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ABSTRACT HOX and TALE genes encode homeodomain (HD)-containing transcription factors that
actin concert in different tissues to coordinate cell fates and morphogenesis throughout embryonic
development.These two evolutionary conserved families contain several members that form differ-
ent types of protein complexes on DNA. Mutations affecting the expression of HOX or TALE genes
have been reported in a number of cancers, but whether and how the two gene families could be
perturbed together has never been explored systematically. As a consequence, the putative collab-
orative role between HOX and TALE members for promoting or inhibiting oncogenesis remains to
be established in most cancer contexts. Here, we address this issue by considering HOX and TALE
expression profiling in normal and cancer adult tissues, using normalized RNA-sequencing expres-
sion data deriving fromThe Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx)
research projects. Information was extracted from 28 cancer types originating from 21 different
tissues, constituting a unique comparative analysis of HOX and TALE expression profiles between
normal and cancer contexts in human. We present the general and specific rules that could be de-
duced from this large-scale comparative analysis. Overall this work provides a precious annotated
support to better understand the role of specific HOX/TALE combinatorial codes in human cancers.
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Introduction

HOX proteins are homeodomain (HD)-containing transcription
factors (TFs) that control various developmental processes during
embryogenesis, including axis patterning (Pearson et al., 2005),
limb formation (Zakany and Duboule, 2007) or organ differentia-
tion (Chojnowski et al., 2014; Gligorov et al., 2013; Wellik, 2011).
HOX proteins are also required in the adult, in particular for the
homeostasis of stem cell lineages in different tissues (Lebert-Ghali
et al., 2016; Rux et al., 2016; Sugimura et al., 2017; Xin et al.,
2017). These various and specific functions are thought to rely on
the partnership with diverse types of cofactors that remain to be
identified for most of them (Merabet and Dard, 2014).

The best-characterized class of HOX cofactors are the PBC
(Pre-B cell complex) proteins, which belong to the TALE (Three
Amino acids Loop Extension) family of HD-containing TFs (Burglin,
1997). PBC cofactors interact with the large majority of HOX pro-
teins on DNA, forming protein complexes with higher DNA-binding
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specificity and affinity (Mann et al., 2009). Two other classes of the
TALE family, the MEIS (Myeloid Ecotropic viral Integration Site)
and PREP (Pbx-regulating protein, also called PKNOX) classes,
also participate in HOX functions. MEIS and PREP originate from
a common ancestor called MEINOX (Burglin, 1998) and display
intricate regulatory relationships with HOX and PBC proteins. For
example, MEIS and PREP compete to interact with PBC and this
interaction is necessary for the nuclear translocation hence activity
of each TALE component. Competition between MEIS and PREP
also occurs at the level of DNA-binding for target gene regulation
on the genome (Dardaei et al., 2014). In addition, the role of MEIS
and PREP as direct HOX-binding partners on DNA without PBC
proteins remains to be unequivocally determined. Along the same
line, genome-wide binding analysis of PBC, MEIS and PREP in
mice showed preferential and distinct combinations with HOX
proteins. In particular, PBC/PREP DNA-binding sites appear to be
enriched in promoters and nearby regions, while HOX/PBC/MEIS
DNA-binding sites are preferentially found in inter- and intra-genic
regions (Penkov et al., 2013). Finally, MEIS but not PREP induces
strong HOX-PBC interaction remodeling, revealing the role of vari-
ous and specific HOX protein motifs for trimeric complex formation
(Dard et al., 2018). This interaction plasticity has been proposed to
be important for diversifying and specifying HOX-TALE functions
during development and evolution (Merabet and Mann, 2016).
What about HOX and TALE in cancer? In fact, the role of
these families in cancer was historically identified from mutations
affecting the protein function. PBC and MEIS were first identified
in vertebrates from chromosomal translocations and viral inser-
tions that respectively led to Pre-B acute lymphoblastic leukemia
in children and acute myeloid leukemia in mouse (Kamps et al.,
1990; Moskow et al., 1995; Nourse et al., 1990; Steelman et al.,
1997). HOXA9 was described in 1996 as being responsible for
acute and chronic leukemia, due to a chromosomal translocation
leading to a fusion with the nucleoporin NUP98 (Borrow etal., 1996;
Nakamura et al., 1996). More recently, mutations in HOXB13 cod-
ing sequences have also been associated with familial or high-risk
prostate cancers (Karlsson et al., 2014; Saunders et al., 2014).
The large majority of HOX and TALE mutations in cancer are how-
ever not affecting the protein function but the expression profile.
A number of studies have reported aberrant expression profiles
of HOX, and to lesser extent, TALE genes, in solid cancers and
leukemia. Moreover, the correlation with poor prognosis along with
functional validations upon artificial expression in cancer-derived
celllines hasbeendemonstratedin severalinstances. Interestingly,
HOX genes are described to be up- or down-regulated depending
on the cancer type, acting as pro- or anti-oncogenes. The same
HOX gene can even have opposite functions in different cancer
types (see (Argiropoulos and Humphries, 2007; Bhatlekar et al.,
2014; Eklund, 2011; Sitwala et al., 2008) for excellent compiling
reviews on this subject). With regard to TALE proteins, PBC and
MEIS members are generally described as oncoproteins, while
PREP is more frequently associated with a tumor suppressor
function, due to its competitive role against MEIS (see (Blasi et
al., 2017) for review). The cooperative role of HOX and TALE in
cancer is best established during leukemogenesis, where it has
been demonstrated that PBX3 and MEIS1 are important cofactors
for the transformation/immortalization activity of HOX proteins (in
particular HOXA9) in hematopoietic stem cells (Li et al., 2013;
Rozovskaia et al., 2001). Such cooperative role has rarely been

shown in solid cancers (see for example (Fernandez et al., 2008))
and is principally deduced from indirect studies using a HOX-PBC
interaction inhibitory peptide in cancer cell lines (see for example
(Morgan et al., 2012). Moreover, the role of PBC, MEIS and PREP
was analyzed with one member of each subfamily in most cancer
studies (PBX1, MEIS1 and PREP1), which asks for the role of the
other TALE members (PBX2-4, MEIS2-3 and PREP2).

Here we present a systematic analysis of the expression profile of
the 39 human HOX members and their associated TALE cofactors
(PBX1-4, MEIS1-3 and PREP1-2) in 28 cancer types deriving from
21 different tissues, comparing the normal and oncogenic context
in each case. Raw RNA sequencing expression was extracted
fromthe TCGA (The Cancer Genome Atlas: https://cancergenome.
nih.gov/) and GTEx (Genotype Tissue Expression: https://www.
gtexportal.org/home/) projects and encompasses 5526 normal and
9018 cancer patient samples in total (Table 1, see also methods).
Our analysis provides a global picture of enriched HOX and TALE
expression profiles in normal and cancer tissues, allowing iden-
tifying most significant regulatory changes associated with tumor
progression. This information could serve as a molecular support
for future therapeutic strategies aiming at targeting specific HOX/
TALE complexes for developing anti-cancer agents or biomarkers.

Results

Expression of HOX and TALE genes in normal tissues

The 39 human HOX genes are distributed in four genomic clus-
ters (A, B, C and D) that are located on different chromosomes.
Each genomic cluster has a different number of HOX genes, due
to gene loss events during evolution. Overall, human HOX genes
are organized into 13 paralog groups (PGs) that are defined as
anterior (PG1-3), central (PG4-8) or posterior (PG9-13), based on
the expression profile along the anterior-posterior axis in the early
embryo. HOX genes from anterior PGs are, for example, expressed
earlier and in more anterior parts of the vertebrate embryo than
HOX genes from central and posterior PGs. In addition, HOX genes
from the same PG usually display a highly similar if not identical
expression profile along the AP axis, although the underlying cis-
regulatory logic could be different (Kmita and Duboule, 2003). The
nine TALE cofactor-encoding genes under study (PBX1-4, MEIS1-
3 and PREP1-2) are also distributed on different chromosomes
and display overlapping as well as distinct expression domains
throughout development. Importantly, genetic and expression
analyses are consistent with the role of TALE proteins as generic
HOX cofactors in vertebrates (Moens and Selleri, 2006).

The role of TALE proteins as HOX cofactors is generally less
documented in the adult, except in the context of the hematopoietic
stem cell lineage (Alharbi et al., 2013). Given that the role of HOX
and TALE genes in cancer could directly be linked to a change in
the adult expression profile, we have considered the TCGA and
GTEXx database to annotate their expression profiles in 28 cancer
types derived from 21 different tissues (Table 1).

Practically, normal HOX and TALE expression profiles inthe adult
were represented in heatmap with a specific color code (Fig. 1).
Because HOX and TALE expression levels could strongly fluctuate,
not only between different HOX or TALE members within the same
tissue, but also for a same HOX or TALE member from one tissue
to another, we arbitrarily decided to consider the mean expression
level of all HOX genes in all normal tissues as the reference value



of a significant enriched expression level (hereafter defined as the
globalHOX meanvalue, TPM=4,51, Tables S1and S2). This choice
allowed us to normalize each HOX or TALE expression level in the
differenttissues (see also Methods). Of note, the same rational has
previously been applied for establishing the tissue-specific atlas
of the human proteome, although in this study authors arbitrarily
decided to consider a fold change of at least 5 as a significant
enrichment (Uhlén et al., 2015). Here, we voluntary did not apply
the same threshold to consider weakly expressed HOX and TALE
genes that could be of functional relevance between the normal
and cancer contexts.

Each individual HOX or TALE expression level was reported as
a ratio over this global HOX mean value and annotated as a log2
fold change. Expression levels below the global HOX mean corre-
spond to negative log2values and were not considered (light-grey
cases in the heatmap of the Fig. 1). Expression levels that were
equal or superior to the global HOX mean correspond to positive
log2 values and the fold change (log2FC=0) was illustrated by a
light-to-dark green gradient color code in the heatmap (Fig. 1).

Below we summarized the main conclusions that could be
deduced from the analysis of normal and tissue-specific HOX and
TALE expression profiles in the adult (Fig. 1):

(1) - HOX genes are widely expressed in adult tissues, with only
five tissues that show a significant HOX-poor expression profile
(blood, brain, liver, pancreas and HINT (internal head and neck
tissue)). Four tissues have few enriched HOX genes (less than
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six: esophagus, stomach, testis, thyroid) while five tissues harbor
enriched HOX genes from the four HOX genomic clusters (Adrenal
gland, breast, kidney, skin and uterus). The other tissues have
enriched HOX genes belonging to one or two different genomic
clusters. In all those cases, tissues express HOX genes that cover
anterior, central and posterior PGs.

(2) - Several HOX genes show no or very low frequent expres-
sion profiles in adult tissues, as noticed for HOXA1-2, HOXAGS,
HOXB1, HOXB13, HOXC5, HOXC8, HOXC11-13, HOXD1 and
HOXD12-13 (bottom graph). HOX genes of the HOXC genomic
cluster are also less widely expressed in general than HOX genes
of the three other clusters. In contrast, HOXA9-11, HOXB2-3 and
HOXD8-10 show a global high enrichment of expression when
compared to the other HOX genes. Together with the point men-
tionedin (1), these observations highlight that the HOX expression
profile is quite diverse but also specific in adult tissues, which is
also illustrated by a weak global mean frequency of expression
(value=9,46, which accounts for 1/4 of all HOX genes).

(3) — The five tissues without enriched HOX (blood, brain, liver,
pancreas and head neck) express at least one TALE member, il-
lustrating potential HOX-independent functions of TALE members
in those tissues. Such independent roles have previously been
characterized for craniofacial and spinal cord motor neuron de-
velopment (Ferretti ef al., 2011; Hanley et al., 2016). In the case
of blood and liver samples, only PBX members are significantly
enriched, which could thus represent non-functional contexts given

TABLE 1

NUMBER OF SAMPLES USED FOR RNA SEQUENCING IN NORMAL AND CANCER TISSUES

Number of tumor tissue

Number of normal tissue

TCGA Full name of the tumor samples (TCGA) Normal tissue name samples (TCGA+GTEXx)
ACC Adrenocortical carcinoma 77 Adrenal Gland [1] 0+128
BLCA Bladder Urothelial Carcinoma 404 Bladder [2] 19+9
DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma 47 Blood [3.1] 0+337
THYM Thymoma 118 Blood [3.2] 2+337
LAML Acute Myeloid Leukemia 173 Bone Marrow [4] 0+70
GBM Glioblastoma multiforme 163 Brain [5.1] 0+207
LGG Brain Lower Grade Glioma 518 Brain [5.2] 0+207
BRCA Breast invasive carcinoma 1085 Breast [6] 1124179
CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma 306 Cervix Uteri [7] 3+10
COAD Colon adenocarcinoma 275 Colon [8.1] 41+308
READ Rectum adenocarcinoma 92 Colon [8.2] 10+308
ESCA Esophageal carcinoma 182 Esophagus [9] 13+273
KICH Kidney Chromophobe 66 Kidney [10.1] 25+28
KIRC Kidney renal clear cell carcinoma 523 Kidney [10.2] 72+28
KIRP Kidney renal papillary cell carcinoma 286 Kidney [10.3] 32+28
LIHC Liver hepatocellular carcinoma 369 Liver [11] 50+110
LUAD Lung adenocarcinoma 483 Lung [12.1] 59+288
LUSC Lung squamous cell carcinoma 486 Lung [12.2] 50+288
ov Ovarian serous cystadenocarcinoma 426 Ovary [13] 0+88
PAAD Pancreatic adenocarcinoma 179 Pancreas [14] 44167
PRAD Prostate adenocarcinoma 492 Prostate [15] 52+100
SKCM Skin Cutaneous Melanoma 461 Skin [16] 1+557
STAD Stomach adenocarcinoma 408 Stomach [17] 36+175
TGCT Testicular Germ Cell Tumors 137 Testis [18] 0+165
THCA Thyroid carcinoma 512 Thyroid [19] 59+278
UCEC Uterine Corpus Endometrial Carcinoma 174 Uterus [20.1] 13+78
ucs Uterine Carcinosarcoma 57 Uterus [20.2] 0+78
HNSC Head and Neck squamous cell carcinoma 519 Head and Neck Internal Tissues [21] 4440

Samples from normal tissues (last column) were from TCGA (blue) and GTEX (green) portals. “0” indicates absence of available samples in the TCGA or GTEx database. Samples from cancer tissues (third
column) are from TCGA (blue). The full name of each cancer type abbreviation used for the Figures 3-5 is provided (second column). Numbers in brackets (1 to 21) refer to the tissue type for each cancer.
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that PBX proteins normally need MEIS or PREP partners to trans-
locate into the nucleus.

(4) - PBX (with the exception of PBX4) and MEIS members are
generally more widely and strongly expressed than HOX members
in adult tissues. PBX4 is particularly enriched in testis and thyroid
tissues. Specific enrichment of PBX4 in testis was also previously
reported in mouse (Wagner et al., 2001). PREP members are less
strongly and less frequently expressed than PBX or MEIS, which
recapitulates previous observations (Longobardi et al., 2014).
Overall, the global mean expression level of TALE genes in adult
tissues is five times higher than the global HOX mean expression
level, with a global high mean frequency value (corresponding to
3/5 of all TALE genes).

We next performed a clustering analysis to assess whether
HOX and TALE genes could be preferentially organized in specific
ensembles based ontheir normal expression profile in adulttissues
(Fig. 2). This analysis confirms the distinct expression properties
of PBX (except PBX4) and MEIS members, which form a unique
ensemble of highly and widely expressed genes. In contrast, PREP1
and PBX4/PREP2 form two independent and isolated branches
within ensembles of highly- or poorly-expressed HOX genes, re-
spectively. This observation suggests that PREP1, but not PBX4
and PREP2, could participate to HOX functions in normal tissues.

HOX members form three main ensembles that basically regroup
high, medium and low expression levels. Interestingly, ensembles
corresponding to high and medium expression levels can be divided

B

¥ Samnn

log2FC

[ ] Adrenal Gland [1]
Bladder [2]
Blood [3.1]
Blood [3.2]

Bone Marrow [4]
Brain [5.1]
Brain [5.2]

| | Breast [6]

BN | cervix Uteri[7]

Colon [8.1]
Colon [8.2]
Esophagus [9]
B EEn Kidney [10.1]

| ] | Kidney [10.2]
| P Kidney [10.3]
Liver [11]

Lung [12.1]

Lung [12.2]

([ || Ovary [13]

Pancreas [14]

BEE B Prostate [15]
Skin [16]

Stomach [17]

[ | Testis [18]
Thyroid [19]
FEEEEN Uterus [20.1]
N [ [ Uterus [20.2]
HNIT* [21]

*: there is no available RNA-seq data for nomal tissue in GTEx project

—e— Enriched HOX freq. [Mean of freq. = 9.46]
®m  Mean of HOX in each tissue [Global Mean of HOX = 4.51]

—o— Enriched TALE freq. [Mean of freq. = 6 ]
B Mean of TALE in each tissue [Global Mean of TALE = 21.4]

B Mean of HOX in all tissues [Global Mean of HOX = 4.51]
—e— Enriched HOX freq. [Mean of freq. = 6.84 ]

B Mean of TALE in all tissues [Global Mean of HOX = 21.4]
—e— Enriched TALE freq. [Mean of freq. = 18.89 ]

Fig. 1. HOX and TALE expression profiles in normal tissues. Expression profile is obtained from RNA-sequencing data performed in 21 different
tissue types (see Table 1 for the full nomenclature), using TCGA and GTEx portals. Each value (see Table S1) was reported to the global HOX mean
(TPM = 4.51), followed by log2 fold change (FC) conversion. Heatmap colors represent HOX and TALE enrichment as indicated in the color key. Varying
shades of green indicate enrichment level (from 0 to =4), while light gray represents non-significant expression levels, tacking the global HOX mean
expression level in all tissues as the reference value (TPM=4,51). Histograms around the heatmap indicate mean expression levels (dark gray bars)
and frequency (red connected dots). Gray and red dotted lines note the global mean of expression level and frequency, respectively. (A) HOX mean
expression and enriched HOX frequency in each normal tissue, (B) TALE mean expression and enriched TALE frequency in each normal tissue, (C) all
normal tissues’ mean expression and enrichment frequency for each HOX member; (D) all normal tissues’ mean expression and enrichment frequency

for each TALE member.



into several sub-ensembles that are quite homogenous in terms
of the genomic cluster (sub-ensembles a, ¢, g or k), grouped into
consistentanterior/central/posterior PG identity (sub-ensemblesb,
f, 1 and j). The ensemble regrouping weakly and non-significantly
expressed HOX genesis more disparate although continuous HOX
genes are present in small homogenous groups.

Tissue clustering confirms that different samples providing from
the sametissue are quite homogenous, with highly similar HOX and
TALE expression profiles. The clustering also revealed similarities
between different tissues, as noticed for the breast and adrenal
gland, thyroid and testis, or cluster composed by HNIT, pancreas
and stomach. Other tissues appear more distinct, like the ovary,
skin and bone marrow.

Overall the clustering analysis showed that the majority of HOX
genes formed homogenous ensembles of two to five members

HOX and TALE genes in cancer 869

based on their expression profile in adult tissues. This organization
follows the PG affiliation (anterior, central or posterior) and/or the
genomic cluster identity, highlighting that various cis-regulatory
rules could be responsible for the expression of specific combina-
tions of HOX genes in different tissues. Moreover, tissue-specific
HOX combinatorial codes are systematically associated with a
high expression level of several PBX and MEIS members. This
observation suggests that the information provided by each specific
combination of HOX genes in normal adult tissues is dependent
on a general partnership with PBX and MEIS members.

Expression of HOX and TALE genes in oncogenic tissues
The expression profile of HOX and TALE genes in cancer was

analyzed in 28 cancer types deriving from the same 21 different

tissues, using data samples from TCGA (Tables 1 and S2). For
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Fig. 3. HOX and TALE expression profiles in cancer tissues. £xpression profile is obtained from RNA-sequencing data performed in 28 cancer types
deriving from the 21 different tissues used in the Figure 1. Numbers between brackets refer to each respective normal tissue. Values (see Table S2)
were reported to the global HOX mean value in normal tissues (TPM=4,51) and given as a log2 fold change (FC). Heatmap color code and histograms

are as in Fig. 1.

better comparison with the normal context, each log2 value was
calculated by considering individual HOX and TALE cancer level
over the same global HOX mean value previously defined in normal
tissues. The deduced log2 values were given in a heatmap with
the same color code as in the Fig. 1 to represent non-enriched
(grey) or enriched (green) expression levels (Fig. 3).

The heatmap shows that HOX genes are globally less frequently
and less strongly expressed in cancer tissues (see the globalmean
values and graphs in the Fig. 3). The decrease of expression level
is most apparent for tissues or HOX genes that displayed high
enrichments in the normal condition (compare for example kidney,
uterus or the HOXD cluster between Fig. 1 and 2). Still, there are
also novel HOX expression profiles, particularly in cancers derived
from tissues that were negative in normal condition (lymphoid
neoplasma, thymoma, glioblastoma, pancreatic adenocarcinoma
and HNIT: Fig. 3). In contrast, only one HOX gene among the

nine that were classified as non-enriched in the normal condition
becomes positive in one cancer tissue (HOXA2 in thymoma: Fig.
3). This observation highlights that most HOX genes that were
not enriched in normal tissues remain refractory to up-regulatory
mechanisms in cancer. The expression level of TALE factors in
cancer tissues is also significantly diminished, with a two folds
decrease on average when compared to normal tissues (Fig. 3).
Still, the TALE frequency pattern is comparable between cancer
and normal tissues, and the expression level remains more than
three times higher than the global HOX mean level. In conclusion,
the cancer heatmap shows that a number of HOX and TALE genes
have a modified expression profile that principally results from a
reduced expression level.

We next performed a clustering analysis to assess whether
expression changes in cancer could modify the overall distribution
of HOX and TALE members when compared to the normal tissues.



Results show that cancer types remain clustered in function of their
tissue origin, showing that the same logic of deregulation applies
for different cancers deriving from the same tissue (Fig. 4). The
overall organization of HOX and TALE members is however drasti-
cally remodeled when compared to normal tissues, with basically
two main ensembles of strongly or weakly expressed genes, and
an independent branch corresponding to the unique wide and
strong expression pattern of PBX2 (as already noticed in normal
tissues). The two main ensembles are disparate in their HOX
formula, although they contain groups of two or three continuous
HOX genes of the same genomic cluster several times. Among the
TALE members, PREP1 became closer to PBX1 and PBX3 than
MEIS1, showing a potentially interesting role of PREP1 in place
of MEIS1 in cancer tissues. Interestingly, MEIS1 becomes closer
to HOXB2 and HOXB3 in the same ensemble, suggesting that a
specific and general relationship could exist between these three
factors in cancer. All other HOX genes are quite distantly related
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to the TALE factors, with HOXB7 and HOXB13 lying apart in inde-
pendent branches. Finally, two tandems belong to the ensemble of
weakly expressed HOX genes: PBX4/PREP2 and MEIS2/MEISS.
The novel distribution of the MEIS2/MEIS3 tandem highlights that
these two TALE members are more generally affected in cancers
thanthe other TALE members. Overall the clustering analysis shows
that the HOX expression profile is more sensitive to deregulatory
changes in cancer than the TALE expression profile, which is ex-
plained by their respective moderate and high expression levels
in general in normal tissues.

Togetmoreinsightsinto the HOX and TALE expression changes
in cancer contexts, we generated a third cancer heatmap based
on the fold change enrichment or loss of individual HOX and TALE
members when compared to their respective expressionlevelinthe
normal tissue (Table S3 and Fig. 5). Fold changes were calculated
as a log2 value and considered as significant when they were at
least two times superior (red cases in the Fig. 5) or inferior (blue
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cases in the Fig. 5) to the normal value. The magnitude of positive
or negative change was represented in each case with a graded
red or blue color code, respectively. Values corresponding to a
non-significant change are represented by light-grey cases. Of
note, contexts with a significant change but with values that were
below the threshold defined for an enriched expression level in
the normal tissue are considered apart (corresponding to boxes
surrounded by a dotted line in the Fig. 5).

This novel representation confirmed that the large majority of
TALE, and to some extent HOX genes, are down-regulated in
the cancer context when compared to the normal tissue, as il-
lustrated with the number of blue cases (Fig. 5). For example, 15
different cancer contexts show a decreased expression level of
TALE members while the reverse is only observed in three cases
(thymoma (THYM), brain lower grade glioma (LGG) and pancre-
atic adenocarcinoma (PAAD)). Along the same line, members of
the HOXA and HOXD clusters are most often down-regulated,
while members of the HOXB and HOXC clusters show a more
balanced pattern, with up-regulation events that are slightly more
frequent than down-regulation events (Fig. 5). In total, all TALE
members and 33/39 HOX genes show a significant change in the
expression level when comparing cancer and normal tissues. Ac-

Frequency
10 5 0 5 10 15 2

-2

-6

log2FC

cordingly, only one (liver hepatocellular carcinoma) or two (brain
lower grade glioma and liver hepatocellular carcinoma) cancer
types show no significant changes in TALE or HOX expression
profiles, respectively (Fig. 5).

In several cases, HOX expression changes in cancer do not
systematically correspond to a down-regulation but also to up-
regulations in few instances, showing that the same HOX gene
could be repressed or activated depending on the cancer type. This
fluctuated pattern is observed for most members of the HOXA-C
clusters (exceptions are for HOX genes that are mono-deregulated
in a few cancers, as noticed for HOXA6, A11, A13 and B13). In
contrast, all but two members of the HOXD cluster show a more
uniform deregulation, with a large majority of down regulations
(bottom graph in the Fig. 5), especially in breast (BRCA), cervi-
cal (CESC), colon (COAD), rectum (READ), and kidney (KICH,
KIRC, KIRP) and uterus (UCEC, UCS) cancers. This observation
suggests that HOXD members could have a more general anti-
tumorigenic action.

The majority of cancers have ahomogenous distribution of up-or
down-regulation in the HOX gene expression profile (graph on the
right in the Fig. 5). For example, large B-cell ymphoma (DLBC),
thymoma (THYM), glioblastoma (GBM), esophageal carcinoma
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Fig. 5. HOX and TALE differential expression profiles between normal and cancer tissues. The heatmap represents significant HOX and TALE
expression changes between normal and cancer cell contexts. Values (Table S3) are calculated as alog2 ratio between the normal and the correspond-
ing cancer tissue. Non-significantly modified HOX and TALE expression are set in light-gray cases. Heatmap colors represent significantly up-regulated
(red) or down-regulated (blue) HOX and TALE expression levels between cancer and normal cell types, as shown in the color key. Blue and red boxes
surrounded by a dashed line indicate a significant change of expression for genes that are not significantly enriched in the normal or cancer tissue. They
correspond to weakly expressed HOX and TALE genes (see table S3). Histograms around the heatmap margins indicate the frequency of significant
changes for enriched expression levels across members (bottom graphs) and in different tissues (left and right graphs).



(ESCA), pancreatic/stomach adenocarcinoma (PAAD/STAD) and
head/neck squamous carcinoma (HNSC) show only up-regulation
of HOX genes, while the reverse is observed for adrenocortical
carcinoma (ACC), bladder urothelial carcinoma (BLCA), kidney
cancers (KICH, KIRC, KIRP), lung adenocarcinoma (LUAD), tes-
ticular germ cell tumors (TGCT) and thyroid carcinoma (THCA).
Notably, cancers with a balanced pattern of both strong up- and
down-regulation of HOX genes are less frequent, and relate to
acute myeloid leukemia (LAML), colon (COAD), rectum (READ)
and uterine (UCEC/UCS) adenocarcinoma. Interestingly, these
versatile distributions can be HOX cluster specific (LAML, UCEC
and UCS), with antagonistic distribution between HOX members
of the same PG (like HOXA9 and HOXB9 in LAML for example), or
occur between members of the same HOX cluster (as observed for
the HOXB complex in colon (COAD) and rectum adenocarcinoma
(READ)). Cancer tissues have also a uniform distribution of TALE
down-regulations, except for thymoma (THYM) and pancreatic
adenocarcinoma (PAAD), where TALE factors are systematically
up-regulated (right graph in the Fig. 5). Acute myeloid leukemia
(LAML) and glioblastoma (GBM) are the only cancer contexts with
a more balanced pattern of up- and down-regulations (Fig. 5).

This heatmap also shows that HOX and TALE expression pro-
files follow the same type of remodeling in the majority of cancers.
Cancers with a major decrease of HOX expression levels have
an associated decrease of TALE enrichment. Interestingly, the
two cancer contexts with a strong and homogenous enrichment
of TALE expression coincide with a uniform up-regulation of HOX
genes (thymoma and pancreatic adenocarcinoma: Fig. 5). Finally,
one of the rare contexts with a strong opposite enrichment between
two different TALE members (MEIS2 and PBX3) corresponds to a
cancer context with the same kind of strong opposite enrichment
between HOXA and HOXB members (LAML: Fig. 5).

Altogether, these observations highlight that HOX and TALE
factors are deregulated in a coordinated manner in the majority of
cancers, suggesting that the two families are not acting indepen-
dently of each other for cancer progression or arrest.

A comparison with the literature

Our systematic analysis of the 39 human HOX members and
their associated TALE cofactors (PBX1-4, MEIS1-3 and PREP1-2)
provides a global picture of HOX and TALE expression profiles in
normal and cancer tissues.

To our knowledge, this analysis is the first attempt to couple
the aberrant expression profile of HOX and TALE genes in a vast
number of different cancer cell types. Data were extracted from
RNA-sequencing experiments deposited in the TGCA and GTEx
portals and we arbitrarily decided to assign the global HOX mean
expression level in the 21 normal tissues under study as the mini-
mal reference value for a significant enriched expression level.
Under this condition, weakly expressed HOX genes could not be
considered. In any case, given that all measures were reported to
this minimal reference value, this choice has no influence on the
log2 fold change that could be find between the normal and the
corresponding cancer tissue. In addition, we considered significant
fold changes from values that were below the global HOX mean
value, considering that these modifications could still be not neutral
in the cancer context (see below).

A large number of samples were considered for each cancer
type (from 47 to 1085 cancer samples and 13 to 558 normal tissue

HOX and TALE genes in cancer 873

samples), making the data collection highly heterogeneous. This
collection of cancers likely comprises tumors of various natures,
with different aggressive behaviors, at different stages, with or
without metastases. By comparison, most of the analyses of HOX
expression in normal (Takahashi et al., 2004) or cancer (Abdel-
Fattah et al., 2006; Buccoliero et al., 2009; Hur et al., 2014; Kanai
et al.,, 2010; Kelly et al., 2016; Makiyama et al., 2005; Miller et al.,
2003; Plowright et al., 2009; Yamashita et al., 2006) tissues are
based on RT-PCR or QPCR in cell lines or from more restricted
and more homogenous tumor samples (using approximately 4 to
20 tumor samples). These differences might explain that we did
not systematically reproduce observations from previous work.
Comparisonwith the published literature is symbolized in the Fig.
5 by up and down arrows for each studied HOX or TALE gene in
the different cancer types (corresponding to activated or repressed
states, respectively). This comparison shows that several HOX
genes that we considered as significantly enriched in the normal
tissue but not significantly affected between the normal and can-
cer condition (grey cases) were described as being up- or down
regulated in previous studies. For example, HOXAT1 is reported as
being overexpressed in breast cancer patient datasets (Taminiau
et al., 2016) and its forced expression was shown to increase the
proliferation rate of mammary carcinoma cell lines (Taminiau et al.,
2016; Zhang et al., 2003). Still, HOXA1 was also reported as being
silent or down regulated in some primary breast cancer samples
(Cantile etal., 2003; Taminiau et al., 2016). Our analysis of HOXA1
in 361 normal and 1085 tumor breast samples revealed neither an
enriched normal expression level nor a significant increase in the
cancer context. Along the same line, members of the HOXB and
HOXD complexes are described to be up-regulated in a subtype-
specific manner in breast cancer cell lines (Hur et al., 2014). Here,
we noticed that HOXA/D and HOXC members were respectively
down- or up-regulated in breast cancer, which is coherent with a
previous study of HOX gene expression in invasive ductal breast
cancer tissues (Makiyama et al., 2005). Meanwhile, we observed
a systematic up-regulation of HOX genes in glioblastoma (GBM),
which is in accordance with previous observations (Abdel-Fattah
et al., 2006). On the other hand, our analysis did not reveal HOX
gene deregulation in brain lower grade glioma (LGG), while an-
other study based on RT-PCR noticed that few HOXD genes were
either up- or down-regulated in 14 pediatric low-grade gliomas
(Buccoliero et al., 2009). Together these observations highlight
that HOX expression profiles can be quite heterogeneous when
considering different samples of the same cancer, suggesting that
HOX deregulatory changes could be highly subtype-specific. In this
context, our large set of heterogeneous samples will principally
give access to the most frequent and/or dramatic changes when
considering the cancer type as a whole. In addition, we noticed
that some of the HOX genes that we considered as not signifi-
cantly enriched in the normal or cancer tissue but that displayed
a significant log2fold change (boxes surrounded by a dashed line
in the Fig. 5) were previously described in the literature as being
deregulated in cancer. This is for example the case for HOXA1
up regulation in stomach adenocarcinoma (STAD) and head and
neck squamous cell carcinoma (HNSC), or HOXB2 down regulation
in colon adenocarcinoma (COAD) and rectum adenocarcinoma
(READ, Fig. 5). This observation suggests that changes of weakly
expressed HOX genes could also be not neutral in certain cancers.
A recent review based on the published literature with patient
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samples and cell lines highlighted that only two (HOXC10 and
HOXC12) of the 39 human HOX genes are reported as being not
affected in a solid tumors (Bhatlekar et al., 2014). Here we noticed
that HOXC10 is either up- or down-regulated in different cancer
contexts, including glioblastoma (GBM), breast BRCA), cervical
(CESC), esophageal (ESCA), kidney (KICH), skin (SKCM) and
stomach (STAD) cancers (Fig. 5). In fact, more recent studies
have also described a role of HOXC10 in gastric (Guo et al., 2017)
breast (Sadik et al., 2016), and cervix (Zhai et al., 2007) cancers.
More generally, our analysis reveals most significant variations of
HOX gene expression in eight novel cancer types (adrenocortical
carcinoma (ACC), Lymphoid Neoplasm (DLBC), Thymoma (THYM),
Kidney chromophobe (KICH), Kidney renal papillary cell carcinoma
(KIRC), Pancreatic adenocarcinoma (PAAD), Testicular germ cell
tumor (TGCT) and Uterus corpus endometrial carcinoma (UCEC)).
It also validates and expands previous important conclusions, in-
cluding i) the specific pattern of change in HOX gene expression
depending on the cancer type, ii) the more frequent up-regulation
of posterior HOX genes in solid tumors, and iii) a cluster-specific
enrichment, with different preferential patterns depending on the
cancer type.

TALE factors are generally less studied than HOX genes in
cancers, and our survey is therefore informative with this regard.
Among the few studies on TALE in cancer, one reported that PBX1
was up regulated in mouse immortalized hepatoblast cells screened
for transposon genomic insertions that led to mesenchymal liver
tumor upon transplantation into nude mice (Kodama et al., 2016).
We did not find a particularly high level of PBX1 expressionin either
wild type or oncogenic liver tissues (covering 160 and 369 different
normal or cancer tissue samples, respectively: Table 1). Results
obtained from this study are however difficult to compare with our
datasets since the cell contexts are quite different. Another study
reported that high level of PBX1 correlated with shorter survival
in post-chemotherapy ovarian cancer patients, and that silencing
PBX1 reduced stem-like properties of ovarian tumor cells (Jung
et al., 2016). We noticed that PBX1 was highly expressed in both
wild type and tumor ovarian tissues (Figs. 1 and 3), explaining
why it was not captured as an enriched gene in ovarian cancer
in our analysis. Similarly, high level of PREP1 was reported as
being important for triggering epithelial-mesenchymal transisition
(EMT), invasion and metastasis in lung adenocarcinoma cells
(Risolino et al., 2014). Our study revealed that PREP1 is strongly
expressed in the normal and cancer lung tissues (Figs. 1 and 3).
These observations suggest that the same TALE factor could have
opposite functions between the normal and cancer cell context,
being strongly expressed in both contexts for promoting differen-
tiation or proliferation, respectively. Such antagonistic functional
switch could potentially be linked to a variation of the HOX formula
during cancer progression.

Our analysis reveals that TALE members are generally down
regulated in cancer although PBX and MEIS are usually considered
as oncoproteins. In fact, the role of PBX and MEIS as oncoproteins
results principally from studies in leukemia, while conclusions in
solid cancers are deduced from few classical expression analy-
ses (considered as high with no systematic comparison with the
normal tissue) and overexpression experiments in few cancer
cell lines (see (Blasi et al., 2017) for review). Interestingly, we
found a systematic enrichment of TALE factors in three cancer
types (Thymus (THYM), Brain lower grade glioma (LGG), and

Pancreatic adenocarcinoma (PAAD)), two of them correlating to
increased expression of a specific HOX cluster (THYM and PAAD).
Our analysis thus revealed that THYM and PAAD constitute the
best examples of a putative pro-oncogenic and collaborative role
between HOX and TALE proteins in solid cancers.

Finally, our heatmaps show that TALE members are five times
more enriched on average in normal tissues than HOX genes.
Although this enrichment is strongly diminished (from five to two
times on average, except for PBX2) in cancer tissues, it is main-
tained, which could explain why PBX and MEIS are considered as
enriched factors in previous studies. In addition, PREP members
remain systematically much less expressed than MEIS membersin
cancer, which is in accordance with the general tumor suppressor
function of PREP due to its competitive role against MEIS.

Conclusion

A striking aspect of our large-scale analysis is the global strong
expression level of TALE members, especially PBX and MEIS, when
compared to the HOX family members (three times stronger on
average). As a consequence, the HOX expression profile is much
more sensitive to subtle deregulations in cancers than the TALE
expression profile. Accordingly, several cancer contexts express
only a significant level of TALE members and no HOX, while the
reverse is never observed. Thus, a hallmark of tumor cells is the
expression of PBX and MEIS in a HOX-low or free state. Surpris-
ingly, most of the studies have focused on HOX genes in cancer
while the role of TALE factors remains to be determined in many
different cancers.

Several cancers have a mixture of down- and up-regulation of
HOX genes, highlighting the importance of the cell context for HOX
function. Inthose cases, up-regulated HOX members could potenti-
ate the effect of TALE members. This effect is often cluster-specific,
as observed for HOXB members in uterus, ovarian and pancreatic
cancers, or HOXA members in thymoma and glioblastoma. What
could dictate the pro- or anti-oncogenic activity of HOX proteins
with PBX and MEIS is clearly a key issue to understand the HOX/
TALE molecular code in cancer. The dose of each HOX and TALE
molecule is certainly not neutral, as is the role of the different TALE
members in association with the HOX family. In any case, given
the general high expression level of PBX and MEIS members in
cancer, one promising avenue for future therapeutic strategies could
be to alter the activity of TALE products specifically in neoplastic
cells. This could be achieved by overexpressing PREP, to block the
activity of MEIS, or targeting MEIS, to make PBX non-functional
(cytoplasmic). Interestingly, a dominant negative form of MEIS
is also described in the literature (Jaw et al., 2000) and could be
easily tested as a potential and general inhibitory peptide in many
different cancer cell lines.

Materials and Methods

Data collection

The RNA sequencing normalized data used in this study were obtained
from GEPIA (Gene Expression Profiling Interactive Analysis; http://gepia.
cancer-pku.cn/) (Tang et al., 2017). GEPIA is a web-based tool for gene
expression analysis based on the TCGA (the Cancer Genome Atlas) and
the GTEx (Genotype-Tissue Expression) databases, using the output of
a standard processing pipeline of UCSC Xena project (http://xena.ucsc.
edu)(Goldman et al., 2017). Here we considered 28 cancer types from 21



different tissues that have more than 10 different normal control samples
[from TCGA and/or GTEX, Table 1).

Data preprocessing

A mean TPM (Transcripts Per Kilobase Million) value was calculated
for each HOX and TALE member in each tissue type (Tables S1 and S2).
Values that were inferior to the global HOX mean value in all tissues (TPM=
4,51) were considered as not significantly enriched (gray cases in Tables
S1and S2). We noticed that HOX genes that have no known functions in a
given tissue could have a TPM value closed to the global HOX mean TPM
value, as noticed for example for HOXC4 in breast (TPM=4,12) or HOXA6
inadrenalgland (TPM=3,73). In contrast, known HOX functions correspond
to higher TPM values, from 5.32 (HOXAS in breast) to 49,19 (HOXA10 in
cervix uteri). This observation suggests that the global HOX mean TPM
value constitutes a good threshold for discriminating enriched expression
profiles linked to a putative function in vivo. Al HOX and TALE expression
levels were then normalized over the global HOX mean TPM value and
log2 processed to do the heatmap (Figs. 1 and 3). This normalization
allowed comparing HOX and TALE expression levels between different
tissues. Hierarchical clustering is according to the Euclidean distance
based on log2 fold change (FC) values, using complete linkage method.

Identification of differentially expressed genes between normal and
cancer tissues

Differentially expressed gene (DEG) analysis was performed using GE-
PIA, which was assessed by the R package limma using linear model and
empirical Bayes method, with adjusted p-value (Benjamini and Hochberg
FDR). Significantly modified HOX and TALE expression profiles meet the
following conditions (Tables S3):

1) Enrichment: log2FC =1, and g-value < 0.01.

2) Depletion: log2FC =-1, and g-value < 0.01.

All data are displayed as log2 transformed in heatmap.

Data visualisation

Allheatmaps were performed in the statistical programming environment
R (version 3.3.0) using functions available from Bioconductor (Huber et al.,
2015), and histograms were performed using GraphPad Prism 7 software.
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