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Abstract 

The poor prognosis of advanced hepatocellular carcinoma (HCC) is driven by diverse features including dysregulated microRNAs 
inducing drug resistance and stemness. Lin-28 homolog A (LIN28A) and its partner zinc finger CCHC-type containing 11 

(ZCCHC11) cooperate in binding, oligouridylation and subsequent degradation of tumorsuppressive let-7 precursor microRNAs. 
Functionally, activation of LIN28A was recently shown to promote stemness and chemoresistance in HCC. However, the expression 

and regulation of LIN28A in HCC had been unclear. Moreover, the expression, regulation and function of ZCCHC11 in liver cancer 
remained elusive. 
In contrast to "one-microRNA-one-target" interactions, we identified common binding sites for miR-622 in both LIN28A and 

ZCCHC11, suggesting miR-622 to function as a superior pathway regulator. Applying comprehensive microRNA database screening, 
human hepatocytes and HCC cell lines, patient-derived tissue samples as well as "The Cancer Genome Atlas" (TCGA) patient cohorts, 
we demonstrated that loss of tumorsuppressive miR-622 mediates derepression and overexpression of LIN28A in HCC. Moreover, 
the cooperator of LIN28A, ZCCHC11, was newly identified as a prognostic and therapeutic target of miR-622 in liver cancer. 
Together, identification of novel miR-622 target genes revealed common regulation of cooperating genes and outlines the previously 
unknown oncogenic role of ZCCHC11 in liver cancer. 
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Worldwide increasing incidence rates and emerging but still limited 
herapeutic options underline that hepatocellular carcinoma (HCC) is a 
erious global health problem [ 1 , 2 ]. In recent years, novel and most promising
ystemic therapeutic options were approved for HCC in advanced and 
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Fig. 1. Common binding sites in cooperating genes suggest miR-622 to 
function as a superior pathway regulator in HCC. (A) In silico screening 
strategy for identification of further drug resistance and/or stemness related 
target genes of miR-622 in HCC. Potential novel miR-622 targets were 
predicted applying miR-target interaction databases ("miRTarBase 2020"; 
"miRDB"; "TargetScan"; "miRNAMAP 2.0), "string" pathway analysis, 
and comprehensive literature search applying Medline/PubMed (key terms: 
"cancer", "stemness", "drug resistance", "liver cancer", "hepatocellular 
carcinoma" and "microRNA"). (B) Hypothesis of potential regulation of both 
LIN28A and ZCCHC11 by miR-622 in HCC. Binding of let-7 precursors 
(pre-let-7) by LIN28A and subsequent oligouridylation by its cooperating 
partner ZCCHC11 was described to induce depletion of let-7-miRNA [15] . 
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intermediate stages [3–5] . As a result, the therapeutic landscape of HCC
will change dramatically in the next years [6–9] . However, the prognosis of
patients with advanced HCC is still poor, which is mainly driven by diverse
mechanisms driving primary and acquired drug resistance [ 10 , 11 ]. 

It has been demonstrated by our group and others that microRNAs
(miRs) represent powerful small RNA molecules that modulate drug
resistance related features in HCC [12–14] . Moreover, negative regulators
of tumorsuppressive microRNAs can promote cancer progression [15] .
Therefore, noncoding RNAs are considered as potent emerging tools with
numerous potential clinical applications in HCC [ 13 , 16 ]. 

We had shown previously that the potent tumorsuppressor miR-622 is
lost in HCC, thereby promoting sorafenib resistance by inducing KRAS
overexpression [ 13 , 17 , 18 ]. However, in HCC, by now only three direct miR-
622-targets have been identified (i.e., mitogen-activated protein 4 kinase 4
(MAP4K4), CXC chemokine receptor 4 (CXCR4), and kirsten rat sarcoma
(KRAS) [ 17 , 19 , 20 ]. 

Since the majority of miR-622-targets remained elusive in HCC, we
aimed at deciphering novel target genes and pathways of this powerful
microRNA. 

Results 

Common binding sites in cooperating genes suggest miR-622 to function 

as a superior pathway regulator 

According to our aim to identify further drug resistance and/or stemness
related target genes of miR-622 in HCC, we performed extensive in silico
screening applying several miR-target interaction databases ("miRTarBase
2020"; "miRDB"; "TargetScan"; "miRNAMAP 2.0") [21–24] , "string"
pathway analysis [25] and comprehensive literature search applying
Medline/PubMed and the key terms "cancer", "stemness", "drug resistance",
"liver cancer", "hepatocellular carcinoma" and "microRNA". We found
that miR-622 potentially regulates numerous oncogenic target genes in
HCC ( Fig. 1 A). Unexpectedly, among these candidate targets, we identified
one pair of directly interacting, functionally synergistic pathway genes
(lin-28 homolog A (LIN28A) and zinc finger CCHC-type containing 11
(ZCCHC11)) that might be commonly regulated by miR-622 ( Fig. 1 A). 

LIN28A was shown to bind to the strong tumorsuppressive let-7 precursor
miRNA (pre-let-7), thereby inducing its degradation [15] . Degradation of
pre-let-7 is mediated by the LIN28-cooperating partner ZCCHC11, which
promotes oligouridylation and exosomal degradation of pre-let-7 [ 15 , 26 ]. By
now, the expression and regulation of LIN28A remained elusive in HCC.
Moreover, the potential role of ZCCHC11 in HCC was unknown. 

Since miR-622 might "cotarget" both LIN28A and ZCCHC11, we
hypothesized that loss of miR-622 in HCC [ 17 , 19 , 20 ] might de-repress the
stemness and resistance-associated LIN28A-ZCCHC11-axis in HCC in the
sense of a superior network regulator ( Fig. 1 B). 

LIN28A is overexpressed in human liver cancer 

Recently, LIN28A activation was shown to be associated with stemness
and chemoresistance in HCC [27] . Apart from this single study on LIN28A
function, the expression of LIN28A remained poorly described in HCC.
Moreover, a potential regulation by miR-622 was unknown. 

Therefore, we first focused on LIN28A expression and the analysis of
its cellular localization pattern in HCC. As compared to primary human
hepatocytes, LIN28A was strongly upregulated in human HCC cell lines
(HepG2, Hep3B, PLC) in vitro ( Fig. 2 A). LIN28A can be localized both
in the nucleus and in the cytoplasm [15] , however, its oncogenic function
is mediated mainly via cytoplasmatic binding of pre-let-7 [ 15 , 26 ]. To
determine the (sub)cellular localization pattern in HCC cells, we applied a
IN28A-isoform-specific antibody as established before [ 28 , 29 ]. Antibody-
pecificity was confirmed applying a LIN28A-overexpression vector plasmid 
 Fig. 2 B,C). Functionally, forced overexpression of LIN28A confirmed
nhanced clonogenicity in HCC cells [27] (Suppl. Fig. 1 A). Moreover,
RT-PCR analyses comparing nonresistant and Sorafenib-resistant cell lines 
PLC, Hep3B) that are well-established in our laboratory [17] confirmed
verexpression of LIN28A in acquired drug resistance in HCC. (Suppl.Fig.
B). 

Subsequent immunofluorescence analysis revealed exclusive cytoplasmatic 
ocalization of LIN28A in human HCC cell lines ( Fig. 2 D). Predominant
ytoplasmatic localization of LIN28A was also confirmed in several non-
CC cancer cell lines applying the human ProteinAtlas database [30–

2] (Suppl. Fig. 1 C,D). 
In vivo, LIN28A mRNA levels were found to be significantly upregulated

n HCC patient samples as compared to corresponding nontumorous liver
issues ( Fig. 2 E). Also, on the protein level, analysis of a patient-derived
issue micro arrays (TMA) confirmed enhanced LIN28A expression in HCC
s compared with corresponding nontumorous liver tissues as well as a
redominant cytoplasmatic staining pattern ( Fig. 2 F,G,H; Suppl.Tab.1). 
urthermore, clinicopathologic correlation analysis revealed that strong 
IN28A staining was associated with in advanced tumor stages ( Fig. 2 I;
uppl.Tab.2). 

IN28A is a novel target gene of miR-622 in HCC 

Next, in silico-based analyses confirmed the predicted conserved 
icroRNA response elements (MRE) for miR-622 within the 3’UTR of
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Fig. 2. LIN28A is overexpressed in human liver cancer. (A) Quantitative RT-PCR analysis of LIN28A mRNA levels in primary human hepatocytes (PHH) 
( n = 10) as compared with human HCC cell lines (PLC ( n = 9), Hep3B ( n = 10), HepG2 ( n = 11)). (B,C) Quantitative RT-PCR analysis (A) and representative 
Western blot images depicting LIN28A mRNA and recombinant protein expression, respectively, after transfection of HepG2 cells (low endogenous LIN28A 

expression as compared with PLC and Hep33B) applying a LIN28A-overexpression (OE) plasmid vector (provided by G. Meister and described in detail 
elsewhere [29] ( n = 4). (D) Immunofluorescence analysis of LIN28A expression and localization in two different HCC cell lines (PLC ( n = 2), Hep3B ( n = 

2)) (representative images, 40-fold magnification). (E) LIN28A mRNA levels (qRT-PCR analysis) of paired human HCC and corresponding nontumorous 
liver tissue (CNTLT) samples ( n = 10pairs). (F-I) Immunohistochemical analysis of LIN28A protein expression and cellular localization patterns in patients 
applying tissue micro array derived paired HCC tissues and CNTLT. Staining intensity and percentage of positive cells were incorporated into a semiquantitative 
score describing "0" (very low/no expression), "1" (low/moderate expression) and "2" (strong expression). (F) depicts representative immunohistochemical 
images. (G) LIN28A protein expression score in human HCC tissues and CNTLT applying a tissue micro array (paired analyses). (H) LIN28A expression in 
HCC ( n = 103) as compared with CNTLT ( n = 115) (semiquantitative analysis applying Fisher’s exact test). (I) Spearman correlation analysis of LIN28A 

expression levels in HCC patients with early (stage I & II) ( n = 71) compared with late (stage III and IV) tumor stages (UICC 2010). Data are presented 
as the mean ± SEM. Statistical significance was determined by 2-tailed, unpaired t-test (A,B), paired t-test (E,G), by two-sided Fisher’s exact test (H), and 
Spearman correlation (I). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. 
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Fig. 3. LIN28A is a novel target gene of miR-622 in HCC. (A) MicroRNA recognition elements (MRE) in the LIN28A 3’UTR represent potential miR-622- 
binding sites and were identified applying the "TargetScan 7.2" database. (B) Quantitative RT-PCR analysis of LIN28A mRNA levels in control-transfected as 
compared to miR-622-transfected different HCC cell lines (PLC ( n = 3) ; Hep3B ( n = 3)). (C) Luciferase LIN28A 3 ′ UTR-reporter (containing a conserved 
miR-622 MRE) activity in control-miR (CTR) as compared with miR-622-mimic (622)-transfected HCC cells (PLC) ( n = 3 ). (D) Schematic image depicting 
the pre-let-7-f-1 loop region (as predicted applying RNA-fold [80] with the highlighted consensus motif for recognition and binding of LIN28 to pre-let-7-f-1 
which was identified previously [33] . (E) Schematic image depicting the pre-miR-622 stem loop (as predicted applying RNA-fold [80] and miRNAMap [24] ) 
and magnification of the pre-miR-622 loop region containing the identic sequence motif as identified previously for recognition and binding of LIN28 to 
pre-let-7. (F) Hypothesis image: According to pre-let-7, LIN28A might also bind to the terminal loop of pre-miR-622 with subsequent ZCCHC11-mediated 
oligouridylation followed by degradation of pre-miR-622. (G) RNA-pulldown ( n = 2) depicting binding of LIN28A to the let-7-g hairpin (positive control). 
No binding was found applying a negative control miR without the potential consensus motif (miR-18b) as well as a miR-622 and a miR-622-mutated 
(mutated consensus motif ) hairpin. Data are presented as the mean ± SEM. Statistical significance was determined by 2-tailed, unpaired t-test (A,B). ∗P < 

0.05, ∗∗∗P < 0.001. 
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LIN28A mRNA transcripts (but not in its homolog LIN28B) ( Fig. 3 A).
Quantitative RT-PCR analysis applying two different HCC cell lines (PLC,
Hep3B) revealed significantly reduced LIN28A mRNA expression levels after
re-expression of miR-622 ( Fig. 3 B). Moreover, the novel miR-622-LIN28A-
interaction was mechanistically proven applying a Luciferase reporter gene
construct containing the predicted miR-622 MRE ( Fig. 3 C). 

Conversely, the 5 ′ -NGNNG-3 ′ sequence had been demonstrated to
be a consensus motif within the loop region of let-7 precursors for
selective recognition and binding of LIN28 to pre-let-7 family members
33] ( Fig. 3 D). Of note, the identic sequence was identified within the
oop region of pre-miR-622 ( Fig. 3 E). Moreover, the consensus motif was
epeatedly detected within the stem region of pre-miR-622 (Suppl. Fig. 1 E).

e tested the hypothesis that LIN28A might also bind to its negative
egulator miR-622, resulting in a double-negative inhibition loop ( Fig. 3 F).
he pre-miR-622 hairpin containing the putative LIN28A-binding site 

ocated within to the loop region as well as a mutant-hairpin was constructed
Suppl.Fig. 1F). However, subsequent RNA pull down assays did not support
he model of a potential double-negative feedback mechanism ( Fig. 3 G). 
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Together, the stemness associated homolog of LIN28 (LIN28A) was
found to be strongly overexpressed and localized to the cytoplasm of human
liver cancer cells in vitro and in vivo. Moreover, LIN28A was shown to be a
novel direct target gene of miR-622 in HCC. 

ZCCHC11 is overexpressed in HCC 

Cytoplasmatic LIN28A interacts with the terminal uridyltransferase
ZCCHC11 to induce degradation of the tumorsuppressor pre-miR-let-7
[ 15 , 26 ]. However, the expression, function and regulation of ZCCHC11
in HCC remained unknown. According to our initial screen, we proposed
a "dual" regulation of the resistance and stemness associated LIN28A-
ZCCHC11-axis by miR-622 in HCC. In vitro, qRT-PCR analysis revealed
marked upregulation of ZCCHC11 mRNA levels in HCC cells as compared
with primary human hepatocytes ( Fig. 4 A). Western blot analysis confirmed
overexpression of ZCCHC11 protein levels in human HCC cells ( Fig. 4 B).
Moreover, analysis of HCC patient tissues and corresponding nontumorous
liver tissues revealed significant upregulation of ZCCHC11 on the mRNA
level ( Fig. 4 C), which was also confirmed by assessing an additional TCGA
cohort ( Fig. 4 D). Also on the protein level, further analyses applying
the human ProteinAtlas database [30–32] revealed specific and marked
overexpression as well as a cytoplasmatic localization pattern in HCC as
compared with nontumor liver tissues ( Fig. 4 E) or non-HCC liver tumors
(Suppl. Fig. 2 A). Predominant cytoplasmatic localization of ZCCHC11
was also found in non-HCC cancer cells (Suppl. Fig. 2 B). To confirm
these findings in larger patient cohorts, we applied our tissue micro array
containing paired HCC and nontumorous liver tissues, and found significant
upregulation and cytoplasmatic localization of ZCCHC11 protein levels in
human HCC ( Fig. 4 F,G,H; Suppl.Tab.1; Suppl.Tab.2). 

ZCCHC11 displays oncogenic functions in HCC 

To determine the functional effects of ZCCHC11 in HCC, specific
gene knockdown was performed applying an innovative si-RNA-pooling-
technology (siPools, a pool comprising 30 target-specific single si-RNAs
allowing highly specific gene silencing while off-target effects of individual
si-RNAs are reduced to a minimum [34] ) ( Fig. 5 A). In human HCC
cells, ZCCHC11 knockdown induced slight, but nonsignificant reduction
of migration and clonogenicity in HCC cells ( Fig. 5 B,C). In contrast,
knockdown of ZCCHC11 markedly reduced proliferation of HCC cells
( Fig. 5 D). According to the specific effects on proliferation in vitro,
ZCCHC11 expression levels in HCC tissues strongly correlated with
different cyclins (Cyclin D1, Cyclin D3) and multiple cyclin-dependent
kinases (CDK1-10, CDK12-13, CDK16-20) which represent well-known
proliferation- and cell cycle promotors in liver cancer [ 35 , 36 ] ( Fig. 5 E;
Suppl. Fig. 3 A). Next to cell cycle promotors, correlation analyses applying
TCGA datasets revealed a strong association of ZCCHC11 expression
levels with markers of hypoxia and neovascularization including HIF1A,
ANGPT2 and VEGFA in HCC tissues (Suppl. Fig. 4B). Accordingly, further
upregulation of ZCCHC11 was detected under hypoxic conditions in HCC
cells (Suppl. Fig. 4C). In contrast, a potential regulation of its partner
LIN28A by hypoxia was not detected in HCC cell lines (Suppl. Fig. 4D). 

Moreover, TCGA-derived patient cohort analysis (applying the Gene
Expression Profiling Interactive Analysis (GEPIA) database [37] and the
ProteinAtlas database [30–32] indicated that high ZCCHC11 expression is
associated with poor overall survival in HCC ( Fig. 5 F,G). 

In summary, these data revealed that ZCCHC11 is strongly overexpressed
in HCC, promotes cancer cell proliferation and is associated with poor
survival. We concluded that ZCCHC11 represents a potential novel
therapeutic target in HCC. 
CCHC11 is regulated by miR-622 in HCC 

As described, we had identified the ZCCHC11-partner LIN28A as a 
ovel miR-622-target gene in HCC. Tissue micro array analysis revealed 
trong coupregulation of LIN28A and ZCCHC11 in liver cancer ( Fig. 6 A;
uppl.Tab.2), supporting a common regulatory mechanism. Aiming to 
dentify a (further) mechanism driving the marked overexpression of 
CCHC11 in HCC, we elucidated whether miR-622 is also a direct 

egulator of ZCCHC11 according to our initial in silico-based prediction and 
ypothesis. We identified two conserved miR-622-MRE within the 3’UTR 

f the ZCCHC11 mRNA ( Fig. 6 B). After miR-622 re-expression, qRT- 
CR analysis revealed that ZCCHC11 mRNA levels were downregulated 

n HCC cell lines (PLC, Hep3B) ( Fig. 6 C). Moreover, applying Western
lot analysis showed marked inhibition of ZCCHC11 protein expression 
n miR-622-transfected HCC cell lines as compared to control-treated 
ells ( Fig. 6 D). Subsequently, the newly defined miR-622-ZCCHC11- 
nteraction was proven mechanistically applying a Luciferase reporter 
onstruct by cloning of miR-622 MRE#1 of ZCCHC11 into the vector 
 Fig. 6 E). Furthermore, analysis of TCGA datasets revealed that in HCC
atients, high ZCCHC11 and low miR-622 levels (indicated by an elevated 
CCHC11/miR-622-ratio as compared to a low ZCCHC11/miR-622-ratio) 
ere associated with a poor overall survival ( Fig. 6 F). Conversely, a high miR-
22/ZCCHC11-ratio (as compared with a low miR-622/ZCCHC11-ratio) 
as associated with a better overall survival ( Fig. 6 G). 

In summary, ZCCHC11 was found to be strongly overexpressed in 
CC. Our analyses indicate ZCCHC11 as a novel direct target of miR- 

22 and point to ZCCHC11 as a novel prognostic and therapeutic target in
CC. 

iscussion 

In recent years, miR-622 has emerged as one of the most promising 
umorsuppressive microRNAs, which is underscored by numerous studies 
ddressing its potent role in diverse types of cancer [ 13 , 17 , 18 , 20 , 38–44 ]. 

In contrast, so far only three studies have identified and experimentally 
roved target genes of miR-622 in liver cancer (i.e., mitogen-activated protein 
 kinase 4 (MAP4K4), CXC chemokine receptor 4 (CXCR4), and kirsten rat 
arcoma (KRAS) [ 17 , 19 , 20 ]. Regarding the fact that one single microRNA
an regulate a target gene network composing of hundreds of mRNAs 
 13 , 45 ], the majority of miR-622-targets in liver cancer remained elusive.
pplying comprehensive microRNA database and literature screening, we 
redicted numerous potential oncogenic candidate target genes of miR- 
22 in HCC. Unexpectedly, we identified a pair of functionally synergistic, 
irectly interacting genes that might be commonly regulated by miR-622. 

Subsequently, the synergistic interactors ZCCHC11 and LIN28A were 
oth identified as novel target genes of miR-622 in liver cancer. To the best
f our knowledge, a common regulation of directly cooperating genes by the 
ame microRNA has not been described before in HCC or other types of
ancer. 

LIN28A and LIN28B are overexpressed in approx. 20% of human 
ancers, and overexpression of either protein can induce increased cancer 
ggression and poor prognosis [15] . LIN28B is a well-known cancer 
romotor and had been characterized recently to be associated with drug 
esponse in HCC [ 46 ]. Moreover, LIN28B was upregulated in HCC tissues,
nd high LIN28B expression was a ssociated with high α-fetoprotein levels 
nd shorter overall survival in HCC patients [ 47 ]. Furthermore, LIN28B was
escribed to be a tumor marker and to be associated with tumor recurrence

n HCC[ 48–50 ]. 
In contrast to LIN28B, only its homolog LIN28A revealed miR- 

22 binding sites. However, LIN28A was yet poorly described in HCC 

ut was recently shown to be functionally associated with stemness and 
hemoresistance in liver cancer [27] . In this study, LIN28A was found to
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Fig. 4. ZCCHC11 is overexpressed in HCC. (A) Quantitative RT-PCR analysis of ZCCHC11 mRNA levels in primary human hepatocytes (PHH) ( n = 9) 
as compared with human HCC cell lines (PLC ( n = 10), Hep3B ( n = 6), HepG2 ( n = 15)). (B) Representative Western blot image and (densitometric) 
quantification of ZCCHC11 protein levels in PHH ( n = 3) as compared with human HCC cell lines (PLC ( n = 4), Hep3B ( n = 4), HepG2 ( n = 4)). (C) 
ZCCHC11 mRNA levels (qRT-PCR analysis) in paired human HCC tissue samples and corresponding nontumorous liver tissues (CNTLT) ( n = 32pairs). 
(D) Transcriptomics data of ZCCHC11 RNA expression levels in HCC ( n = 369) and nontumorous liver tissues ( n = 50) derived from TCGA-data applying 
the Gene Expression Profiling Interactive Analysis (GEPIA) database. (E) ZCCHC11 overexpression in HCC tissues ( n = 2) as compared with nontumorous 
liver tissues ( n = 2) applying the human proteinatlas database (representative images). (E-H) Confirmation of ZCCHC11 protein expression and cellular 
localization patterns in patients applying tissue micro array derived paired HCC tissues and CNTLT. Staining intensity and percentage of positive cells 
were incorporated into a semi-quantitative score describing "0" (very low/no expression), "1" (low/moderate expression) and "2" (strong expression). (H) 
Representative immunohistochemistry images and paired quantification of ZCCHC11 expression score (G) as well as semiquantitative analysis applying 
Fischer’s exact test (H) in HCC as compared with CNTLT. Data are presented as the mean ± SEM. Statistical significance was determined by 2-tailed, 
unpaired t-test (A,B,D), paired t-test (G), and two-sided Fisher’s exact test (H). ∗P < 0.05, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. 
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be a novel target gene of miR-622 in HCC and was strongly overexpressed
and localized to the cytoplasm (which was previously determined to be
crucial for its interaction with ZCCHC11 and its oncogenic function) of
human liver cancer cells. Our findings underscore that next to the well-
nown promotor of HCC, LIN28B, also its poorly described homolog 
IN28A contributes to liver cancer progression and drug resistance via
pecific regulatory mechanisms, since miR-622 specifically regulates LIN28A 

nd not LIN28B. 
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Fig. 5. ZCCHC11 reveals oncogenic functions in HCC. (A-C) HCC cell lines (Hep3B ( n = 2), PLC ( n = 2)) were transfected with a control si-RNA-pool 
or with a specific si-RNA-pool targeting ZCCHC11 for 48 h. (A) ZCCHC11 mRNA levels as determined by qRT-PCR analysis. (B) Migration as determined 
applying Boyden chamber cell migration assays. (C) Colony numbers as determined applying clonogenic assays. (D) Real-time cell proliferation analysis of 
HCC cells transfected with an si-RNA-Pool directed against ZCCHC11 or a control si-RNA-Pool ( n = 4). (E) Correlated ZCCHC11 and CDK2, CDK4, 
CDK12, CDK14, CDK17, CDK20 RNA expression levels (log 2 (TPM)), respectively, in HCC tissues. TCGA-derived data were used applying the Gene 
Expression Profiling Interactive Analysis (GEPIA) database. The data represent RNA expression levels (log 2 (TPM)) in HCC tissues. (F,G) TCGA-derived 
datasets deposited on the Gene Expression Profiling Interactive Analysis (GEPIA) database (F) or the ProteinAtlas database (G), respectively. "HR": Hazard 
ratio. Data are presented as the mean ± SEM. Statistical significance was determined by 2-tailed, unpaired t-test (A,B,C,D) and Pearson correlation analysis (E). 
Survival analysis was performed computationally applying log-rank testing and hazard ratio estimates (F) or applying log-rank testing (Mantel-Cox) (G). ∗P < 

0.05, ∗∗P < 0.01, ns: non-significant. 
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Interestingly, the 5 ′ -NGNNG-3 ′ sequence, which was identified as the
consensus motif for selective recognition and binding of LIN28 to pre-let-
7 family members [ 15 , 33 ], was also found in the pre-miR-622 sequence.
However, a potential mutual double-negative feedback regulation of LIN28A
and miR-622 was excluded in our study. 
p

Until now, the function of ZCCHC11 was only poorly described in 
ost types of cancer, and its potential role in liver cancer remained elusive.
ur study identified ZCCHC11 as a novel target gene of miR-622 in 
CC. Moreover, ZCCHC11 was found to be strongly overexpressed in liver 

ancer in vitro and in vivo and was shown to drive HCC progression and
roliferation. 
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Fig. 6. ZCCHC11 is regulated by miR-622 in HCC. (A) Immunohistochemical analysis and correlation of ZCCHC11 and LIN28A expression levels applying 
tissue micro arrays (staining intensity and percentage of positive cells for both ZCCHC11 and LIN28A were incorporated into a semi-quantitative score 
describing "0" (very low/no expression), "1" (low/moderate expression) and "2" (strong expression)) ( n = 102). (B) MicroRNA recognition elements (MRE) 
in the ZCCHC11 3’UTR represent potential miR-622-binding sites and were identified applying the "TargetScan 7.2" database. (C) Quantitative RT-PCR 

analysis of ZCCHC11 mRNA levels in control-transfected as compared to miR-622-transfected different HCC cell lines (PLC ( n = 2) ; Hep3B ( n = 3)). 
(D) Representative Western blot images and (densitometric) quantification of ZCCHC11 protein levels in control-transfected as compared to miR-622- 
transfected different HCC cell lines (PLC ( n = 2) ; Hep3B ( n = 2)). (E) Luciferase ZCCHC11 3 ′ UTR-reporter (containing a conserved miR-622 MRE) 
activity in control-miR (CTR) as compared with miR-622-mimic (622)-transfected HCC cells (PLC) ( n = 3 ). (F,G) TCGA-derived datasets and the Gene 
Expression Profiling Interactive Analysis (GEPIA) database were used for overall survival analysis comparing high and low ZCCHC11/miR-622-ratios (F) 
or high and low miR-622/ZCCHC11-ratios (G), respectively in HCC patients. "HR": Hazard ratio. Data are presented as the mean ± SEM. Statistical 
significance was determined by two-sided Fisher’s exact test together with Spearman correlation analysis (A), and 2-tailed, unpaired t-test (C,D,E). Survival 
analysis was performed computationally applying log-rank testing and hazard ratio estimates (F,G). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001. 
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Hypoxia and neovascularization are major pathological mechanisms in
HCC driving progression and therapy resistance [51–54] , and current first-
line therapeutic concepts in HCC (sorafenib, lenvatinib, bevacizumab)
majorly target the hypoxia-associated VEGF-tumor-vascularization-axis
[ 53 , 55 ]. Moreover, miR-622 was directly linked with hypoxia, VEGF-
signaling and (neo-)vascularization in several cancer types including
colorectal cancer [ 42 , 56 , 57 ]. In this regard, we found that the novel and yet
undescribed target gene of miR-622 in liver cancer, ZCCHC11, was strongly
correlated with hypoxia inducible factor 1, angiopoietin 2 and VEGFA
in human HCC tissues. Furthermore, experimental hypoxia significantly
upregulated ZCCHC11 in human HCC cells. Therefore, next to miR-622,
H  
ypoxia might further contribute to ZCCHC11 overexpression and function 
n HCC. 

In contrast to liver cancer, several further miR-622 target genes have been
escribed in non-HCC cancer types that might potentially also contribute to
CC progression. For example, loss of miR-622 in gastric cancer promoted

ellular invasion and tumor metastasis by targeting inhibitor of growth family,
ember 1 (ING1) [58] . Interestingly, ING1 isoforms reveal differential

xpression in HCC [59] , but their precise function in HCC remained elusive.
oreover, miR-622 was demonstrated to suppress proliferation, invasion 

nd migration by directly targeting activating transcription factor 2 (ATF2)
n glioma cells [60] . Since ATF2 was shown to induce chemoresistance in

CC [61] , a potential regulation of ATF2 by miR-622 in HCC might
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represent a crucial further mechanism driving liver cancer progression and
drug resistance. 

Our study demonstrates that combined de-repression of both LIN28A
and ZCCHC11 as mediated by loss of miR-622 could mechanistically
contribute to stronger activation of the oncogenic LIN28A-ZCCHC11-
axis in HCC. Coupregulation of synergistic genes represents a well-known
hallmark of cancer inducing a competitive edge for malignant cells in specific
circumstances including drug resistance. Accordingly, co-overexpression of
cooperating partner genes had been described in diverse types of cancer
before. For example, co-overexpression of HER2 and HER3 was described
to be a predictor of poor survival in breast cancer [62] . Furthermore, co-
overexpression of fibroblast growth factor receptors 1, 2 and 4 revealed
prognostic significance in gastric cancer [63] . Moreover, co-upregulation
of Janus kinase 2 and signal transducer and activator of transcription 5a
was revealed to impact mammary cancer cells via epithelial–mesenchymal
transition (EMT) [64] . Likewise, co-overexpression of TAZ and YAP was
demonstrated to represent an independent predictor of poor prognosis in
patients with colorectal cancer [65] . Also in renal cell carcinoma, concomitant
overexpression of the EGFR and erbB-2 correlated with dedifferentiation and
metastasis [66] . Together, numerous studies support that cancer cells take
advantage from simultaneous co-overexpression of cooperating genes. 

In summary, we demonstrated de-repression of the synergistic partner
genes LIN28A and ZCCHC11 by a common microRNA in HCC and
identified ZCCHC11 to represent a novel target gene in HCC. Since recently,
small molecule inhibitors of ZCCHC11 uridylyl transferase activity were
identified [67] , the therapeutic potential of this novel miR-622-target should
be addressed in further (preclinical) studies. 

Material and methods 

Human cells and cell culture 

The human hepatocellular carcinoma (HCC) cell lines PLC (ATCC
CRL-8024), Hep3B (ATCC HB-8064) and HepG2 (ATCC HB-8065) were
described in other studies [ 17 , 68 ]. Primary human hepatocytes (PHH) were
isolated and cultured according to the technique described by Lee et al. [69] .

Sorafenib-resistant HCC cells (PLC, Hep3B) were generated by
incubation with stepwise increasing doses of sorafenib as described elsewhere
[ 17 , 70 ]. Sorafenib ("Nexavar") was purchased from Cayman Chemical
(Michigan, USA). 

Human liver tissue 

Paired human HCC tissues and corresponding nontumorous liver tissues
(CNTLT) were generated from patients undergoing partial hepatectomy.
The tissue samples were instantly snap-frozen and stored at -80 °C.
Moreover, paraffin-embedded tissues were used to construct TMA for
immunohistochemistry analysis as described previously [ 17 , 68 , 71 ] ( Suppl.
Tab.1 ). Human samples were collected with the informed patients’ consent
obtained by the Biobank at the Hospital of the Ludwig-Maximilians-
University Munich, which is subject to the guidelines of the nonprofit state-
controlled Human Tissue and Cell Research (HTCR) foundation [71] . 

RNA isolation and expression analysis 

RNA isolation and reverse transcription were performed as described
previously [72] . Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) was performed applying specific primers on a Lightcycler 480
system (Roche, Mannheim, Germany). The following primers were used: β-
Actin (5’- CTA CGT CGC CCT GGA CTT CGA GC-3’ and 5’-GAT GGA
GCC GCC GAT CCA CAC GG-3’), 18S (5’-TCT GTG ATG CCC TTA
GAT GT CC-3’ and 5’-CCA TCC AAT CGG TAG TAG CG-3’), LIN28A
5’-CGG TGC GGG CAT CTG TAA GT GG-3’ and 5’-TGG CCG CCT 

TC ACT CCC AAT AC-3’), ZCCHC11 (5‘-AGC CAA TCC TGC TGT 

TC AA-3‘ and 5‘-GTC TGA AGC AAC CAA AGT AT GA-3‘). 

ransfection of si-RNA-pools and miR-622 

Approx. 2-3 × 10 5 cells were seeded per well of a six-well culture plate.
or RNAi-mediated ZCCHC11 knockdown, we used si-Pool-technique 
functionally verified si-RNA-Pool targeting human ZCCHC11; siTOOLs 
iotech GmbH, Planegg/Martinsried, Germany) was used. The used si- 
ool comprised about 30 target-specific single si-RNAs, allowing for highly 
fficient gene silencing compared with nontargeting control si-Pool, while 
ff-target effects of individual si-RNAs can be reduced to a minimum 

34] . MicroRNA (miRNA) mimics (Ambion by ThermoFisher Scientific, 
altham, MA, USA) were described before [ 43 , 70 ]. Extraction of total RNA

nd protein followed 48 to 72 h after transfection. 

loning, luciferase reporter gene assays, and RNA pulldown assay 

The wild-type sequence of the LIN28A and ZCCHC11 3’untranslated 
egions (UTR) spanning the required miR-622 response elements (MREs) 
ere amplified applying PCR and HCC cell-derived cDNA using the 
husion High-Fidelity DNA Polymerase kit (ThermoFisher Scientific, 
altham, MA, USA) and the following primers: LIN28A: 5‘-CAG TCT 

GA ATT TAT GGG GCG GGA GGG TA-3‘ and 5‘-CAG TCT AGA 

CA GTG ATG GGG TCA CCA AA-3‘; ZCCHC11: 5‘-CAG TCT AGA 

GT CCA TTT TCT TTC AGC TG GT-3‘ and 5‘-CAG TCT AGA GCA
CC AAA GTA TGA ATA CA GC-3‘). The generated amplicons were 

nserted into the Luciferase 3’ UTR of a pGL3-Promoter Firefly Luciferase 
eporter vector (Promega Corporation, Madison, WI, USA) via an XbaI 
estriction site. All plasmid sequences were verified by sequencing. The 
btained Firefly Luciferase reporter constructs (FLuc) were cotransfected 
ith pre-miR-622 or nontargeting pre-miR-CTR (Ambion by ThermoFisher 
cientific, Waltham, MA, USA) and the wild-type Renilla reporter pRL- 
K (RLuc; Promega Corporation, Madison, WI, USA) for normalization by 
sing Lipofectamine 2000 Transfection Reagent (ThermoFisher Scientific, 
altham, MA, USA). FLuc signals were normalized to the corresponding 
Luc signals by calculating the RLuc/FLuc ratio and correcting for differences 

n transfection efficiencies. Luciferase assays were performed as described 
efore [17] . 

RNA-pulldown assays were established and performed by a collaborating 
roup (AG Meister, Laboratory for Biochemistry, University of Regensburg, 
ermany) as described in detail elsewhere [ 29 , 73 ]. 

estern blotting 

Cell lysis, protein isolation and Western blots were carried out as 
pecified elsewhere [ 70 , 74 , 75 ]. The following primary antibodies were
sed: Anti- β-actin (1:5,000 dilution) (Sigma-Aldrich, St. Louis, USA), 
nti-ZCCHC11 (1:1,000 dilution) (Proteintech, Rosemont, USA), anti- 
IN28A (1:1,000 dilution) (AG Meister, Laboratory for Biochemistry, 
niversity of Regensburg, Germany [ 28 , 29 ]. β-Actin served as a reference for
ormalization. Immunoreactions were visualized applying the BCIP/NBT 

it (Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA). 
ensitometric analysis of scanned Western blot images was performed using 

ImageJ" (National Institutes of Health, Bethesda, MD, USA). 

mmunohistochemistry and immunofluorescence analysis 

Immunohistochemistry analysis was performed applying TMA 

omprising human patient derived liver cancer tissue samples as 
escribed before [ 70 , 74 , 75 ]. Immunohistochemistry staining was analyzed
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semiquantitatively and the according scores were established for each
antibody as described [17] . 

Immunofluorescence assays were performed as described [76] . After
seeding the cells in chamber slides (20 000 cells per chamber) and 24
h incubation, cells were fixed with methanol-acetic acid and afterward
permeabilized using 0.1% Triton-X-100. Subsequently, the cells were
blocked for 1 h using 1% bovine serum albumin/PBS, then incubated
over night with specific antibodies. The following primary antibodies
were used for immunohistochemistry / immunofluorescence: anti-LIN28A
(1:100 dilution) (AG Meister, Laboratory for Biochemistry, University
of Regensburg, Germany [ 28 , 29 ]; anti-ZCCHC11 (1:50 dilution)
(Proteintech, Rosemont, USA). For staining of the nucleus, DAPI (1:1,000
in 1mg/mL stock solution in 3 % BSA/PBS, Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) was used. 

Proliferation, migration and clonogenicity assays 

Quantification of real-time cell proliferation was performed applying the
xCELLigence system (Roche, Mannheim, Germany) as described previously
[77] . Cell migration was analyzed applying the Boyden chamber system as
described before [78] . Stem cell-like properties were determined performing
clonogenicity assays as described elsewhere [79] . Number and size of colonies
were determined using the Cell Sense software (Olympus, Tokyo, Japan). 

In silico analysis 

To explore potential microRNA-622 targets and pathways, the following
databases were used: miRTarBase 2020, miRDB, TargetScan, miRNAMap
2.0 and string [21–25] . For analysis of The Cancer Genome Atlas (TCGA)
derived datasets, the Gene Expression Profiling Interactive Analysis (GEPIA)
database [37] as well as datasets provided by the human ProteinAtlas
database [30–32] were used. The expression data are first log 2 (TPM + 1)
transformed for differential analysis. Statistical significance was determined
by computational log-rank testing and Hazard ratios. The method for
differential gene expression analysis was one-way ANOVA. For prediction of
2 nd structures of pre-let-7-f-1 and pre-miR-622, miRNAMap 2.0 [24] and
RNAfold [80] were used. 

Statistical analysis 

Results are expressed as mean ± SEM. The unpaired Student’s t test or,
if appropriate, the one-way analysis of variance (ANOVA) with Dunnett’s
multiple comparison test was used for comparisons between groups (if
not depicted otherwise). For analysis of immunohistochemistry scores, the
Fisher’s exact test was used. The threshold significance level was P < 0.05,
with the different levels of significance abbreviated as ∗: P < 0.05, ∗∗: P <

0.01, ∗∗∗: P < 0.001, ∗∗∗∗: P < 0.0001 and "ns" for nonsignificant. Spearman
and Pearson correlation coefficients, respectively, were used for correlation
analyses. Comparison of sur vival cur ves obtained from publicly available
databases was conducted in silico using Log Rank-tests and Hazard ratio
estimates. Calculations were performed using the GraphPad Prism Software
(GraphPad Software, San Diego, California, USA). 
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Supplementary Fig. 1. LIN28A function and expression in HCC and
otential binding motifs for miR-622. (A) Clonogenicity assay (representative

mage) of HCC cells (PLC) after transfection applying a control-vector
lasmid (control) as compared with a LIN28A-overexpression (OE) plasmid 
ector for 48 h ( n = 4, including three technical replicates (repl.) per
ndependent experiment). (B) Summarized LIN28A mRNA levels as 
uantified by qRT-PCR analysis in non-resistant PLC ( n = 4) and Hep3B
 n = 4) cells as compared with Sorafenib-resistant (Sora-resistant) PLC
 n = 4) and Hep3B ( n = 4). (C,D) Immunofluorescence images confirming
redominant cytoplasmatic localization of LIN28A also in non-HCC stem 

ell and cancer cell lines (e.g. the neural stem cell line "AF22" (A) and the
olorectal adenocarcinoma cell line "CACO-2" (B)) (40-fold magnification). 
E) Schematic image depicting the pre-miR-622 stem loop (as predicted
pplying RNA-fold [80] ) and magnification of the pre-miR-622 stem region
evealing additional putative consensus motifs as identified previously for 
ecognition and binding of LIN28 to pre-let-7. (F) Summarized depiction of
he consensus motif as identified for binding of LIN28 to pre-let-7 [80] (top
ine), the detailed sequence which had been identified as LIN28-binding site
o pre-let-7-f loop region [80] (second line), the putative identic sequence
otif which is localized to also to the loop region of pre-miR-622 and which
as cloned into a vector for construction of the pre-miR-622 hairpin and

ubsequent LIN28A-pulldown assays (third line) (see also Fig. 3E), and the
20C, G21C double-mutant which was used as a negative control (see also
ig. 3F). 

Supplementary Fig. 2. ZCCHC11 expression in non-HCC liver cancer 
nd cellular localization in non-HCC cancer cells. (A) ZCCHC11 expression
immunohistochemistry) in non-HCC-liver cancer (cholangiocarcinoma, 
CC) (representative images ( n = 2) provided by the human proteinatlas
atabase) reveals specific overexpression of ZCCHC11 only in HCC. 
B) Immunofluorescence image confirming cytoplasmatic localization of 
CCHC11 (the oncogenic function of ZCCHC11 is mediated mainly via
ytoplasmatic binding of pre-let-7) also in non-HCC cancer cells (e.g. the
lioblastoma cell line "U251-MG") (40-fold magnification). 

Supplementary Fig. 3. Correlation of ZCCHC11 with cell cycle associated
yclins, cyclin-dependent kinases and markers of hypoxia in HCC. (A)
CGA-derived data were used applying the Gene Expression Profiling 

nteractive Analysis (GEPIA) database. ZCCHC11 expression levels were 
orrelated with cell cycle associated cyclins and cyclin-dependent kinases 
CCND1, CCND3, CDK1, CDK3, CDK5-10, CDK14, CDK16, CDK18, 
DK19). The data represent RNA expression levels (log 2 (TPM)) in HCC

issues. Statistical significance was determined by Pearson correlation analysis. 
B) TCGA-derived data were used applying the Gene Expression Profiling
nteractive Analysis (GEPIA) database. ZCCHC11 expression levels were 
orrelated with markers of hypoxia (HIF1A, ANGPT2, VEGFA). The 
ata represent RNA expression levels (log 2 (TPM)) in HCC tissues. (C)
CCHC11 mRNA expression (qRT-PCR analysis) in HCC cells (PLC) 

hat were exposed to a hypoxic atmosphere (0.1% O 2 ). HCC cells (PLC)
ncubated under normoxic conditions (19% O 2 ) were used as controls
 n = 4). (D) LIN28A mRNA expression (qRT-PCR analysis) in HCC cells
PLC ( n = 3), Hep3B ( n = 3)) that were exposed to a hypoxic atmosphere
0.1% O 2 ) as compared with normoxic conditions (19% O 2 ). Data are
resented as the mean ± SEM. Statistical significance was determined by
earson correlation analysis (A,B) and by 2-tailed, unpaired t-test (C,D). ∗P <

.05, ns: non-significant. 
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