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Fig. 3. mRNA expression of karyopherin genes in HCC and normal liver tissue. (A) Heatmap of mRNA expression for 
individual karyopherin cluster karyopherin genes based on the expression pattern. Red colour signifies increased mRNA 
expression, blue colour signifies decreased mRNA expression. (B) The targetgram shows an overview of mRNA expres­
sion for a selected gene set in the normal liver (left) and HCC (right). The size of the segments represents the mean values; 
the length of the dashed lines represents the median values of each type. (C, D) The box plot shows mRNA expression of 
selected karyopherins in samples of the normal liver (N = 225) and HCC (N = 371). Statistical significance is calculated 
using the Mann-Whitney method; ****P < 0.0001, *****P < 0.00001.
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genes was significantly increased in 20 % patients, and 
it was also negatively correlated with the HCC patients’ 
overall survival (high expression cohort median survival – 
25 months, low expression cohort median survival – 
70 months) (Fig. 6A, F). Moreover, the expression of 
cluster II karyopherin genes was again significantly cor­
related with a higher histologic grade of HCC neoplasms 
(Fig. 6G). At the level of individual genes, the increased 
expression of KPNB1 was the major predictor of shorter 
overall survival in HCC patients (high expression cohort 
median survival – 14 months, low expression cohort me­
dian survival – 70 months) (Fig. 6B). Similarly, the ex­
pression of IPO7 and XPO1 was significantly inversely 
correlated with a worse overall patient survival; how­

ever, the portion of samples with a > 2-fold expression 
increase was 4 % in case of IPO7 and 6 % in case of 
XPO1 (Fig. 6D–F). On the other hand, the expression 
of IPO5 was not significantly correlated with a decreased 
overall patient survival (Fig. 6C); however, reanalysis 
of the same dataset with lowering the cut-off to 1.5-fold 
increase showed that indeed, the increased expression of 
IPO5 is significantly correlated with a worse patient 
survival (high expression cohort median survival – 33.2 
months, low expression cohort median survival – 58.84 
months) (Supplementary Fig. 2D). Similar to cluster I 
karyopherin genes, genetic alterations in cluster II genes 
were not associated with changes in the clinical out­
comes of HCC patients (Supplementary Fig. 2A–F).

Fig. 4. Histological analysis of expression of shortlisted karyopherin genes in HCC. (A, C) Needle biopsy cores of normal 
liver tissue (left panel) and HCC (right panel) were stained using specific antibodies against individual karyopherins. (B, 
D) Histology staining was scored according to pathology guidelines and plotted to represent staining intensity and den­
sity for each individual karyopherin. Images available from v23.proteinatlas.org.
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Over-expressed karyopherins regulate key 
pathways implicated in HCC pathophysiology

Finally, to characterize the pathways that are poten­
tially regulated by shortlisted karyopherins in HCC, we 
analysed the genes that are significantly co-expressed 
with the individual shortlisted karyopherins. We extract­
ed the co-expression data from TCGA and performed 
pathway enrichment analysis for the top 100 most sig­
nificantly positively correlated genes with each of the 
shortlisted karyopherins. Our analysis showed that clus­
ter I karyopherins (KPNA2, IPO9, CSE1L) are signifi­
cantly co-expressed with genes regulating cell cycle 
progression, and especially the progression of mitosis, 

including spindle organization and chromosome separa­
tion (Fig. 7A–C). Especially KPNA2 and CSE1L showed 
the strongest association with pathways regulating mi­
totic progression, and these proteins formed a very tight 
functional interaction network containing most of the 
correlated genes with short nodes (Fig. 7A, C, Supple­
mentary Fig. 3A, B). The IPO9 expression was also high­
ly correlated with the expression of genes regulating cell 
cycle progression; however, additional enriched path­
ways were identified, including regulation of RNA local­
ization, DNA damage response, or histone modification, 
indicating the broader role of IPO9 (Fig. 7B, Supple­
mentary Fig. 3C). For cluster II karyopherins, the func­
tional pathway enrichment was more variable among 

Fig. 5. Association of mRNA expression of shortlisted karyopherin genes with clinical outcomes of HCC patients. (A–D) 
Kaplan-Meier plots showing overall survival; the X-axis shows months after the diagnosis, the Y-axis shows overall sur­
vival probability. Patient cohorts were split based on the mRNA expression for the respective karyopherin (fold change > 2); 
the blue line indicates the non-altered patient cohort, the red line indicates the altered patient cohort. The table shows the 
median months of survival for both cohorts; P and q values were calculated using the Log-rank test. (E) Frequency of gene 
expression alteration (fold change > 2) in samples from HCC patients. (F) Relative frequency of patients from high and 
low expression cohorts (split by 2-increase in mRNA expression for cluster I karyopherins combined) that were diagnosed 
with specific neoplasm histological grade.
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the members. Similarly to KPNA2 and CSE1L, KPNB1 
was most significantly associated with the regulation of 
cell cycle progression, mitosis, and chromosome segre­
gation but also with other pathways such as histone 
modification and DNA damage repair, and this broader 
functionality is reflected by a looser network containing 

fewer correlated genes with longer nodes grouped into 
several functional interaction clusters (Fig. 7D, Supple­
mentary Fig. 3D). The remaining cluster II karyopherins 
were associated with several different pathways, which 
are reflected by much less tight interaction networks 
(Supplementary Fig. 4). IPO5 was strongly associated 

Fig. 6. Association of mRNA expression of shortlisted karyopherin genes with clinical outcomes of HCC patients. (A–E) 
Kaplan-Meier plots showing overall survival; the X-axis shows months after the diagnosis, the Y-axis shows overall sur­
vival probability. Patient cohorts were split based on the mRNA expression for the respective karyopherin (fold change > 2); 
the blue line indicates the non-altered patient cohort, the red line indicates the altered patient cohort. The table shows the 
median months of survival for both cohorts; P and q values were calculated using the Log-rank test. (F) Frequency of gene 
expression alteration (fold change > 2) in samples from HCC patients. (G) Relative frequency of patients from high and 
low expression cohorts (split by 2-increase in mRNA expression for cluster I karyopherins combined) that were diagnosed 
with specific neoplasm histological grade.
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Fig. 7. Pathway enrichment analysis of the top 100 positively correlated genes with shortlisted karyopherins. (A–G) 
Bubble charts showing the top 20 enriched GO biological process pathways constructed from the top 100 genes most 
significantly co-expressed with individual karyopherins. Pathways are sorted based on the gene enrichment score. The 
bubble size indicates the number of co-expressed genes enriched in the particular pathway. The colour indicates a negative 
logarithm of false discovery rate (FDR), green indicates low FDR, red indicates higher FDR.
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with pathways regulating RNA export and metabolism 
(Fig. 7E). The IPO7 expression showed strong associa­
tion with pathways regulating nucleocytoplasmic shut­
tling – pore complex assembly, RNA transport, protein 
nuclear import, and others (Fig. 7F). The XPO1 expres­
sion was strongly associated with DNA damage repair 
processes as well as cell cycle progression regulation 
(Fig. 7G). Finally, the identified pathways enriched in 
genes co-expressed with selected karyopherin genes are 
in agreement with already identified respective cargo 
proteins (Supplementary Table 1).

Discussion
Although nucleocytoplasmic transport plays an indis­

pensable role in regulating normal cellular physiology, 
it has received only a limited amount of scientific inter­
est in regard of its role in oncogenesis. Proteins from the 
family of karyopherins play an essential role in mediat­
ing the transport of molecules in and out of the nucleus, 
thus regulating key processes such as gene expression, 
DNA damage, cell cycle progression, or RNA meta­
bolism. It is well established that deregulation of the 
above-mentioned processes contributes to oncogenesis. 
Karyopherins transport various cellular proteins, and 
there are cargoes specific to a certain karyopherin but 
also cargoes that can be bound by several different 
transport proteins. Moreover, in the case of importins, 
the complexes consist of α and β subunits, and the α 
subunit further interacts with another member of the 
karyopherin family – exportin 2, which mediates their 
recycling from the nucleus to the cytoplasm. Because of 
this extensive interaction network between individual 
karyopherins, we set out to examine the molecular al­
terations of the entire karyopherin family in HCC, which 
has limited systemic treatment options. 

Our analysis shows that there is a significant degree 
of genomic and transcriptomic alteration of karyopherin 
genes; however, genomic alterations are less prevalent 
than expression changes. Overall, genomic alterations 
in karyopherin genes were present in 45 % of the HCC 
samples, and mRNA expression of karyopherin genes 
was altered in 71 % (> 2-fold cut-off) of HCC samples 
and reached up to 90 % with a less stringent cut-off 
(> 1.5-fold change). There are very few single-nucleo­
tide changes in karyopherin genes and there is no hotspot 
mutation, indicating that there is no driver mutation that 
would be crucial for HCC development. On the con­
trary, multiple karyopherin genes are amplified, and this 
alteration is the most prevalent in IPO9 (10 % of pa­
tients) and KPNA2 (5 % of patients). Interestingly, there 
is only one gene that was significantly deleted in HCC 
patients – XPO7 (8 % of patients). On the other hand, 
alterations of mRNA expression were much more prev­
alent in the samples from HCC, and roughly 70 % of 
samples showed more than 2-fold expression changes in 
HCC compared to normal liver tissue. Similarly to ge­
netic alterations, the expression of IPO9 (31 % of pa­
tients) and KPNA2 (8 % of patients) was significantly 

up-regulated. Additionally, the expression of CSE1L 
(9 % of patients), KPNB1 (11 % of patients), and IPO5 
(9 % of patients) was uniformly significantly up-regu­
lated in HCC. Combined analysis of karyopherin ex­
pression identified seven genes grouped into two clus­
ters whose expression was significantly up-regulated in 
HCC in comparison to the normal liver, namely KPNA2, 
IPO9, CSE1L (cluster I), and KPNB1, IPO5, IPO7, and 
XPO1 (cluster II). Interestingly, all of these proteins ex­
cept exportin 1 facilitate the nuclear import of various 
cargoes. Importin 9, as the most up-regulated karyo­
pherin, is responsible for importing histones as well as 
proteasomal subunits, which indicates that it plays a 
crucial role in DNA replication and cell cycle progres­
sion (Padavannil et al., 2019; De Almeida et al., 2021). 
Similarly, importin subunit α-1 (KPNA2) cargoes in­
clude DNA damage repair proteins such as BRCA1, 
NBS1, RAD51, or cell cycle regulator E2F1 (Alshareeda 
et al., 2015; Drucker et al., 2019), suggesting an impor­
tant role in the regulation of DNA damage response as 
another hallmark of cancer. Finally, exportin 2 (CSE1L) 
is a crucial factor in importin recycling, thus stimulating 
the import of different pro-cell cycle proteins (Jiang, 
2016). Cargoes of importin subunit β-1 and importin 
7 cargoes, encoded by the cluster II genes, KPNB1 and 
IPO7, include multiple transcription factors and cell 
cycle-promoting proteins, such as cyclin B1, SREPB2, 
CREB, ERK2, or SMAD3 that play a key role in pro­
moting cell proliferation (Mackmull et al., 2017). More­
over, importin 7 imports histone proteins as well as ri­
bosomal proteins RPL5 or RPS7 (Dean et al., 2001). 
Similarly to importin 7 and importin 9, importin 5 is 
responsible for importing histone proteins as well as ri­
bosomal proteins, which further strengthens its role in 
promoting cell cycle progression (Jakel, 1998).

Interestingly, the only protein facilitating the export 
of various cargoes that was significantly up-regulated is 
exportin 1 (XPO1), which is a well-studied gene with 
established pro-oncogenic function (Nguyen et al., 
2012). Increased mRNA expression is also translated 
into increased protein expression, although not uniform­
ly across all the analysed karyopherins. Finally, impor­
tin subunit α-1, importin subunit β-1, importin 5 and 
exportin 1 protein expression (immunohistochemistry 
staining) was significantly up-regulated in tissue sam­
ples from HCC compared to the normal liver, and these 
proteins could be useful as diagnostic and possibly also 
prognostic markers. 

Another key conclusion that could be drawn from the 
analysis is that the expression of karyopherins is posi­
tively correlated with higher HCC neoplasm histologi­
cal grade and negatively correlated with the patients’ 
overall survival. The increased expression of KPNA2, 
CSE1L, KPNB1, IPO7, and XPO1 was strongly associ­
ated with a shorter patients’ survival, where the median 
month survival for patients with increased expression 
(> 2-fold) was only around 13 months, whereas the me­
dian month survival for patients without increased ex­
pression was around 70 months. This correlates with the 
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up-regulation of the cell cycle and mitosis-promoting 
pathways that are enriched in genes that are co-ex­
pressed with karyopherins associated with worse patient 
prognosis. Interestingly, we did not identify any such 
correlations between genomic alterations of individual 
karyopherin genes and patient survival. This further 
strengthens the notion that expression changes rather 
than mutations in karyopherin genes are crucial onco­
genesis-promoting events. 

Even though the expression of individual karyopher­
ins is associated with higher histology grade and worse 
prognosis, it is crucial to understand the interactions be­
tween individual karyopherins because the transport 
system is greatly interconnected. α and β importins in­
teract together with cargo proteins and are transported in 
the nucleus. Therefore, the relative abundance of differ­
ent types of importins could lead to qualitative as well 
as quantitative changes in imported cargoes that would 
enable oncogenic signalling. This is supported by the 
fact that increased expression of multiple individual ka­
ryopherins co-occurs in the same HCC samples. More­
over, there is a significant association of karyopherin 
expression with several genomic alterations in estab­
lished HCC driver genes, such as p53, S6KA3, or ARID2, 
further indicating a crucial role of nucleocytoplasmic 
shuttling alterations in HCC molecular oncology. 

Our analysis shows that nucleocytoplasmic transport 
is significantly altered in HCC, associated with worse 
HCC patients’ outcomes, and highly likely contributes 
to pro-oncogenic signalling. Given the limited treatment 
options for advanced HCC, nucleocytoplasmic transport 
represents a promising target for the development of 
novel therapeutics. At the moment, there are inhibitors 
of several karyopherins such as exportin 1, importin 
subunit β-1, or importin subunit α-1 being tested mostly 
in vitro; however, some of them are also in the later stages 
of development. For example, inhibition of importin 
subunit β-1 by compound DD1-Br showed anti-tumour 
activity in the mouse models of castration-resistant 
prostate cancer (Kelenis et al., 2022). Moreover, expor­
tin 1 inhibitor Selinexor is now approved by FDA for 
treatment of multiple myeloma and is being investigated 
as monotherapy or in combination with conventional 
anticancer treatment for other haematological as well as 
various solid tumours such as breast, endometrial, ovar­
ian, or lung cancer (Nachmias and Schimmer, 2020; 
Landes et al., 2023; Mo et al., 2023). Despite encourag­
ing results in other cancer types, the utility of these in­
hibitors is severely underexplored in HCC (reviewed in 
Wing et al. (2022)). Taken together, our work indicates 
that the nucleocytoplasmic shuttling system is a viable 
target for developing novel therapeutic regimens for the 
treatment of hepatocellular carcinoma. 
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