WWOX-altered colorectal samples
with WWOX non-altered (aneuploidy score med-
ian of 2 in WWOX altered versus 12 in WWOX
non-altered, q-Value <107'°). This is opposite to
what is found when looking at TP53 altered sam-
ples in colorectal adenocarcinoma, in which case,
the median aneuploidy score is significantly higher
in TP53-altered than in TP53 non-altered (16 ver-
sus 8. g-Value <107'°).

FHIT CNA significantly correlates with hypoxia in
cancer

According to cBioportal, FHIT CNA samples have
higher Buffa hypoxia score (indicative of more
hypoxia) than FHIT non-altered samples
(Figure 5(e)). This tendency was also found in

colorectal cancer samples, although non-
significant when clustered by copy number status
(Figure 5(e)).

FHIT silencing by DNA methylation

Epigenetic changes impact gene expression in can-
cer cells and frequently contribute to tumorigen-
esis. Indeed, hypermethylation of FHIT promoter
has been described in many cancers, including
Epstein-Barr virus-associated gastric carcinomas
[62], human papillomavirus positive oropharyn-
geal squamous cell carcinomas [63], cervical carci-
noma [64], acute lymphoblastic leukemia [65],
clear cell renal carcinomas [66], bladder cancer
[67], breast cancer [68] and non-small cell lung
cancer [69,70]. It has been reported that FHIT
CpG island hypermethylation is the second hit
event in FHIT inactivation together with loss-of-
heterozygosity [68,70] in breast and non-small cell
lung cancer.

Here, we have examined the hypermethylation
of the CpG sites within a CpG island found in the
promoter region of FHIT, which can be an alter-
native method of FHIT inactivation through tran-
scriptional repression. First, we looked at the
correlation between FHIT mRNA expression and
the methylation level of different CpGs within the
CpG island in its promoter region. Considering all
the samples from the TCGA project, those samples
with higher levels of methylation (particularly
above 0.2 B-value) have lower FHIT expression.
Values are shown for CpG positions ¢g19049316
(Figure 6(a)) and cg24796403 (Figure 6(b)), and
similar results are obtained for other CpGs within
the region.

Next, we compared the methylation levels in
matched normal and tumor samples from the
TCGA project. We have used the DNA methyla-
tion data of TCGA evaluated by Illumina Human
Methylation 450K BeadChip accessed through the
SMART (Shiny Methylation Analysis Resource
Tool) [71] webpage. We included the methylation
levels of 8 CpGs located within the CpG island
found in the proximity of FHIT promoter in those
studies that had available data for matched normal
tissue. Some CpGs had significantly increased
methylation in tumor samples relative to the
matched normal tissue (shown in dark blue),
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Figure 5. (a) Percentage of samples with Microsatellite Instability | MANTIS score status determined as microsatellite stable (MSS),
microsatellite instable (MSI) or unknown, sorted by FHIT copy number status in different TCGA pan-cancer studies. (b) Percentage of
samples harboring mutations in genes known to induce MSI in FHIT altered and non-altered samples in colorectal adenocarcinoma
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Figure 6. (a) Scatter plot and the simple linear regression trendline (blue) showing between FHIT mRNA expression (RSEM, batch normalized
from Illumina HiSeq_RNASeqV2) (vertical axis) and the methylation of CpG position cg19049316 (B-value, HM27 and HM450 merge). (b)
Scatter plot and the simple linear regression trendline (blue) showing between FHIT mRNA expression (RSEM, batch normalized from lllumina
HiSeq_RNASeqV2) (vertical axis) and the methylation of CpG position cg24796403 (B-value, HM27 and HM450 merge). (c) Heatmap showing
for each TCGA study the methylation change in tumor samples compared to matched normal tissue in the indicated CpG sites within the FHIT
promoter CpG island, and the average change in the 8 CpG sites in the aggregated column. (d) Average methylation B-values of the 8 CpG
probes within the FHIT promoter CpG island in matched normal (green) and tumor (magenta) samples from the indicated TCGA studies. The

% of tumors with a B-value higher than 0.2 is indicated above.

while others remained similar (light blue) or sig-
nificantly decreased (white) (Figure 6(c)). The
aggregated data, where the average methylation
across the 8 CpGs is analyzed, is included in the
last column. Only breast cancer (BRCA) and kid-
ney renal clear cell carcinoma (KIRC) show
a significant overall increase in DNA methylation.
However, other cancer types, such as lung squa-
mous cell carcinoma (LUSC), pancreatic adenocar-
cinoma (PAAD), and sarcoma (SARC) show

a significant DNA methylation increase in more
than two CpG sites.

Within each study, there is a lot of heterogeneity
among tumor samples. To get an overview of that,
we have plotted the methylation levels of the indivi-
dual tumor samples for each TCGA Study with
available methylation data for matched normal and
cancer samples (Figure 6(d)). The percentage of
samples with 0.2 or higher B-value is indicated in
the upper boxes. Bladder urothelial carcinoma



(BLCA) with 4.1%, head and neck squamous cell
carcinoma (HNSC) with 3%, and cervical squamous
cell carcinoma and endocervical adenocarcinoma
(CESC) with 2.6% are the ones with a higher propor-
tion of samples showing methylation higher than 0.2.
Combining all the cancer samples, 0.9% of the tumor
samples have 0.2 or higher B-value of average methy-
lation for the 8 CpGs studied. Overall, these data
indicate that FHIT inactivation via DNA methyla-
tion of its promoter is less frequent than FHIT loss
by genetic deletion, but it may have an important
contribution in some tumors.

FHIT status does not impact prognosis

FHIT alterations have no impact on survival in the
Pan-Cancer cohort (Figure 7(a)). Similarly,
patients with FHIT alterations in esophageal, sto-
mach, or colorectal cancer of the TCGA project
have no differences in survival with those without
FHIT alterations (Figure 7(a)).

FHIT status, consequences of FHIT depletion and
drug sensitivity in cancer cell lines

The Cancer Dependency Map (DepMap) Project
has profiled hundreds of cancer cell lines for geno-
mic information as well as sensitivity to genetic
(CRISPR/Cas9 and RNAi) and small molecule per-
turbations. First, the analysis of FHIT copy
number in the panel of cell lines used in the
DepMap project shows a tendency toward FHIT
loss (Figure 7(b)). The lowest values correspond to
cell lines of the kidney, head and neck, and eso-
phagus, indicating that FHIT is more frequently
lost in these cell lines.

Notably, the effect of FHIT depletion by
CRISPR on the cell lines tends to give
a proliferative advantage (Figure 7(c)), being the
strongest effect in colorectal cancer.

Finally, we analyzed co-dependencies with FHIT
copy number in colorectal adenocarcinoma. We
manually curated correlations for which a similar
observation was found with different approaches.
First, FHIT absolute copy number is anticorrelated
with ERBB2 absolute copy number (Figure 7(d)).
Moreover, FHIT copy number also anticorrelated
with the effect of ERBB2 depletion by CRISPR
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(Figure 7(e)) and the sensitivity to Lapatinib, which
is an ERBB2 inhibitor (Figure 7(f)). Similarly, FHIT
copy number is anticorrelated with EGFR expression
(Figure 7(g)). Furthermore, FHIT copy number is anti
correlated with the effect of EGFR depletion by
CRISPR (Figure 7(h)) and the sensitivity to
Erlotinib, which is an EGFR inhibitor (Figure 7(i)).

Materials and methods
Study design

All data were sourced from publicly available
databases.

Data

The following data was extracted from TCGA Pan-
Cancer Atlas studies and also from a set of non-
redundant studies as defined by cBioportal, as
indicated in the text, from https://www.cbiopor
tal.org/: mutation data, copy number data, muta-
tion count, tumor mutational burden, MSI
MANTIS score, MLH1 (cg00893636) methylation
(HM27 and HM450 merge), aneuploidy score,
Buffa hypoxia score, and overall survival were
downloaded from cBioportal.

Expression analysis

Expression data for FHIT in normal and tumor
samples was extracted from Firebrowse (http://fire
browse.org/). FHIT expression from tissues used
in the scatter plot with FHIT copy number altera-
tions was obtained from The Human Protein Atlas
(https://www.proteinatlas.org/). We used the con-
sensus dataset that consists of normalized expres-
sion (nTPM) levels created by combining the HPA
and GTEx transcriptomics datasets using the HPA
internal normalization pipeline.

Graphs representation and statistics

Dot blots and scatter plots were done with Prism
Version 9.5.0 (525).
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Figure 7. (a) FHIT alterations do not impact overall survival. Representation of overall survival of patients with (red line) or without
(blue line) alterations in FHIT. (b) FHIT copy number status in cancer cell lines. Each dot represents a cell line. Cell lines grouped by
cell line tissue of origin. Data from genomic characterization data from the CCLE project. Area chart (top) summarizes all data. (c)
CRISPR DepMap score for FHIT in cancer cell lines. Cell lines grouped by tissue of origin. Data from perturbation effect from the



DNA methylation

DNA methylation data for FHIT in matched nor-
mal and tumor samples was extracted from the
SMART (Shiny Methylation Analysis Resource
Tool) [71] http://www.bioinfo-zs.com/smartapp/
webpage. FHIT mRNA Expression (RSEM) and
CpG methylation from tumors in the TCGA project
and CpG methylation plotted in (Figures 6(a,b))
were obtained from cBioportal.

DepMap

Copy Number values for FHIT were obtained from
the 22Q2 Public dataset for all the cell lines used in
the DepMap project grouped by type. CRISPR
effect values were obtained from the DepMap
22Q2 Public + Score Chronos dataset.

Discussion

Since 1996, when alterations of FHIT in cancer were
first described [33], more than a thousand articles have
been published about FHIT in cancer, many of them
highlighting the high prevalence of its alterations,
however, FHIT is not included as a cancer driver
gene in most of the consensus lists [44,72,73]. There
is a need for a better understanding of FHIT contribu-
tion to cancer development. Here, we present
a comprehensive analysis of FHIT status in cancer

using several databases including cBioportal,
COSMIC Database, Intogen, Firebrowse, and
DepMap.

We have found that the frequency of FHIT
alterations in cancer overall is low (3% in the
Pan-Cancer Atlas study). However, it increases in
cancers of the digestive system (esophagogastric
and colorectal cancer). Alterations are mostly

CNAs with a predominance of FHIT loss.
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There are also point mutations affecting FHIT,
as well as translocations, and even though not very
frequent, they are significantly enriched in some
cancer types.

Many important questions about FHIT in can-
cer remain unanswered, mainly whether its copy
number alterations, frequently found in cancers,
particularly those of the digestive tract, are driver
or passenger events.

The high rate of hemizygous deletions of FHIT
may point toward this alteration being a passenger
event [43], in contrast to the prevalence of homo-
zygous deletions found in canonical tumor sup-
pressor genes. Indeed, the high rate of FHIT
hemizygous deletions may be due to the fragile
nature of the locus, and only in those tumors
where the loss of the gene gives a selective advan-
tage, the loss of the second allele is selected.
Interestingly, the frequency of homozygous dele-
tions is enriched only in some cancer types, espe-
cially those arising from the gastrointestinal tract.
Moreover, regarding some features, tumors with
shallow deletion show similar properties to diploid
and different to homozygously deleted ones, for
instance in the MSI MANTIS score or the methy-
lation of the MLHI promoter in colorectal adeno-
carcinoma, where samples with FHIT homozygous
deletion have increased MSI MANTIS score and
MLH]I promoter methylation, while samples with
hemizygous FHIT deletion show values similar to
those in FHIT diploid.

It has been proposed that the fragility of the
FHIT locus relies on the expression of FHIT gene
[48]. We could speculate, that the frequency of
FHIT copy number alterations in cancer may
match the expression levels of FHIT in the tissue
of origin. We matched each tumor type to the
expression levels of in the corresponding tissue
according to the consensus dataset from Human
Protein Atlas. A limitation of this approach is that

DepMap 22Q2 public chronos project. Area chart (top) summarizes all data. (d) Scatter plot showing ERBB2 copy number in the
Y-axis and FHIT copy number in the X-axis. Each dot represents a colorectal adenocarcinoma cell line. Data from 22Q2 Public+Score
(chronos) extracted from DepMap. (e) Scatter plot showing ERBB2 gene effect from DepMap 22Q2 Public+Score (chronos) in the
Y-axis and FHIT copy number in the X-axis. Each dot represents a colorectal adenocarcinoma cell line. Data from depmap. (f) Scatter
plot showing lapatinib area under the curve (AUC) sensitivity (Sanger GDSC1) in the Y-axis and FHIT copy number in the X-axis. Each
dot represents a colorectal adenocarcinoma cell line. Data from DepMap. (g) Scatter plot showing EGFR expression in the Y-axis and
FHIT copy number in the X-axis. Each dot represents a colorectal adenocarcinoma cell line. Data from 22Q2 Public+Score (chronos)
extracted from DepMap. (h) Scatter plot showing EGFR gene effect from DepMap 22Q2 Public+Score (chronos) in the Y-axis and FHIT
copy number in the X-axis. Each dot represents a colorectal adenocarcinoma cell line. Data from DepMap. (i) Scatter plot showing
erlotinib area under the curve (AUC) sensitivity (Sanger GDSC1) in the Y-axis and FHIT copy number in the X-axis. Each dot represents
a colorectal adenocarcinoma cell line. Data from Depmap.
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it does ignore the heterogeneity of FHIT expres-
sion within the different cell types in a tissue. The
lack of correlation between the proportion of
FHIT alterations and its expression in the tissue
of origin suggests that FHIT expression levels can-
not explain FHIT fragility in cancer. These ana-
lyses also indicate how tumor types with the
higher frequencies of homozygous deletions (eso-
phagus, stomach, colorectal) do not correspond
with the tissues with the highest expression levels
(kidney or pancreas). We also compared FHIT
CNAs with CNAs of WWOX, another gene
located within a CFS frequently altered in cancer,
to infer the overall CFS instability of the samples,
which may reflect the levels of replication stress
undertaken by the tumor cells during their evolu-
tion. For that, we plotted FHIT and WWOX copy
number values for each sample within a tumor
type. We found some cancer types that had inter-
esting patterns. Breast cancer and non-small cell
lung cancer have a large portion of samples with
high correlation between FHIT and WWOX copy
number status. In contrast, renal clear cell carci-
noma has many samples with reduced FHIT copy
number without changes in WWOX. This may
indeed reflect the high expression levels of FHIT
in kidney preferentially affecting FHIT fragility in
comparison to other CFSs. For those tumor types
where homozygous deletion of FHIT is more fre-
quent, like those of the gastrointestinal tract, we
observe samples that have reduced FHIT and/or
reduced WWOX copy number, but the correlation
between both is not clear. These data suggest that
FHIT homozygous deletions in colorectal are not
only explained by an overall increased CFS fragi-
lity but also may be selected because they provide
a protumoral advantage. Of note, this hypothesis
agrees with the proliferation advantage phenotype
observed in the DepMap portal for colorectal cell
lines depleted for FHIT with CRISPR/Cas9
(Figure 6(c)).

We have found that samples with FHIT CNAs
are significantly enriched for TP53 mutations. It
has been reported that the culture of mouse kidney
Fhit KO cells led to the mutation of Trp53 [74],
suggesting that FHIT loss may promote TP53
mutations. However, an alternative explanation
for this enrichment would be that TP53 mutant
tumors have increased genomic instability or

replication stress and this leads to FHIT loss.
Further studies are required to determine whether
FHIT and TP53 mutations cooperate in cancer
development.

Furthermore, FHIT alterations correlate with
increased tumor mutational burden across all can-
cers and, particularly, in colorectal cancer. Again,
it is unclear if FHIT loss could be a cause or
a consequence of the hypermutation status. This
rise in the mutation burden may be due to the fact
that samples with FHIT copy number alteration
are enriched for point mutations in TP53, which
inactivation leads to increased genomic instability.
Alternatively, the association of FHIT alterations
with increased tumor mutational burden opens the
question of whether FHIT loss may induce the
accumulation of mutations. This idea is in line
with reports indicating that mouse tissues deficient
for FHIT have an increased number of small inser-
tions, deletions, and point mutations [74,75].
Moreover, FHIT loss has been proposed as the
cause of a specific mutational signature [76]. The
proposed mechanism is that in the absence of
FHIT, Thymidine kinase 1 protein levels are
reduced and lead to a nucleotide imbalance that
causes replication stress and increased mutagen-
esis [77].

On the other hand, FHIT copy number altera-
tions are correlated with increased microsatellite
instability in colorectal cancer. In line with this
observation, there is previous evidence in the lit-
erature indicating that in human gastric [78] and
human colorectal [79,80] cancer, FHIT loss is
associated with MSI. Whether microsatellite
instability is the cause or consequence of FHIT
loss, if they are both consequences of a common
cause, or if one of the events is positively selected
in the presence of the other one, is not known. Of
note, it has been suggested that defective MMR,
which generates MSI, can also cause deletions
affecting genes in CFSs [81,82].

Aneuploidy is another manifestation of genomic
instability. FHIT CNAs correlate with decreased
aneuploidy. In contrast to this observation, normal
kidney cells established from Fhit KO mice displayed
an increase in aneuploidy [77]. Of note, it has been
described that mutational burden and aneuploidy are
positively correlated in tumors without microsatellite
instability. On the other hand, in tumors with high



MS], like colon adenocarcinoma, the mutation rate is
inversely correlated to aneuploidy. Remarkably,
within colorectal adenocarcinoma, FHIT-altered sam-
ples have higher MSI and higher mutation burden
than FHIT non-altered, which agrees with the lower
aneuploidy [61]. Whether FHIT loss is the cause or
consequence of the high MSI, high mutation count,
and low aneuploidy is not understood yet.
FHIT-altered tumors show increased hypoxia.
Hypoxia significantly associates with increased
genomic instability in some cancers [83], which
may suggest that hypoxia can induce genomic
instability leading to FHIT alterations. However,
we did not find an association in colorectal ade-
nocarcinoma, indicating that other factors should
account for the fragility detected in this cancer.
The hypermethylation of the FHIT promoter is
an epigenetic mechanism that can lead to FHIT
silencing. Although not a frequent event, it can
play a role in FHIT inactivation in some cancers,
either by itself or in combination with the deletion
of the other allele.
The effect of FHIT depletion by CRISPR/Cas9 in
a panel of cancer cell lines was analyzed in DepMap.
The Cancer Dependency Map project aims to iden-
tify dependencies, essential genes, in cancer cell lines,
specifically to identify those genes that, when tar-
geted, reduce viability and or proliferation of the
cells. Interestingly, FHIT depletion leads to an over-
all increase in proliferation or viability of the cancer
cell lines, which is more evident in colorectal cancer
cell lines. A similar result is found for canonical
tumor suppressor genes like TP53 or PTEN.
Interestingly, two different unbiased analyses con-
nected FHIT and ERBB2. On the one hand, FHIT
and ERBB2 CNAs were significantly anticorrelated
in a study using copy number data from the Pan-
Cancer atlas project [53]. On the other hand, the
same observation was found in DepMap where can-
cer cell lines are used. Moreover, this association had
been described before in the literature, as a FHIT'",
phospho-ERBB2™" signature has been reported to
be predictive of anti-ERBB2 (irbinitinib and trastu-
zumab) efficacy in non-small cell lung cancer [84].
Neither irbinitinib nor trastuzumab sensitivity is
included in the DepMap data. In addition, EGFR
activation induces FHIT protein degradation by the
proteasome in different human cell lines [85] adding
complexity to their relationship.
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In conclusion, we have identified that FHIT homo-
zygous deletions are particularly frequent in esopha-
geal, stomach, and colorectal cancers. This fragility is
not distinctly related to FHIT expression or general
CEFS instability, which may point to a driver, or, at
least, modulator effect of FHIT loss in these cancers.
Moreover, we have identified correlations between
FHIT alterations and relevant cancer features such
as mutation burden, MSI, aneuploidy, and hypoxia.
This article provides a panoramic view of FHIT status
in cancer, which should help to design future studies
and develop novel diagnostic and therapeutic tools
based on FHIT status in cancer.
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