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Summary of the performed work

In our proposal we aimed at understanding the molecular background of the interaction of
long non-coding RNA HOTAIR with its protein partners and the involvement of the HOTAIR-
Ezh2 pathway in the epithelial mesenchymal transition induced by the absence of Tks4. We
planned the work in three directions: i) determination of the binding affinities and specificity of
the RNA recognition of the Ezh2 loop region, ii) structural characterization of the HOTAIR-
Ezh2 loop complex and iii) detailed study of the involvement of HOTAIR and Ezh2 in the Tks4
KO-induced epithelial-mesenchymal transition (EMT).

The execution of the experimental work was somewhat hindered by the COVID-19
pandemic, but we managed to achieve significant results in all three directions.

1. Determination of the binding affinities and specificity of the RNA recognition of the Ezh2
loop region

In order to understand better the RNA recognition specificity of the disordered Ezh2 loop
region, we expressed four different HOTAIR constructs:

HOTAIRso: sequence between 20-60 nt of HOTAIR

HOTAIR140: sequence between 1-140 nt of HOTAIR

HOTAIRs00: Sequence between 140-440 nt of HOTAIR (originally annotated as the Ezh2-
interacting region)

HOTAIR440: sequence between 1-440 nt of HOTAIR

We also tested a 50 nt-long random sequence RNA (R50) and a different IncRNA partner
of Ezh2: MEG3.

We performed electrophoretic mobility shift assay (EMSA) and microscale thermophoresis
(MST) measurements to characterize the binding of the Ezh2 loop to the different RNA
species.

While EMSA is a quantitative measurement, supplying information only on the existence of
the interaction, MST is a qualitative method that can be used to determine the exact binding
affinities of the different ligands.

EMSA results confirmed that all of the tested RNA species were capable of binding to the
Ezh2 loop, with only the R50 showing lower binding capacity.



With the MST measurements we could determine that the HOTAIR14 has the highest
affinity to the Ezh2 loop (0.3 uM), which is twice as strong as the affinity of HOTAIR300 (0.69
uM), that was originally determined as the Ezh2-binding segment of HOTAIR. MEG3 bound
with similar Kq as HOTAIR3z0 (0.65 pM), while HOTAIR440 only showed a Kq of 0,75 uM.
Interestingly, from the two short RNAs, the R50 was bound stronger than HOTAIRs (1.79 uM
vs 3.55 uM, respectively).

Since earlier observations published in the literature suggested that a phosphorylation
event on Tyr345 residue in the Ezh2 loop increased the binding affinity of Ezh2 to RNAs, we
tested the binding of a phosphomimetic mutant (Ezh2-TD) to the same RNAs.

Contrary to the published results and the expectations, the phosphomimetic mutation did
not result in an overall affinity increase, but it had varying effects on the interaction with the
specific RNAs. The affinity to the short RNAs was increased for both the R50 and the
HOTAIRso (1.26 and 2.75 uM, respectively), while it was decreased for MEG3 (0.91 uM). The
binding strength to the longer HOTAIR constructs did not change markedly (HOTAIR140: 0.29
MM, HOTAIRz00: 0.81 uM, HOTAIR40: 0.65 uM). This indicates that the phosphorylation
induces changes in the RNA recognition that are affected by the specific sequence and/or
structure of the RNA.

In all our experiments, we used thymosin beta 4 (TB4), a disordered protein as negative
control. TB4 did not show measurable binding to any RNAs that we tested.

2. Structural characterization of the HOTAIR-Ezh2 loop complex

To better understand the structural background of the binding, we applied circular dichroism
(CD) and nuclear magnetic resonance (NMR) measurements combined with molecular
modeling.

Based on literature data, we hypothesized that the RNA recognition might be directed by
the G-quadruplex structures found in the RNA molecules.

In silico prediction methods indicated the presence of 5 G-quadruplex structures in the
sequence of HOTAIR440 (1 in HOTAIRso, 2 in HOTAIR140, 4 in HOTAIR300), 31 in MEG3 and 1
in R50.

Molecular modeling simulations also confirmed the possible formation of the G-
guadruplexes in HOTAIR440.

Nevertheless, no stable G-quadruplex structures were observed in the RNAs using
Thioflavin T assay, CD or NMR measurements. The fact that we could still measure relatively
strong binding indicates that the studied region of Ezh2 does not specifically recognize
guadruplex structures. This is in line with literature data, where the deletion of the Ezh2 loop
did not significantly reduce binding of Ezh2 to model quadruplex RNAs.

Regarding the structure of the Ezh2 loop, both NMR and CD measurements confirmed that
it is highly disordered and that the phosphomimetic mutation does not induce measurable
changes in the structure of the protein. With the help of NMR measurements, we were able to
identify the region within the Ezh2 loop that participates in RNA binding. This short segment
between Thr367-Ser375 is a unique RNA binding motif, as it does not resemble the canonical
RNA recognition elements found in other disordered proteins. The interaction of the Ezh2 loop
and HOTAIR was determined to belong to the fuzzy complexes, since no stable structure was



formed in the protein upon binding. This was also the case in the TD mutant loop region,
indicating that phosphorylation does not alter the mode of the interaction on the protein’s side.

Due to technical limitations of the NMR, the detailed structural study of the different RNAs
was not possible with this method. Therefore, we approached the question of the complex
formation on the RNA side using CD measurements.

With this method we were able to follow structural changes of the RNAs that occurred upon
binding to the Ezh2 loop and its phosphomimetic mutant version. In line with the NMR results,
CD also showed that the protein is disordered and remains disordered even in the complex,
but the structure of the RNA partner was more affected. Detailed analysis of the CD spectra
revealed that the RNAs contained a significant amount of double stranded segments, which
were markedly reduced when binding to the Ezh2 loop. This decrease in the double stranded
RNA regions was more pronounced upon binding to the TD mutant version of the loop,
revealing the importance of the phosphorylation. As the actual binding localized to a shorter
segment of the RNAs, the structural changes in the CD spectra were less pronounced, but still
detectable.

Summarizing our results on the in vitro binding and structural studies we formed a model
of the role of the loop region of Ezh2 in the RNA recognition of the protein. Since the loop is
highly disordered and is localized on the surface of Ezh2, it is ideally placed to serve as a first
contact point for RNAs. Given its lack of specificity towards G-quadruplexes, the binding is
rather nonspecific, allowing for interaction with a wide range of possible partners. The
“‘unwinding” effect on the RNA structure may induce specific structural reorganization of the
RNA species that can facilitate the formation of more specific, G-quadruplex-driven
interactions with the more distant interaction surfaces of Ezh2. Since the affinity of the loop
towards the RNAs is not very high, it allows for the dissociation of the RNA if the specific
interactions are not formed within a reasonable timeframe. The phosphorylation of the 345th
Threonine results in a stronger unwinding effect, probably increasing the chances of the RNA
to reach the other binding regions, achieving an overall stronger RNA binding in the context
of the whole protein.

3. Detailed study of the involvement of HOTAIR and Ezh2 in the EMT induced by the
deletion of Tks4

Studies aimed at understanding the role of Tks4 in cancer cell behavior revealed that
HCT116 colorectal carcinoma cells undergo an epithelial-mesenchymal transition (EMT) like
process in the absence of Tks4. Since the HOTAIR-Ezh2 interaction is heavily involved in the
regulation of EMT through the recruitment of the Polycomb Repressive Complex 2 (PRC2) to
induce repression of gene expression, we aimed at uncovering if the HOTAIR-Ezh2 axis is
connected to Tks4. In order to gather detailed information on the gene expression changes
elicited by the knockout of Tks4, we performed whole transcriptome sequencing of the wild
type and the Tks4 KO HCT116 cells and confirmed the variations in gene expression using
guantitative PCR (gPCR) of the selected genes. In specific cases we also checked the
changes in protein levels, to further corroborate the validity of our observations.

Our results revealed that the deletion of Tks4 results in large-scale reorganization of the
gene expression of the cells, with many different signal transduction pathways affected.
Among the most affected pathways are the PI3K/Akt cascade, the Jak-Stat and the calcium



signaling, but others, like the mTOR, TNF, TGF-B and NF-kappa B networks also show
alterations.

Above the mRNAs, our dataset also contains information on the non-coding RNA
expressions and the analysis of these data revealed further details on the alterations that the
Tks4 KO induced. Several genes, both coding and non-coding, known to be involved in EMT
showed altered expression levels in the Tks4 KO cells, providing a broad genetic background
to the observed effects.

Based on these results we were able to outline a map of the different signaling pathways
that rely on Tks4 in their correct functioning, complete with the involvement of several non-
coding RNAs.

Regarding the role of Ezh2 and HOTAIR in this process, we could show that the Tks4 KO
cells have an overall higher level of H3K37me3 histone mark, that is characteristic of the
activity of the PRC2. Since the expression level of Ezh2 did not change significantly in the KO
cells, we concluded that this elevation is due to the increased activity of the complex.
Remarkably, the application of a specific Ezh2 inhibitor, DZnep was able to revert the
observed EMT-like changes and the DZnep treated Tks4 KO cells behaved like the untreated
wild type controls, indicating that the effects of the Tks4 removal are conveyed through the
PRC2. We performed the same analysis of the transcriptome of the DZnep treated cells as
previously and we could see that the majority of the gene expression changes observed in the
Tks4 KO cells were eliminated by the application of the Ezh2 inhibitor.

To determine if HOTAIR plays a role in this process, we silenced HOTAIR expression using
RNA silencing. Interestingly, while the reduction in the HOTAIR expression exceeded 90 %, it
had no effect on the behavior of the Tks4 KO cells. This was in line with the expression data
from the RNA sequencing and the gPCR, which did not show an extreme overexpression of
HOTAIR in the Tks4 KO cells.

Taken together, these results suggest that the signaling pathways involving Tks4 are
indeed connected to the PRC2, but not through the HOTAIR-PRC2 interaction. Since the
PRC2 is a promiscuous RNA binder and it has other known IncRNA interactors involved in the
regulation of EMT, we checked the expression changes of those too, revealing two other
candidate IncRNAs that show strong expression changes in the Tks4 KO cells: MALAT1 and
NEAT1. As a continuation of the work, we will test the effect of the silencing of these two
IncRNAs.

Chromatin-immunoprecipitation sequencing (Chip-Seq) was performed on the wild type,
Tks4 KO and DZnep treated cells to identify the PRC2 target genes in HCT116 cells. This
revealed several protein coding and non-coding genes that are regulated by PRC2 in
colorectal cancer cells, with possible further relevance in the deeper understanding of the
molecular background of the disease. An important new result is a comprehensive list of
IncRNAs whose expression is under the control of PRC2, because previous publications only
describe INcRNAs regulating the activity of PRC2, but no information is available on the role
of PRC2 in the control of IncRNA expression.
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