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4.3.2.3.2 SWISS-MODEL analysis  

Superimposition of MORC4 models from the MORC2 and MORC3 templates revealed that 

the ATPase domains of both models were similar (Figure 4.21a) except for a small number of 

residue substitutions (Figure 4.21b). However, it was evident that the MORC3 model predicted 

more of the MORC4 model as it had a 3’ extension to 465 residues compared to the MORC2 

template which only predicted up to 309 residues and did not include the Zf-CW domain 

(Figure 4.21a and b). In addition, the MORC3 template MORC4 model predicted the N-

terminal of MORC4 to begin from residue 30, unlike MORC2 which was predicted from 

residue 39 (Figure 4.21b). These model predictions of MORC4 suggest that the C-terminus of 

MORC4 is more difficult to predict, which could be because neither MORC2 nor MORC3 

have a C-terminus similar to that of MORC4.  
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Figure 4.21: Superimposed homology model of MORC4 using both MORC2 and MORC3 

as templates. SWISS-MODEL structural prediction software was used to create this 

superimposition of the structure of MORC4 using MORC2 and MORC3 as templates. (A) 

Superimposed model of MORC4 also rotated at 90° and created using UCSF Chimera software. 

(B) Aligned protein sequences of both MORC4 models. MORC2 PDB: 5OF9 MORC3 PDB: 

6O1E. 
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4.3.2.4 Comparison of Phyre2 and SWISS-MODEL MORC4 homology models 

In an attempt to assess the accuracy of each MORC4 homology model, the models created with 

the same template but with different homology model engines were superimposed using UCSF 

Chimera. The MORC4 homology models generated from the MORC3 template showed the 

ATPase domain from both the SWISS-MODEL and Phyre2 models were extremely similar 

(Figure 4.22a and b). However, there were some substitutions of residues and some deletions, 

specifically, a large deletion was found in the Phyre2 model from 395-439 residues in this 

MORC3 template model (Figure 4.22a and b), which is evident in both the homology model 

and protein sequence alignment. However, this deletion was not seen in the SWISS-MODEL 

MORC4 homology model using the MORC3 template, providing further evidence that the 

SWISS-MODEL results in a more accurate prediction of MORC4. In addition, the SWISS-

MODEL and Phyre2 models had a QMEAN value of -2.13 (Table 4.1), respectively. This 

suggests that the Phyre2 model was of higher quality than the SWISS-MODEL model, 

indicating that it is more accurate. However, the Phyre2 model was produced using a MORC3 

model which was bound to the H3K4me3 peptide, suggesting that it may not be as accurate as 

the SWISS-MODEL model. This binding to the H3K4me3 peptide could also explain why both 

of these models have different C-termini (Figure 4.22) as the SWISS-MODEL model was not 

bound to a peptide.  

The MORC4 homology model resulting from the MORC2 template using both SWISS-

MODEL and Phyre2 showed that both models had a similar ATPase domain arrangement 

(Figure 4.23a and b). However, as with the MORC3 template model, these models also 

contained multiple residue substitutions (Figure 4.23b). In addition, the SWISS-MODEL 

MORC4 model ended at 299 residues whereas, the Phyre2 model continued to 468 residues. 

The Phyre2 model also had a longer N-terminus than the SWISS-MODEL model, where it 

began with a glycine at residue 1 instead of the SWISS-MODEL model which began with a 
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tyrosine at residue 11 (Figure 4.23b). Furthermore, the QMEAN of the SWISS-MODEL and 

Phyre2 models were -4.51 (Table 4.1), respectively. This suggests that both models were low 

quality, indicating that the MORC3 template MORC4 model is a more accurate prediction of 

MORC4 as it is higher quality. Overall, homology modelling and statistical analysis of each 

model determined that the MORC4 model which used MORC3 as a template was higher 

quality than the MORC2 template model (Table 4.1).  
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Figure 4.22: Superimposed homology model of MORC4 using MORC3 as a template in 

both Phyre2 and SWISS-MODEL. Phyre2 and SWISS-MODEL structural prediction 

software was used to create this superimposition of the structure of MORC4 using MORC3 as 

a template. (A) Superimposed model of MORC4 also rotated at 90° and created using UCSF 

Chimera software. The Phyre2 model is shown in blue and the SWISS-MODEL model is 

shown in magenta pink. (B) Aligned protein sequences of both MORC4 models. SWISS-

MODEL PDB: 6O1E. Phyre2 PDB: 5IX1. 
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Figure 4.23: Superimposed homology model of MORC4 using MORC2 as a template in 

both Phyre2 and SWISS-MODEL. Phyre2 and SWISS-MODEL structural prediction 

software was used to create this superimposition of the structure of MORC4 using MORC2 as 

a template. (A) Superimposed model of MORC4 also rotated at 90° and created using UCSF 

Chimera software. The Phyre2 model is shown in blue and the SWISS-MODEL model is 

shown in magenta pink. (B) Aligned protein sequences of both MORC4 models. SWISS-

MODEL PDB: 5OF9. Phyre2 PDB: 5OFB.  
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4.3.2.5 Robetta analysis 

Robetta homology modelling is a tool used to create models from either a model with a known 

protein structure template and/or using the de novo Rosetta fragment insertion method (Kim et 

al., 2004; Song et al., 2013) The de novo Rosetta fragment insertion method is used to predict 

structures of unresolved proteins, using the basic local alignment search tool (BLAST) (Kim 

et al., 2004; Raman et al., 2009). This method of structural prediction involves identifying the 

lowest free-energy structure of each predicted residue in the protein (Philip Bradley et al., 

2005).  

Following Robetta analysis of full length MORC4 (1-900 residues), several models were 

predicted. Model A (Figure 4.24a) was the top hit for this MORC4 protein model. It had a 

global distance test (GDT) score of 0.42, with 1.0 being good quality and 0 being bad quality. 

Each model of MORC4 also had an angstrom error estimate. Model A (Figure 4.24a) had an 

angstrom error estimate between 0-10 Å for the ATPase domain, suggesting that this domain 

is similar to the template sequence. However, from residue 500, the angstrom error increased 

to 50 Å. This suggests that the C-terminus of this MORC4 model is dissimilar to the template 

sequence, as neither the MORC2 or MORC3 full C-terminal structures have yet been solved. 

These models also indicate that MORC4 exists as a dimer except for model E (Figure 4.24e), 

which is monomeric. Models B-E (Figure 4.24b-e) had a higher angstrom error estimate, 

suggesting that they were less likely to be an accurate representation of the structure of 

MORC4. In addition, the C-termini appear to be different to the SWISS-MODEL and Phyre2 

models of MORC4 as some of them have long extended C-terminal tails (Figure 4.24). In 

particular, model E appeared to be an unlikely structure of MORC4, which is also supported 

by the high angstrom error estimate. MORC4 is likely to be a globular protein without an 

extended C-terminal tail, similar to other MORC proteins. Furthermore, model E does not show 
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dimerisation (Figure 4.24), dissimilar to MORC2 (Douse et al., 2018) and MORC3 (Zhang et 

al., 2019). 

 

Figure 4.24: Homology model of MORC4 using Robetta. Robetta structural prediction 

software was used to create these predictions of the structure of MORC4. Each model of 

MORC4 has also been rotated at 90° and created using UCSF Chimera software. The 

corresponding plot shows the angstrom error estimate of each residue in the model. (A-E) 

MORC4 models in order of quality of the model (A = good-quality and E = poor-quality).   
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4.3.2.6 Mutations in MORC proteins prevent binding of AMP-PNP and peptides  

N39A and D68A MORC2 mutations were previously found to abrogate the binding of AMP-

PNP and Mg2+ (Douse et al., 2018; D Q Li et al., 2012). This was also evident following 

structural analysis of WT MORC2, which was used in USCF Chimera to show that specific 

mutations prevented AMP-PNP binding (Figure 4.26). Following USCF Chimera mutagenesis, 

the N39A MORC2 mutation confirmed that binding of Mg2+ was no longer possible (Figure 

4.25a), therefore, MORC2 could no longer bind to AMP-PNP (Douse et al., 2018). This was 

due to a substitution mutation from an asparagine (N) to an alanine (A), where the A residue 

could no longer bind to Mg2+ (Figure 4.25a) through the formation of hydrogen bonds, 

ultimately preventing binding to AMP-PNP.  In addition, the MORC2 D68A mutation analysis 

confirmed that AMP-PNP could no longer bind to MORC2 (Figure 4.25b) (D Q Li et al., 2012). 

The W419K mutation in MORC3 was previously found to interrupt binding to the H3K4me3 

peptide (H Andrews et al., 2016). USCF Chimera analysis also revealed that the MORC4 

W419K mutation, which changed from a residue with a hydrophobic side chain (W) to a 

residue with a positive side chain (K), also interfered with binding to the H3K4me3 peptide 

(Figure 4.26).  
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Figure 4.25: MORC2 mutations. UCSF chimera software was used to create known 

mutations in MORC2 (PDB: 5OF9), N39A and D68A. Images were taken before and after the 

mutations. (A) MORC2 N39A mutation. (B) MORC2 D68A mutation. Mg2+ (green sphere), 

AMP-PNP and mutated residues are labelled.  
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Figure 4.26: MORC3 W419K mutation. UCSF chimera software was used to create a known 

mutation in MORC3 (PDB: 5IX1), W419K. Images were taken before and after the mutations. 

Mg2+ (green sphere), Zn2+ (grey sphere), H3K4me3 peptide (solid surface) and residues of 

interest residues are labelled. 

 

USCF Chimera analysis of the MORC4 homology model created using Phyre2 (using the 5IX1 

MORC3 template) revealed that MORC4 contains the residues required to bind both AMP-

PNP/Mg2+ and the H3K4me3 peptide. USCF Chimera mutagenesis also supported prevention 

of Mg2+, AMP-PNP and peptide binding, previously seen in MORC2 (Douse et al., 2018; D Q 

Li et al., 2012) and MORC3 (H Andrews et al., 2016), which is likely caused by abrogation of 

the normal hydrogen bond patterns. This suggests that MORC4 could also bind to AMP-PNP 

and the H3K4me3 peptide, leading to dimerisation and chromatin remodelling, respectively. 

This also indicates that introducing mutations to these regions of MORC4 will prevent AMP-

PNP binding and peptide binding, similar to MORC2 and MORC3. MORC4 mutations which 

were shown to interfere with AMP-PNP binding and peptide binding includes N60A (Figure 

4.27a), D88A (Figure 4.27b) and W435K (Figure 4.27d). USCF Chimera analysis also 

suggested that the K126R mutation in MORC4 interferes with the ATPase domain (Figure 

4.27c).  
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Figure 4.27: MORC4 mutations using a MORC4 homology model. UCSF chimera software 

was used to create mutations, N60A, D88A, K126E and W435K, in a MORC4 homology 

model created using Phyre2 (PDB: 5IX1). Images were taken before and after the mutations. 

(A) MORC4 N60A mutation. (B) MORC2 D88A mutation. (C) MORC4 K124R mutation. (D) 

MORC4 W435K mutation. Mutated residues are labelled. 
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MORC3 was carried out with a number of biochemical and biophysical studies. This project 

utilised similar studies to characterise MORC4 using chemical crosslinking and size exclusion 

chromatography (SEC) oligomerisation analysis approaches to assess if similar dimerisation 

occurs. In addition, WT and site-directed mutant forms of MORC4 were utilised to investigate 

this potential biochemical mechanism.  

4.4.1 Site-directed mutagenesis (SDM) of MORC4 fragments   

4.4.1.1 Design of site-directed mutagenesis (SDM) approach  

Previous studies on MORC proteins have suggested that MORC2 and MORC3 have ATPase 

activity (D Q Li et al., 2012; H Andrews et al., 2016) and that MORC3 binds histone peptides 

(Li et al., 2016). To investigate MORC4 biochemistry as with MORC2 and MORC3, several 

substitution/point mutations were identified which were used in previous studies for MORC2 

(D Q Li et al., 2012; Douse et al., 2018) and MORC3 (H Andrews et al., 2016) (Table 4.2). 

 

Table 4.2: MORC4 mutants and their potential function. 

MORC4 

mutation 
MORC2 MORC3 Mutant Phenotype Reference 

N60A N39A  - 

Prevents binding of the 

ligand AMP-PNP and 

Mg2+ 

(Douse et al., 2018) 

D88A D68A -  
Prevents binding and 

hydrolysis of ATP 
(D Q Li et al., 2012) 

K126R -  -  
Prevents binding of 

ATP 
(Wiese et al., 2006) 

W435K -  W419K 
Prevents binding to 

H3K4me3 

(H Andrews et al., 

2016) 
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There are two known motifs of the Walker ATPase domain, A and B (Romero Romero et al., 

2018). The Walker A motif is important for ATP binding and the Walker B motif is responsible 

for the formation of hydrogen bonds and ATP hydrolysis (Wiese et al., 2006). The MORC2 

D88A mutation prevents binding and hydrolysis of ATP, which was confirmed using ATPase 

activity assays. This D88A mutation changes the Walker B motif from aspartic acid (D), which 

binds to Mg2+ in order to stimulate ATP hydrolysis (Chiraniya et al., 2013), to alanine (A), 

which loses the negatively-charged carboxylate side chain. This MORC2 study also found that 

following DNA damage via ionising radiation (IR), chromatin relaxation was inhibited in cells 

with the D88A mutant (D Q Li et al., 2012). This indicates that ATPase activity is required for 

chromatin remodelling. MORC2 N39A (MORC4 N60A) is restricted from dimerising by 

preventing the binding of AMP-PNP/Mg2+ (Douse et al., 2018). The MORC3 W419K 

(MORC4 W345K) mutation completely abrogated binding to H3K4me3 (H Andrews et al., 

2016), suggesting that the CW domain is required for chromatin remodelling. In addition, the 

Walker A motif, which is important for ATP binding (Wiese et al., 2006), was identified in 

MORC4 mutated from a lysine (K) to a arginine (R) in an attempt to abrogate ATP binding. 

Following identification of MORC4 mutations using such previous MORC studies (Figure 

4.28), MORC4 mutant primers containing the substitution mutations were designed with the 

intention of testing if the equivalent mutants affect ATPase activity and/or dimerisation (Table 

4.3). 
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Figure 4.28: Multiple sequence alignment of protein sequences of all human MORC 

proteins (MORC1-4) showing mutations.  Human MORC protein sequences were used for 

a MUSCLE multiple sequence alignment using Jalview software and MORC4 residues used 

for mutagenesis are highlighted with a red arrow. (A) N60A (B) D88A (C) K126R (D) W435K. 

The conservation score across all MORCs was shown below the alignment (Yellow is the most 

conserved and brown or no colour is the least conserved). The multiple sequence alignment 

residues were coloured using ClustalX colours. 

 

Table 4.3: MORC4 primers containing the substitution mutation. Mutations are shown in 

underlined. 
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D88AB

MORC4

MORC3
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K126RC
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W435KD

Primer Mutation Forward Primer Reverse Primer 

 

FLMORC4_N60A_F 

 

 

N60A 

 

 

GATGCTGCTGTAGATCCAGAT 

 

-  

FLMORC4_N60A_R 

 

N60A 

 
-  

TAGCAGCTCCGCGATGGC 

 

FLMORC4_D88A_F 

 

D88A 

 

ACCGCTGATGGATGTGGGATG 

 
-  

FLMORC4_D88A_R 

 

D88A 

 
-  

AAAGGTCAAACAAGATTT 

 

FLMORC4_K126R_F 

 

K126R 

 

TTCCGGTCAGGCTCCATGCGG 

 
-  

FLMORC4_K126R_R 

 

K126R 

 
-  

ACCATTACCAAAGACCCC 

 

FLMORC4_W435K_F 

 

W435K 

 

AAAAAGAGAAAGCTTCCTGGG 

 
-  

FLMORC4_W435K_R 

 

W435K 

 
-  

AAGACACTCATCACACTG 
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4.4.1.1.1 PCR amplification of MORC4 with substitution mutations 

Initially, the full-length wild type gene encoding for FLAG-tagged MORC41-900 (Chapter 5, 

section 5.3.1) was used as the DNA template for site-directed mutagenesis. However, following 

screening of the PCR products it was revealed that amplification from this template DNA was 

unsuccessful as there was no band visible at approximately 10.0 Kb (Figure 4.29), except for 

the D88A mutant, where there was some amplification seen with the sample using MyTaq 

buffer with a mixture of Phusion/MyTaq polymerase (Figure 4.29).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29: Amplification of the full-length wild type gene encoding for FLAG-tagged 

MORC41-900 using PCR primers with substitution mutations. Following amplification of 

the wild type gene encoding for MORC41-900 with mutagenic primers, PCR samples were 

resolved on a 0.8% agarose gel. Each mutant was amplified using MyTaq buffer with a mix of 

Phusion/MyTaq polymerase with touchdown conditions and Phusion buffer with a mix of 

Phusion/MyTaq polymerase with standard conditions.  

 

To overcome the amplification issue with the full-length MORC4 gene, the gene encoding for 

an ATPase-Zf-CW truncated fragment of MORC4, MORC429-480 was instead used for PCR 

amplification to produce ATPase mutants including N60A, W345K, D88A and K126R,under 
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both standard and touchdown conditions. The gene encoding a MORC4 CW/C-terminal 

truncated fragment, MORC4420-757, was also amplified to produce a C-terminal mutant, 

W345K, using mutagenic primers under both standard and touchdown conditions (Figure 4.30) 

using Phusion buffer and Phusion polymerase. Samples of MORC4 amplified with mutagenic 

primers under touchdown conditions were pooled for subsequent cloning. It was important to 

create both ATPase and C-terminal mutants in order to investigate the CW/C-terminal in 

absence of the ATPase domain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.30: An example of amplification of truncated fragments of MORC4 using PCR 

primers with substitution mutations. Following amplification of truncated fragments of 

MORC4 DNA with Phusion buffer and Phusion polymerase, samples were resolved on a 0.8% 

agarose gel. N60A, W345K, D88A and K126R mutagenic primers were used for amplification 

of MORC429-480 and W345K mutagenic primer was also used for amplification of MORC4420-

757 under both touchdown and standard conditions. Blue arrows indicate expected sizes of PCR 

products. The blue arrow indicates expected sizes of amplicons. 
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4.4.1.1.2 PCR screening of mutated MORC4 fragments  

Following successful amplification of truncated fragments of MORC4 with mutagenic primers, 

PCR screens were used to confirm successful transformations of mutant DNA. The PCR screen 

revealed that at least one sample containing K126R, D88A, W435K (Appendix 8.16) and 

N60A (Figure 4.30) MORC429-480 mutants were of the correct size at 2.0 kilobases (Appendix 

8.17 and 8.18). Further Zf-CW domain W435K mutants to the MORC4420-757, MORC4420-677 

and MORC4420-480 Zf-CW, were also cloned and were of the correct size (1.3 kb and 0.8 kb, 

respectively) (Appendix 8.18). All the MORC4 mutant genes were sent for DNA sequencing 

to confirm the presence of the substitution mutation in the cloned constructs.  

4.4.2 Heterologous expression and purification of MORC4 wild type and mutants  

Mutated cloned MORC4 fragments in an E. coli expression vector were initially used for 50 

mL test protein expression tests in E. coli. Mutated MORC4 with a high yield of protein 

following a 50 mL test expression were subsequently used for large-scale protein expression 

and purification. Mutant MORC4 proteins that expressed a high yield of protein and were fully 

cleavable were used for large-scale expression and purification, towards biochemical assays.   

4.4.2.1 50 mL test expressions determined high yielding mutants of MORC4 

Following mutagenesis, 50 mL protein expression tests were required to ensure that all mutants 

could express a significant amount of protein similar to the wild type (WT) seen in Chapter 3, 

to facilitate purification of proteins and to have sufficient material for analysis. The ATPase-

Zf-CW MORC429-480 K126R, D88A and N60A mutants appeared to express the same level of 

protein as the WT in both LB and TB (Figure 4.31a and b). However, MORC429-480 N60A 

appeared to also express a smaller contaminant in LB (Figure 4.31a). The MORC429-480 W434K 

mutant expressed at a lot lower level than all mutant proteins in both LB and TB, indicating 

that this mutant protein may not be suitable for use in subsequent biochemical assays, if there 

is not a sufficient yield of protein (Figure 4.31a and b). However, the Zf-CW MORC4420-757, 
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MORC4420-677 and MORC4420-480 W435K mutants expressed protein at a similar level to the 

WT in both LB and TB media (Figure 4.31a, b, c and d). Overall, mutant MORC4 expressed 

to higher levels in TB media compared to LB, which was also seen for WT 50 mL test 

expressions in Chapter 3 (Section 3.2.1). This suggests that in order to achieve a high 

expression of protein, TB will be used for subsequent large-scale protein expression and 

purification experiments, similar to Chapter 3.  

 
 

Figure 4.31: 50 mL test expressions of mutated truncated fragments of MORC4 in LB 

and TB. Mutated proteins were expressed in 50 mL LB or TB, purified using a Ni-IMAC 

column and resolved on a 10% tris-glycine SDS (TGS)-PAGE gel. ATPase-Zf-CW MORC429-

480 WT, K126R, W435K, N60A and D88A were expressed and purified as well as Zf-CW 

MORC4420-757, MORC4420-677 and MORC4420-480 WT and W435K, in (A and C) LB and (B 

and D) TB. Red arrows indicate examples of expressed proteins and blue arrows indicate the 

positive controls (PCNA and CHD1L). 
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4.4.2.2 Large-scale protein expression and purification  

Following 50 mL test expressions of WT and mutant MORC4 proteins, large-scale protein 

expression and purification of WT MORC4 and mutants was required to create protein suitable 

for use in subsequent biochemical experiments and assays. Unlike, structural protein analysis 

methods, biochemical assays do not require such a high quantity of protein. A MORC3 study 

only required micromolar concentrations of protein sample to investigate ATPase activity 

compared to a high concentration of protein sample for X-ray crystallography studies (Zhang 

et al., 2019) (Chapter 3, section 3.3.2). 

4.4.2.2.1 Purification of ATPase-Zf-CW MORC4 wild type and mutants  

4.4.2.2.1.1 Ni-IMAC and TEV rebind of MORC429-480 WT and mutants  

MORC429-480 WT, N60A, D88A and K126R were expressed in 2 L of TB. The initial Ni-IMAC 

purification gel shows that all of the proteins were expressed at a similar level to the WT and 

of the same size (63 kDa) (Figure 4.32a, b, c and d). Samples E300 1-5 were pooled and 

incubated overnight at 4°C with TEV protease then an additional Ni-IMAC purification was 

performed. Following incubation with TEV protease and Ni-IMAC, it was evident that all 

proteins (WT and mutants) had been cleaved as they reduced in size to 50 kDa (Figure 4.33a, 

b, c and d). 
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Figure 4.32: 2 L expression and initial purification step of wild type (WT) MORC429-480 

and mutants using Ni-IMAC. Each MORC4 protein was expressed in 2 L TB and purified 

using a Ni-IMAC gravity flow column. Samples were resolved on a 10% tris-glycine SDS 

(TGS)-PAGE gels. Each gel shows lysate flow through (FT), lysis buffer wash, W30 (wash 30 

mM imidazole) and 5 E300 (elution 300 mM imidazole) washes.  (A) WT MORC429-480 (B) 

N60A MORC429-480 (C) D88A MORC429-480 (D) K126R MORC429-480. Red arrows indicate 

protein fractions which were pooled. 
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Figure 4.33: 2 L expression and purification step of wild type (WT) MORC429-480 and 

mutants following Ni-IMAC TEV rebind. Each MORC4 protein was expressed in 2 L TB 

and purified using a Ni-IMAC gravity flow column. Samples were incubated overnight with 

TEV protease at 4°C. Samples were resolved on a 10% tris-glycine SDS (TGS)-PAGE gels. 

Each gel shows lysate flow through (FT), and 4 imidazole (20 mM, 40 mM, 100 mM and 300 

mM imidazole) washes. (A) WT MORC429-480 (B) N60A MORC429-480 (C) D88A MORC429-

480 (D) K126R MORC429-480. Red arrows indicated protein fractions which were pooled. 
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4.4.2.2.1.2 Cation exchange chromatography (IEX) of MORC429-480 WT and mutants  

Following the TEV rebind Ni-IMAC stage of the purification of MORC429-480 WT and mutants, 

proteins were applied to a 1 ml HiTrap SP-IEX column on an ÄKTA pure purification system 

for ion exchange (IEX) chromatography, which purified the proteins according to charge 

(similar to Chapter 3, section 3.3.2.3.1.2). All of the IEX chromatographs for MORC429-480 WT 

and mutant proteins appeared to elute at a similar volume (~30 mL). This suggests that both 

the WT and mutants all have similar characteristics and that the mutations have not had an 

effect on the structure of MORC429-480 too much (Figure 4.34a, b, c and d). However, the 

chromatogram and the gel generated from IEX suggest that MORC429-480 D88A has a higher 

yield than the WT (Figure 4.34a and c). There were fewer smaller contaminants present for 

D88A. However, this could have been due to variation between purifications (Figure 4.35c). 

The N60A mutant also had a good protein yield at approximately 110 mAU and also had fewer 

contaminants than the WT (Figure 4.34b). K126R was the MORC429-480 mutant with the lowest 

yield of protein at approximately 65 mAU, half the yield of the WT (Figure 4.34d).   
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Figure 4.34: Purification of wild type (WT) MORC429-480 and mutants, using SP-IEX. 

Following SP-IEX, selected samples were resolved on a 10% tris-glycine SDS(TGS)-PAGE 

gel. All proteins were purified using a 1 ml HiTrap SP-IEX column using an ÄKTA pure. All 

gels are shown with the corresponding chromatograph for each sample. (A) WT (B) N60A (C) 

D88A (D) K126R. For each protein, samples 13, 14 and 15 were pooled for further purification 

using SEC. The purple arrows indicate protein fractions which were pooled.  
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4.4.2.2.1.3 Size exclusion chromatography (SEC) of MORC429-480 WT and mutants 

Following IEX chromatography and pooling of samples 13-15 for MORC429-480 WT and 

mutants, proteins were applied to a size exclusion chromatography (SEC) column to remove 

aggregates and to exchange into a common buffer. All of the proteins purified had similar 

chromatogram profiles with an initial larger peak, which was the target protein, an intermediate 

contaminant and finally a small medium contaminant (Figure 4.35a, b, c and d). All proteins 

were eluted from the SEC column at a volume of approximately 84 mL (Figure 4.35a, b, c and 

d). This suggests that both the MORC429-480 WT and mutants were the same molecular weight 

at 50 kDa (Chapter 3, section 3.3.2.3.1.3) and were monomeric as there was no ligand (AMP-

PNP) present. WT, N60A and D88A mutants were all of equivalent purity (Figure 4.35a, b and 

c). However, MORC429-480 WT had the highest yield of protein with 1.6 mg compared to N60A 

and D88A mutants, which had 0.8 mg and 1.2 mg, respectively, following 2 L E. coli culture 

for protein expression. In contrast, the K126R mutant appeared to have a lower target protein 

yield of 0.6 mg and a number of smaller contaminants (Figure 4.35d). Following purification 

of MORC429-480 WT and mutants, samples were pooled, concentrated and stored at -80°C.  
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Figure 4.35: Purification of wild type (WT) MORC429-480 and mutants, using SEC. 

Following SEC, selected samples were resolved on a 10% tris-glycine SDS (TGS)-PAGE gel. 

All proteins were purified using a HiLoad 16/600 Superdex 200 pg column using an ÄKTA 

pure. All gels are shown with the corresponding chromatograph for each sample. (A) WT (B) 

N60A (C) D88A (D) K126R. For each protein, samples 22-26 (except for K126R, where 

samples 23-25 were pooled) were pooled, concentrated and flash-frozen in LN2 and stored at -

80° prior to use for biochemical assays. Purple arrows indicate protein fractions which were 

pooled.  
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4.4.2.2.2 Purification of Zf-CW MORC4 wild type and mutants  

Purification of a Zf-CW MORC4 only fragment WT and mutants were required to investigate 

the C-terminal end of MORC4 without the ATPase domain. Only the W435K mutant could be 

made for this truncated MORC4 fragment as the other mutants were in the ATPase region. 

4.4.2.2.2.1 Ni-IMAC and TEV rebind of MORC4420-757 and W435K mutant 

Zf-CW MORC4420-757 WT and the W435K mutant proteins were expressed in 4 L of TB. 

Following sonication and clarification of cell lysate, proteins were purified using an initial Ni-

IMAC step. The gels show that the W435K mutant protein was expressed at the same size (50 

kDa) and at a similar level to the WT (Figure 4.36a and b). For both the WT and the mutant, 

samples E300 1-5 were pooled and incubated overnight at 4°C with TEV protease. Following 

incubation of proteins with TEV protease and an additional Ni-IMAC, it was apparent that both 

the WT and W435K mutant proteins were successfully cleaved by TEV protease as they 

reduced from 50 kDa to 38 kDa (Figure 4.36c and d). For each sample, the flow through (FT) 

and 20 mM imidazole washes were pooled for further purification steps.  

4.4.2.2.2.2 Anion exchange chromatography (IEX) of MORC4420-757 WT and mutant 

Following the TEV rebind Ni-IMAC stage of the purification of MORC4420-757 WT and 

W435K mutant, proteins were applied to a 1 ml HiTrap Q-IEX column on an ÄKTA pure 

purification system for ion exchange (IEX) chromatography. Both the MORC4420-757 WT and 

W435K mutant chromatograms showed that the proteins were eluted at a volume of 

approximately 28 mL (Figure 4.37a and b). The absorbance value was also approximately 1000 

mAU for both proteins, suggesting that the WT and W435K mutant produce a similar yield of 

protein. However, the W435K flowthrough peak at approximately 3 mL had a higher 

absorbance reading than the WT (Figure 4.37a and b). This suggests that the W435K mutant 

has a higher number of molecules which were not able to bind to the Q-IEX column. Following 
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IEX, samples 11-13 fractions were pooled for both the WT and W435K mutant for subsequent 

purification procedures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.36: 4 L expression and purification of wild type Zf-CW (WT) MORC4420-757 and 

the W435K mutant following Ni-IMAC and TEV rebind. Each MORC4 protein was 

expressed in 4 L of TB and purified using a Ni-IMAC gravity flow column. Samples were 

resolved on a 10% tris-glycine SDS(TGS)-PAGE gel. Samples were then incubated overnight 

with TEV protease at 4°C and resolved on a 10% tris-glycine SDS(TGS)-PAGE gel. (A) Ni-

IMAC MORC4420-757 WT (B) Ni-IMAC MORC4420-757 W435K (C) TEV rebind Ni-IMAC 

MORC4420-757 WT and (D) TEV rebind Ni-IMAC MORC4420-757 W435K. Red arrows indicate 

protein fractions which were pooled. 
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Figure 4.37: Purification of Zf-CW wild type (WT) MORC4420-757 and W435K mutant, 

using Q-IEX. Following Q-IEX, selected samples were resolved on a 10% tris-glycine 

SDS(TGS)-PAGE gel. All proteins were purified using a 1 ml HiTrap SP-IEX column using 

an ÄKTA pure. Both gels are shown with the corresponding chromatograph for each sample. 

(A) WT (B) W435K. For each protein, samples 11-13 were pooled for further purification 

using SEC. Purple arrows indicate protein fractions which were pooled.  
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of the chromatographs, it was evident that the W435K mutant produced a higher yield of 

protein as the protein peak was approximately 170 mAU compared to the WT, which had an 
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both the WT and W435K were of similar purity and confirm that there was a higher yield of 

the W435K mutant (Figure 4.38a and b).  

 
 

Figure 4.38: Purification of Zf-CW wild type (WT) MORC4420-757 and W435K mutant, 

using SEC. Following SEC, selected samples were resolved on a 10% tris-glycine SDS (TGS)-

PAGE gel. All proteins were purified using a HiLoad 16/600 Superdex 200 pg column using 

an ÄKTA pure. Both gels are shown with the corresponding chromatograph for each sample. 

(A) WT (B) W435K. For each protein, samples 14-18 were pooled, concentrated, flash-frozen 

in LN2 and stored at -80°C prior to use for biochemical assays. Purple arrows indication protein 

fractions which were pooled. 
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4.4.3 Analytical size exclusion chromatography (SEC) 

Analytical size exclusion chromatography (SEC) was a technique used to investigate both the 

ATPase-Zf-CW and Zf-CW domains of MORC4 as a tangential method to assess 

oligomerisation by cross-linking, as SEC-multiangle laser light scattering (MALLS) was 

beneficial in oligomeric analysis of MORC2 (Douse et al., 2018). SEC was utilised to 

investigate the ATPase-Zf-CW tandem domains in relation to dimerisation and to link to 

chemical crosslinking studies. In addition, SEC was also used to investigate the C-terminal 

coiled coils MORC4 fragments and how it can influence homodimerisation, as active MORC3 

has previously been shown to bind to H3K4me3 peptide, allowing homodimerisation and 

subsequently ATP hydrolysis (Zhang et al., 2019). In addition, a recent study identified that 

the MORC2 C-terminal coiled-coil domain is responsible for homodimerisation (Xie et al., 

2019). Overall, SEC will help to assess if MORC4 acts in a similar manner to MORC2 and 

MORC3.  

Prior to injecting the target proteins into the analytical SEC column, a sample containing 

known standards was injected into the ÄKTA pure system and the retention times and known 

molecular weights (1.3 kDa – 670 kDa) were utilised (Figure 4.39a) to create 2 standard curves, 

with and without the smallest known molecular weight standard, 1.3 kDa (Figure 4.39b). The 

standard curve equation of a straight line was then used for calculating the molecular weight 

of target proteins and subsequently, a predicted oligomeric state.  
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Figure 4.39: Standards required for analytical size exclusion chromatography (SEC). A 

control marker size exclusion standard of known molecular weight was diluted 1 in 5 in low 

salt SEC buffer. samples were injected into the HiLoad 100/300 Superdex 200 pg column for 

analytical size exclusion chromatography and protein was determined using the ultraviolet 

(UV) trace at 280 nm on an ÄKTA pure system. (A) SEC chromatograph of known standards 

with corresponding table showing the molecular weight of each standard and average retention 

time. (B) Standard curves (with and without the smallest standard sample, 1350 Da) required 

to calculate molecular weight of target proteins with the equation of a straight line shown above 

the curve. 
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4.4.3.1 Oligomerisation analysis of Zf-CW MORC4 proteins  

Following analysis of known standard proteins, analytical SEC was used to assess the 

oligomeric status of C-terminal Zf-CW MORC4 proteins. MORC4420-757, MORC4420-677, and 

MORC4420-480 C-terminal proteins were loaded onto the HiLoad 100/300 Superdex 200 pg 

column, which separates proteins according to molecular weight. The results revealed that the 

largest C-terminal fragment, MORC4420-757, was eluted first at 12.82 mL followed by 

MORC4420-677 at 13.69 mL. The smallest C-terminal fragment, MORC4420-480, was eluted last 

at 18.06 mL (Figure 4.40a). The equation of straight line from known protein standards (Figure 

4.40b) was used to calculate the observed molecular weight of each C-terminal MORC4 

protein. The observed mass of both MORC4420-757 and MORC4420-677 was three times the mass 

of the actual mass of both C-terminal proteins (Figure 4.40b). This suggests that both 

MORC4420-757 and MORC4420-677 have a trimeric oligomeric state. The MORC4420-480 observed 

mass was calculated at 7.5 kDa, the same as the actual mass of MORC4420-480 (Figure 4.40b), 

suggesting that this Zf-CW only MORC4420-480 protein is monomeric. These data collectively 

suggest that the addition of appended C-terminal coiled-coils causes trimerisation of the Zf-

CW region, although this oligomerisation could be a consequence of shape effects of the Zf-

CW domain. Furthermore, MORC2 acts in a similar manner as recent evidence suggests that 

MORC2 dimerises through the C-terminal coiled-coils (Xie et al., 2019), supporting this data 

of oligomerisation of MORC4420-480 Zf-CW only domain protein.  



242 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.40: Analytical size exclusion chromatography (SEC) of C-terminal fragments of 

MORC4. A HiLoad 100/300 Superdex 200 pg column (GE Healthcare life sciences) was 

washed with ddH2O at 1 mL/min and equilibrated in low salt SEC buffer (20 mM HEPES, 100 

mM NaCl, 5 % glycerol and 1 mM DTT) on the ÄKTA Pure system. All pure protein samples 

were injected into the HiLoad 100/300 Superdex 200 pg column for analytical size exclusion 

chromatography (SEC) and protein was determined using the ultraviolet (UV) trace at 280 nm. 

(A) Chromatograph showing the retention volume of each C-terminal MORC4 protein. (B) 

Table showing each C-terminal MORC4 protein with retention volume, log molecular weight, 

actual molecular weight, observed molecular weight and oligomeric state.  

 

4.4.3.2 Oligomeric status of ATPase-Zf-CW MORC429-480 

In an attempt to investigate the oligomeric state of the ATPase-Zf-CW MORC429-480 protein, 

multiple samples of MORC429-480 were analysed by analytical SEC. Two samples were diluted 

in SEC buffer without NaCl, to reduce the NaCl concentration of the protein as high salt can 

abrogate complex formation. Protein was then incubated with 1.0 mM AMP-PNP/Mg2+ and 

utilised for analytical SEC. Only the protein containing high salt (500 mM NaCl) and AMP-

PNP was found to be the correct size (Figure 4.41a and b) of approximately 50 kDa, which was 

the monomeric protein size. However, this could suggest that MORC429-480 does not dimerise 

in the presence of high salt concentrations and AMP-PNP. On the other hand, both protein 

samples which had been diluted to achieve low salt (100 mM NaCl), with one protein sample 
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incubated in the presence of AMP-PNP, were both found to be 26/27 kDa (Figure 4.41a and 

b). This suggests that these protein samples were half the expected size of monomer MORC429-

480, indicating degradation of the protein samples. Overall, this experiment did not reveal that 

AMP-PNP induces dimerisation of ATPase-Zf-CW MORC429-480 protein, suggesting 

alternative methods may be required for this analysis.  

 

 

Figure 4.41: Analytical size exclusion chromatography (SEC) of the ATPase-Zf-CW 

MORC429-480. A HiLoad 100/300 Superdex 200 pg column (GE Healthcare life sciences) was 

washed with ddH2O at 1 mL/min and equilibrated in low salt SEC buffer (20 mM HEPES, 100 

mM NaCl, 5 % glycerol and 1 mM DTT) on the ÄKTA pure system. Protein samples were 

diluted 1 in 5 with low salt SEC buffer and incubated with 1.0 mM AMP-PNP/Mg2+ for 1 hour 

at 4°C. All protein samples were injected into the HiLoad 100/300 Superdex 200 pg column 

for analytical size exclusion chromatography (SEC) and protein was determined using the 

ultraviolet (UV) trace at 280 nm. (A) Chromatograph showing the retention volume of each 

MORC429-480 protein sample. (B) Table showing each MORC429-480 protein sample with 

retention volume, log molecular weight, actual molecular weight, observed molecular weight 

and oligomeric state. 
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4.4.4 Size exclusion chromatography-Multiangle laser light scattering (SEC-MALLS) 

Size exclusion chromatography-Multiangle laser light scattering (SEC-MALLS) is used to 

characterise proteins by separation of molecular weight using SEC and light scattering to detect 

the absolute molecular weight using MALLS (Some et al., 2019). MORC429-480 ATPase-Zf-

CW protein was used for SEC-MALLS analysis in a further attempt to identify the oligomeric 

status and molecular weight in the presence and absence of the ligand, AMP-PNP. Following 

SEC-MALLS, there was no detection of MORC4 which had been diluted in low salt buffer. 

Therefore, undiluted protein at 8 mg/ml was used and a UV peak was present on the 

chromatograph in red (Figure 4.42). However, the ASTRA 6 software analysis predicted a 

molecular weight of approximately between 600-900 kDa with a 5 %± error in calculation, 

suggesting MORC4 protein aggregation. This is an unusual finding as the control protein 

alcohol dehydrogenase (ADH), was 150 kDa with a retention time of 8.5 mL (M. Thomsen, 

University of Leeds, pers. comm.). MORC429-480 had a retention time of 11 mL (600-900 kDa) 

(Figure 4.42), suggesting that the observed molecular weight was smaller than the calculated 

molecular weight. In addition to this, MORC429-480 in presence of the ligand, AMP-PNP, was 

also used for SEC-MALLS analysis. However, the analysis of MORC429-480 showed that there 

was no peak shift in the presence of AMP-PNP, suggesting that perhaps an alternative method 

is required to detect MORC429-480 dimerisation in the presence of AMP-PNP. 
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Figure 4.42: Analytical size exclusion chromatography Multiangle laser light scattering 

(SEC-MALLS) of the ATPase-Zf-CW MORC429-480. A Superdex 200 5/150 increase 

column was washed with ddH2O at 0.2 mL/min and was equilibrated in low salt SEC-MALLS 

buffer (20 mM HEPES, 150 mM NaCl and 5 % glycerol). Some protein samples were diluted 

1 in 3 with dilution buffer (20 mM HEPES pH 7.5 and 5 % glycerol, 1 mM DTT) and incubated 

with 1.0 mM AMP-PNP/Mg2+ for 1 hour at 4°C. 25 µL was injected for SEC. The MALLS 

detector DAWN 8+ and a RF-20A spectrofluorometric detector were used for detection of 

proteins by UV. ASTRA 6 software was used to calculate the molar mass of protein. Performed 

with the assistance of Dr. Maren Thomsen, The University of Leeds. Red is the sample 

containing MORC4 only, black is MORC4 with the addition of AMP-PNP and blue is the 

control protein, alcohol dehydrogenase (ADH). 

 

4.4.5 Chemical crosslinking  

Chemical crosslinking is often used to investigate protein interactions such as MORC3 and the 

interaction with the ligand, AMP-PNP, which has been shown to lead to dimerisation (Li et al., 

2016). Chemical crosslinkers are able to join two molecules (e.g. protein and AMP-PNP 

ligand) and by a covalent bond (Arora et al., 2017) that are in close proximity. The length of 

the crosslinker determines how close atoms are to link the type of functional group (Rappsilber, 

2011). In addition, the concentration of crosslinker used is also important as if the concentration 

is too high multiple non-specific atoms may be crosslinked. Therefore, both short 

(glutaraldehyde) and long crosslinkers (bis(sulfosuccinimidyl)suberate (BS3)) were utilised for 

testing. MORC429-480 WT and mutant proteins (Section 4.4.2) were used throughout 
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crosslinking experiments, as this fragment of MORC4 is equivalent the fragments of MORC2 

and MORC3 observed to dimerise, in addition to containing the ATPase domain. 

4.4.5.1 Optimisation of chemical crosslinking 

4.4.5.1.1 Determining a suitable concentration of protein   

Prior to chemical crosslinking experiments, it was important to determine a suitable 

concentration of MORC429-480 to be loaded onto an SDS-PAGE gel following chemical 

crosslinking as these assays results are visualised by SDS-PAGE. 1 µg, 0.5 µg, 0.2 µg and 0.1 

µg of MORC429-480 were resolved a gel and the result suggested that a least 1 µg of protein is 

required for protein bands to be visible (Appendix 8.19).  

4.4.5.1.2 Determination of a suitable chemical crosslinker  

Varying concentrations of glutaraldehyde and BS3 crosslinkers in the presence and absence of 

the AMP-PNP ligand were used to investigate the oligomeric state of MORC429-480. AMP-PNP 

was utilised throughout these experiments as it is a non-hydrolysable ATP analogue. If ATP 

was used MORC4 may have been able to hydrolyse it, reversing any dimerisation, as expected 

with MORC2 and MORC3. In addition, AMP-PNP was also used in biochemical 

characterisation of MORC2 (Douse et al., 2018) and MORC3 (Li et al., 2016).  

High BS3 concentrations resulted in high molecular weight smearing of MORC429-480 WT from 

approximately 100-250 kDa (Figure 4.43a), suggesting that high concentrations of BS3 cause 

non-specific crosslinking. However, protein samples treated with glutaraldehyde had more 

smearing than BS3 (Figure 4.43b) and although the MORC4 protein used for the glutaraldehyde 

was slightly less pure, this could suggest that glutaraldehyde is responsible for more non-

specific crosslinking of monomers in solution than BS3. Overall, this data suggests that BS3 is 

more suitable for chemical crosslinking experiments as it results in more defined complexes 

rather than non-specific heterogeneous (smeared) proteins as observed with glutaraldehyde.   
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Figure 4.43: Chemical crosslinking of MORC429-480 in the presence and absence of the 

ligand, AMP-PNP.  2 mg/ml of protein samples, which had been chemically crosslinked with 

either (A) BS3 or (B) glutaraldehyde in the presence or absence of AMP-PNP, were loaded 

onto a 10% tris-glycine SDS (TGS)-PAGE gel.  

 

4.4.5.2 MORC429-480 WT dimerises in the presence of AMP-PNP  

Following chemical crosslinking of MORC429-480 in the presence and absence of AMP-PNP 

using BS3 and glutaraldehyde, it was evident that only a fraction of MORC429-480 exists as a 

defined dimer in the presence of AMP-PNP, when BS3 was used at a concentration of 0.5-0.05 

mM (Figure 4.43a) (MORC429-480 is a dimer at ~100 kDa). This could mean that AMP-

PNP/ATP binding to MORC4 has a low equilibrium dissociation constant (KD), which could 

be tested in future using isothermal titration calorimetry (ITC) as it can measure the affinity of 

a binding interaction (Duff  Jr et al., 2011). In addition, as dimerisation only took place in the 
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presence of AMP-PNP; there was no dimerisation in the absence of AMP-PNP. This suggests 

that, like MORC2 (Douse et al., 2018) and MORC3 (Li et al., 2016), MORC4 also requires 

the binding of ATP to dimerise. Furthermore, when using high concentrations of BS3 non-

specific heterogeneous proteins (smears) were visible (Figure 4.43a), hence, no dimerisation. 

This could also account for the lack of dimerisation using glutaraldehyde (Figure 4.43b). In 

addition, there was a band visible at approximately 150 kDa following the glutaraldehyde 

experiment (Figure 4.43b). However, it was amongst a broader smear, suggesting it was non-

specific.  

4.4.5.3 MORC429-480 mutants do not dimerise in the presence of AMP-PNP 

Following chemical crosslinking of MORC429-480 WT and mutants in the presence of AMP-

PNP using BS3, it was apparent that the WT MORC429-480 dimerised, unlike the N60A, D88A 

and K126R mutants, which have been previously shown to abrogate ATP binding and 

hydrolysis from structural modelling in this study and equivalent mutations in MORC2 (Douse 

et al., 2018; D Q Li et al., 2012) and MORC3 (H Andrews et al., 2016) (Figure 4.44a, b and 

c). As with MORC429-480 WT and mutants, in the absence of AMP-PNP, there was no apparent 

dimerisation as MORC4 protein resolved at 50 kDa and there was no protein band at 100 kDa 

(Figure 4.44b). However, there was some non-specific crosslinking at approximately 200 kDa 

for samples containing 0.05 mM and 0.1 mM BS3 (Figure 4.44a). In the presence of AMP-

PNP, there was some dimerisation of MORC429-480 WT containing 0.05 mM and 0.1 mM BS3 

(Figure 4.44b), supporting the original results from Fig. 4.43, that ATP is required for MORC4 

dimerisation. However, there was no dimerisation seen for any of the MORC429-480 mutants in 

the presence of AMP-PNP (Figure 4.44b), suggesting that these mutants were responsible for 

abrogation of AMP-PNP binding. Although, there was some faint bands at 100 kDa for 

N60A/D88A mutants in the presence of AMP-PNP (Figure 4.44b). However, they were visible 

as smears, unlike the WT, which showed a clearer dimer band, although faint (Figure 4.44). 



249 

There was also some evidence that MORC429-480 WT did not dimerise in the presence of ADP 

(Figure 4.44c), as distinct dimer protein bands were not visible at 100 kDa for WT or mutants. 

This suggests that ADP (the product of ATP hydrolysis) does not induce dimerisation of 

MORC429-480, and that dimerisation is specific to AMP-PNP (and by proxy, ATP), as observed 

for MORC2 (Douse et al., 2018) and MORC3 (Li et al., 2016) elsewhere. 
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Figure 4.44: Chemical crosslinking of MORC429-480 WT and mutants in the presence and 

absence of ligands, AMP-PNP and ADP.  2 mg/ml of protein samples, which had been 

chemically crosslinked with BS3 in the (A) absence of ligands (B) presence of AMP-PNP or 

(C) presence of ADP. WT, N60A, D88A or K126R mutants were loaded onto a 10% tris-

glycine SDS(TGS)-PAGE gel for analysis of MORC429-480 WT and mutants oligomeric state. 

 

4.4.6 Characterisation of MORC4 ATPase activity  

4.4.6.1 Establishment of ATPase assays 

ATPase assays were important for determination of MORC4 as an active ATPase, similar to 

MORC2 (D Q Li et al., 2012) and MORC3 (Zhang et al., 2019). Furthermore, ATPase assays 

measure the release of inorganic phosphate (Pi) by quantitation using colorimetry (Rule et al., 

2016). This assay could help to contribute to the characterisation of novel ATPases such as 

MORC4. Both MORC2 (Douse et al., 2018) and MORC3 (Zhang et al., 2019) have been 

identified as ATPases from the conserved domain/residues and biochemical assays where both 

thin layer chromatography (TLC) (D Q Li et al., 2012) and colorimetric ATPase assays (H 

Andrews et al., 2016) were utilised. This initial work presented in this project was required to 

develop the ATPase assay with a relevant control.   
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4.4.6.2 Assessment of ATPase assays using RecA as an ATPase control  

Prior to assessing MORC4 ATPase activity in ATPase assays, it was important to establish a 

reliable positive ATPase control. This was required to determine if the assays were accurate, 

by investigating the release of inorganic phosphate (Pi) from ATP using a known recombinant 

ATPase. RecA is a protein found in Escherichia coli, which has been identified as a DNA-

dependent ATPase (Bell, 2005; Gataulin et al., 2018).  

Initially, several phosphate standards were made ranging from 0-50 µM to create a standard 

curve, in order to calculate released Pi from ATP. The standard curve was subsequently used 

to calculate the concentration of Pi released following the addition of RecA (Figure 4.45a). 

Following the standard curve, an ATPase assay was performed using RecA with the addition 

of either ssDNA or dsDNA. The equation of a straight line was used to calculate the amount 

of Pi released every 1 minute (Figure 4.45b). The results showed that with an increasing 

concentration of RecA, the concentration of Pi also increased per minute, specifically, with the 

sample containing ssDNA. ssDNA was shown to release 0.46 Pi/minute compared to dsDNA, 

which released 0.17 Pi/minute (Figure 4.45b). This was also evident in the colour seen in the 

96-well plate. The samples containing 10000 nM of RecA and ssDNA had the most intense 

green colour (Figure 4.45c), suggesting that a higher concentration of Pi was released in these 

samples. Lower concentrations of RecA were tested in other experiments, however, no ATPase 

activity was identified, suggesting that RecA is a weak ATPase. Some release of Pi was also 

seen for RecA samples containing dsDNA. No Pi release was seen for samples of RecA 

containing no DNA. This suggests that ssDNA was required to stimulate RecA-mediated ATP 
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hydrolysis, and confirming establishment of the assay (Gataulin et al., 2018). However, 

ATPase assays could not be established for MORC4 due to time constraints.  

 

 

Figure 4.45: Establishment of ATPase assay. Phosphate release was measured using a 

malachite green phosphate assay kit colorimetric test. Phosphate release was measured at 

620nm using a plate reader. (A) Phosphate standard curve. (B) RecA was treated with dsDNA 

or ssDNA and used to perform the ATPase assay. [Pi] released/min was calculated and plotted. 

(C) 96-well plate from RecA ATPase assay showing the change in colour on release of [Pi]. 

Each sample was prepared in triplicate.   
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4.5 Discussion  

To aid the determination of MORC4 function, structural and biochemical analysis was 

performed. Several mutants were identified in previous MORC2 and MORC3 studies, which 

led to disruption of the ATPase domain and resulting abrogation of AMP-PNP binding in 

MORC2 (Douse et al., 2018; D Q Li et al., 2012) and the H3K4me3 peptide in MORC3 (H 

Andrews et al., 2016). Structural analysis using UCSF Chimera confirmed that the mutations 

present in MORC2 and MORC3 led to the interference of the ligand and the peptide as they 

led to a loss of vital non-covalent interactions. Sequence analysis was used to identify the 

MORC2/MORC3 mutations in MORC4 and UCSF Chimera was also used to confirm the 

structural location of the mutations. Following site directed mutagenesis, the WT and mutant 

MORC4 proteins were expressed in E. coli and purified. Purification revealed that all mutant 

proteins were cleaved by TEV protease, suggesting that the mutations do not cause any steric 

hindrance around the tag cleavage site. However, the K126R mutant, which disrupts the 

ATPase domain, had a lower yield and more smaller contaminants compared to other mutants, 

suggesting that this mutation disrupts the yield of protein, potentially by less optimal folding. 

Although, this difference in yield could also be due to variation between protein purification 

and expression of the mutant/wild type proteins.  

Following successful site-directed mutagenesis and protein purification, chemical crosslinking 

was utilised to investigate the oligomerisation propensity of MORC4. As other MORC proteins 

dimerise with ATP or its analogue AMP-PNP, oligomeric status analysis was important to 

assess if MORC4 also functioned in a similar manner.  SEC-MALLS and analytical SEC failed 

to show any evidence of dimerisation in the presence of AMP-PNP. Chemical crosslinking, 

however, indicated that WT MORC429-480 dimerises in the presence of AMP-PNP, suggesting 

that ATP is required for dimerisation, similar to MORC2 (Douse et al., 2018) and MORC3 (Li 

et al., 2016; Zhang et al., 2019). However, this experiment result was weak, but generally 
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reproducible. This could suggest that perhaps ATP/AMP-PNP binds weakly to MORC4, 

leading to less dimer formation or that the protein was not fully functional. Chemical 

crosslinking also revealed that MORC429-480 mutants, N60A, D88A and K126R, did not 

dimerise in the presence of AMP-PNP, confirming that the mutations successfully abrogated 

AMP-PNP binding and subsequently prevented dimerisation of MORC4. The similar chemical 

ligand, ADP, did not induce dimerisation either, suggesting that dimerisation was specific to 

AMP-PNP/ATP. In previous studies, the MORC2 N39A mutation (equivalent to N60A in 

MORC4) was also found to cause inactivity in the ATPase assay, suggesting that the mutation 

causes MORC2 to be inactive (Douse et al., 2018). The D68A (equivalent to D88A in MORC4) 

mutation in MORC3 was also found to inhibit ATP binding and ATPase activity (D Q Li et 

al., 2012). 

In addition to chemical crosslinking, alternative biophysical methods (Vedadi et al., 2010) 

were required in an attempt to identify the oligomeric state of MORC429-480 and to provide 

further evidence that MORC429-480 could dimerise in the presence of AMP-PNP/ Mg2+. 

Initially, analytical size exclusion chromatography (SEC) was utilised. However, there was no 

evidence to suggest dimerisation of MORC429-480 in the presence of AMP-PNP/Mg2+. In 

addition, size exclusion chromatography-multiangle laser light scattering (SEC-MALLS) was 

also used to investigate MORC429-480 oligomeric state. However, this also provided no evidence 

to suggest that MORC429-480 dimerises in the presence of AMP-PNP/Mg2+, unlike MORC2. 

MORC2 SEC-MALLS identified a peak shift with the addition of AMP-PNP/Mg2+, suggesting 

that MORC2 forms a dimer in the presence of AMP-PNP, which was later confirmed using X-

ray crystallography (Douse et al., 2018). 

Protein crystallography trials also yielded some evidence supporting MORC4 dimerisation 

with the addition of the ligand, AMP-PNP. The truncated MORC4 ATPase-Zf-CW fragment, 

MORC429-480, did not crystallise in the absence of AMP-PNP/Mg2+. However, MORC429-480 
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crystallised in the presence of presence of AMP-PNP/Mg2+, suggesting that MORC429-480 

forms a dimer in the presence of AMP-PNP/Mg2+, similar to MORC2 and MORC3. In an 

attempt to rule out the possibility that the crystals formed were AMP-PNP, some samples were 

prepared including AMP-PNP/Mg2+ in size exclusion buffer only. However, crystals were 

identified, suggesting that MORC429-480 forms protein crystals in the presence of AMP-

PNP/Mg2+. Conversely, the truncated C-terminal fragment MORC4420-757, did not crystallise, 

suggesting that this region of MORC4 could be flexible or disordered. Flexible proteins do not 

often crystallise as this can interfere with nucleation, preventing the formation of protein 

crystals (Holcomb et al., 2017).  

Following several crystallisation screens, it was evident that MORC429-480 was more likely to 

crystallise when conditions were under low salt, low PEG and high a pH. However, MORC429-

480 protein. Crystals of moderate resolution (approximately 2.7 Å) can be solved, however, 

crystals diffracting at 6 Å or more are very rarely solved (Wlodawer et al., 2008), indicating 

that the MORC429-480 protein structure could not be solved as the screened crystal diffracted at 

20 Å. Future work may include optimisation of crystal trials including incubation at 4°C in 

addition to using a more powerful source of X-rays such as a synchrotron. Furthermore, entropy 

reduction, which requires site-directed mutagenesis (SDM) to manipulate high energy residues 

such as lysine (K) or glutamic acid (E) to a lower energy residue such as alanine (A), reduces 

the surface entropy of the protein (Derewenda and Vekilov, 2006) and may be used to enhance 

protein crystallisation (Loll et al., 2014). In addition, chemical methylation can also be utilised 

to methylate lysine residues, leading to a change in protein properties, improving the crystal 

packing and leading to a higher-quality crystal (Kim et al., 2008).  

In an attempt to develop an understanding of a potential structure of MORC4, protein 

homology modelling was required using several homology modelling servers to predict the 

structure of MORC4. The MORC4 model with MORC3 as a template created in SWISS-
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MODEL was the most accurate representation of MORC3 as it did not include the H2K4me3 

peptide, unlike the Phyre2 model. This MORC4 model was also presented as a homodimer, 

similar to that of MORC2 (Douse et al., 2018) and MORC3 (Li et al., 2016). However, the 

binding site of AMP-PNP was not conserved in this model along with the Mg2+ ion. This could 

suggest that the binding site of AMP-PNP is different to the binding site found in MORC3.  

Robetta homology modelling was used to predict the de novo (Kim et al., 2004) C-terminal 

domain structure of MORC4, and it was evident that the predicted models of MORC4 had a 

long extended C-terminal tail. Conversely, other MORC proteins are globular proteins (Douse 

et al., 2018; Li et al., 2016), suggesting that further analysis for the C-terminus of MORC4 is 

required. For example, small-angle X-ray scattering (SAXS) (Allec et al., 2015) or full-length 

expression of recombinant MORC4 in insect cells using bacmids previously made in this study, 

in an attempt to increase the yield of protein.  

To investigate MORC4 as an ATPase and to determine activity of recombinant MORC4 

proteins, ATPase assays were established. However, time constraints resulted in the 

establishment of ATPase assays of a known ATPase protein, RecA. This malachite green 

ATPase assay did not appear robust as there were often variable results, although ssDNA 

stimulation of RecA was observed as expected (Gataulin et al., 2018). Future work could 

include establishing the ATPase assay with recombinant WT and mutant MORC4 proteins. In 

addition, a more robust ATPase assay such as a NADH coupled assay (Lee et al., 2007; Sebesta 

et al., 2017; Kiianitsa et al., 2003) or a radioactive ATP degradation assay resolved by thin 

layer chromatography (TLC) (Janas et al., 2003) could be utilised for future experiments. These 

robust ATPase assays could be used if recombinant MORC4 mutant proteins are inactive as 

ATPases, and if the (methylated) histone peptides modulate ATP, as with MORC3 (Zhang et 

al., 2019).  
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Analysis of the MORC4 C-terminus was important as the region is dissimilar in each MORC, 

suggesting that it plays a role in function. It may also suggest that each MORC is regulated by 

the Zf-CW domain as it is close to the coiled-coil domain. Some evidence also suggests that 

the CW coiled-coil domain is involved in oligomerisation, specifically in MORC2 (Xie et al., 

2019). Furthermore, analytical SEC of the C-terminal fragments only in this study found that 

a trimer was formed, supporting the theory that perhaps the MORC4 coiled-coil domain is also 

involved in dimerisation or other oligomerisation, as with MORC2. Future work may include 

analysis of the MORC4 coiled-coil domain with isothermal titration colorimetry (ITC) to assess 

histone peptide binding with all MORC4 recombinant proteins to investigate if the C-terminal 

coiled-coil region is involved in other functions such as regulating histone peptide binding by 

the Zf-CW domain.  

Multiple sequence alignments (MSAs) of the protein sequences of the four human MORC 

protein paralogues revealed that the ATPase domains of all MORCs were highly conserved. It 

also revealed that MORC3 and MORC4 were similar in protein sequence in comparison to 

other MORCs, suggesting that MORC3 and MORC4 may have similar functions. This could 

give an indication as to why the homology modelling prediction of MORC4 using MORC3 as 

a template, led to a better-quality prediction of the MORC4 ATPase domain using SWISS-

MODEL than with the MORC2 structural template. In addition, an MSA of the MORC4 

protein sequences in vertebrates was also conducted in an attempt to investigate similarities 

and differences between species. In mammals, the MORC4 sequence of the ATPase and C-

terminal regions was highly conserved, suggesting that MORC4 plays a similar role in all 

mammals.  

Overall, this chapter has helped to give some biochemical and structural insight into MORC4 

function, indicating it may be an active ATPase on the basis of protein sequence homology and 

its AMP-PNP induced dimerisation, as with MORC2 and MORC3. Although the MORC4 
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protein crystals could not be further optimised and the structure solved, this study demonstrated 

that bioinformatics approaches such as homology modelling and MSAs could be utilised in an 

attempt to predict the structure of MORC4 and to investigate protein sequences of MORC 

proteins in mammals.  
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Chapter 5 Investigations into MORC4 expression in human cancers 

5.1 Introduction 

Biomarkers are substances, structures or pathways which can be measured to predict disease 

outcomes (Strimbu and Tavel, 2010) and they are important for the determination of diagnosis, 

prediction and treatment of cancers (Henry and Hayes, 2012) and other diseases (Mayeux, 

2004). Biomarkers can be up or downregulated in different types of diseases, suggesting that 

they play a role in the disease such as the ADP-ribosylation factor-like 3, which is 

downregulated in malignant brain tumours (Yulin Wang et al., 2019). Whereas, the 

carcinoembryonic antigen is upregulated in patients with asthma (Nie et al., 2019). This 

indicates that these proteins play a role in this specific type of disease and cancer.  

Lymphoma is a type of cancer which originates from lymphocytes (Dalla-Favera, 2012) 

causing fever, night sweats and enlarged lymph nodes in patients (Mugnaini and Ghosh, 2016). 

Non-Hodgkin lymphoma (NHL) accounts for ~90% of all lymphoma diseases with only ~10% 

accounting for Hodgkin lymphoma (Shankland et al., 2012). Diffuse large B-cell lymphoma 

(DLBCL) is the most common type of NHL (Friedberg and Fisher, 2008; Liu and Barta, 2019), 

which is rapidly progressing and aggressive (Liu and Barta, 2019). Some evidence suggests 

that MORC4 is highly expressed in NHL, in particular, DLBCL in comparison to normal 

healthy B-cells. Evidence also suggests that activated B-cell (ABC)-DLBCL MORC4 mRNA 

expression was significant higher compared to germinal center B-cell (GCB)-DLBCL ( Liggins 

et al., 2007), suggesting that MORC4 is a potential ABC-DLBCL biomarker.  

To aid the determination of MORC4 function and its characterisation, it was important to 

investigate the role of MORC4 and any association with disease, in particular, human cancers. 

In this chapter, the original study of MORC4 mRNA expression in lymphoma ( Liggins et al., 

2007) was expanded into different diseases and additional DLBCL cell lines, with the addition 
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of further bioinformatic analysis using publicly deposited datasets. Furthermore, protein 

expression of MORC4 was also investigated as protein expression is important as a clinical 

biomarker i.e. for immunohistochemical analysis in clinical patient samples (Sullivan and 

Chung, 2008). In an attempt to investigate protein expression of several diseases, full-length 

coding sequences of all four MORC paralogues with epitope protein tags (FLAG and HA) were 

transfected into mammalian cells lines, and identified using western blotting to help verify and 

characterise novel MORC4 monoclonal antibodies, which were previously optimised using a 

MORC paralogue for specificity. Commercial MORC polyclonal antibodies were also used to 

investigate protein expression patterns in several cancer cell lines. In addition, MORC4 RNA 

expression was analysed in several cancerous cell lines using publicly deposited datasets, 

reverse transcription (RT)-PCR and quantitative (q)RT-PCR to assess both mRNA transcript 

splicing variation and levels. Overall, this chapter gives further insight into the function of 

MORC4 in relation to its expression in human cancers. 

5.2 MORC4 RNA analysis 

5.2.1 Reverse transcription (RT)-PCR of MORC4  

Reverse transcription (RT)-PCR is an end point PCR technique which was used to investigate 

potential splice variants of MORC4 found in various cancer cell lines by amplification of RNA. 

Quantitative (q)RT-PCR was required for subsequent experiments to quantitate mRNA 

expression levels. It was important to explore mRNA transcripts (and hence, protein isoforms) 

found in each type of cancer as this could help to distinguish similarities and differences across 

cell lines and diseases, which could help to elucidate MORC4 function in disease. Several RT-

PCR primers were designed, and a combination of these primers were used for subsequent RT-

PCR experiments (Table 5.1). Primers were designed (by Dr. Christopher Cooper, The 

University of Huddersfield) at the termini of 5’/3’ exons, ensuring that contamination of 

genomic DNA in the cDNA preparation would not be an issue, as if introns were amplified 
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from introns (or retained introns from splicing), then this could be screened out on agarose gels 

from the PCR product size. Primers were also not designed to span exon boundaries (which 

would completely remove the genomic DNA/retained potential), in case alternative splicing 

and exon switching meant that exon combinations could exist that may not have predicted and 

may have otherwise been missed.    

Table 5.1: Primers used for RT-PCR to identify MORC4 splice variants in several types 

of cancerous cell lines. The table shows each primer name and primer sequence (Designed by 

Dr. Christopher Cooper, The University of Huddersfield). 

Primer Name Primer Sequence 

MORC4_F1 TTCGGGATCCGCCTGAGC 

MORC4_F2 TAGAGATTCAGGAGCTCC 

MORC4_R1 GTCCAACTCAGATTTTCC 

MORC4_R2 ATCCAGTATGTGATTTGC 

MORC4_R3 CGAAGCTCCAAGTGAGGG 

MORC4_R4 AGGTGTGTCTCTGTTTC 

 

 

5.2.1.1 Sequence analysis of MORC4 mRNA splice variants 

Prior to RT-PCR experiments, sequence analysis of MORC4 was conducted to identify known 

individual splice variants. This analysis helped to identify resulting potential protein isoforms 

for subsequent western blotting of MORC4 in cancer cell lines and also known splice variants 

which could be amplified during RT-PCR (Table 5.2). There were several known splice 

variants of MORC4 in public databases, two of which consisted of 17 exons (Ensembl and 

NCBI databases). One of the known isoforms of MORC4 encoded an extended C-terminus to 

previously used full-length MORC4, which ended in ‘HILD’ residues (Figure 5.1a) resulting 

in a protein of 106 kDa. The transcript of full-length MORC4 used throughout this study 

(Chapter 3) encoded an alternative C-terminus ending in ‘GAS’ residues (Figure 5.1b), 

resulting in a protein of 101 kDa.  
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Table 5.2: Bioinformatic analysis identified known and predicted several protein coding 

human splice variants of MORC4. Data was collected from Ensembl, NCBI and UniProt 

public databases.   

Accession Number 
Known or 

Predicted? 
Exons Length (bp) 

 

Length 

(aa) 

 

Molecular 

Weight 

(kDa) 

 

 

ENST00000355610.9 

 

Known 

 

17 

 

3798 

 

937 

 

106 

 

ENST00000255495.7 

 

Known 

 

17 

 

2940 

 

900 

 

101 

 

ENST00000604604.1 

 

Known 

 

2 

 

2027 

 

38 

 

4 

 

Q8TE76-2 

 

Known 

 

- 

 

1947 

 

648 

 

74 

 

NM_001085354.3 

 

Known 

 

17 

 

3760 

 

900 

 

101 

 

XM_011531027.2 

 

Predicted 

 

- 

 

3556 

 

760 

 

87 

 

XM_017029844.1 

 

Predicted 

 

- 

 

4120 

 

808 

 

92 

XM_006724691.2 Predicted - 3902 815 

 

97 

 

 XM_005262190.3 Predicted -  4158 845 97 

 

 

Sequence analysis was also used to map primers, facilitating their design for RT-PCR. Primer 

mapping revealed that not all of the known MORC4 splice variants contained the annealing 

positions of the RT-PCR designed primers (Appendix 8.20) (e.g. the ENST00000355610.9 

splice variant had all of the annealing positions for all primers. In contrast, the small 

ENST00000604604.1 splice variant, which did not include much of the ATPase domain, also 

did not include any of the primer annealing positions, so would not be amplified by any of the 

primers during RT-PCR amplification (Table 5.3)). primer mapping was also used to calculate 

the sizes of the amplicons which were expected for each known splice variant, to aid 

identification of amplified transcripts (Table 5.4) (Appendix 8.20). 



264 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Schematic diagram of two known splice variants of MORC4 including RT-

PCR primer locations. Simple modular architecture research tool (SMART) was used to 

identify protein domains and sequence analysis was used to determine locations of RT-PCR 

primers. (A) Less common MORC4 isoform with extended C-terminal (‘HILD’ residues). (B) 

commonly used MORC4 protein isoform used throughout this study (C-terminal ending in 

‘GAS’ residues. Protein domains highlighted in green represents the ATPase domain, orange 

represents the Zf-CW domain and purple represents the coiled-coil domain. MORC4 forward 

and reverse primers are highlighted in green and red, respectively. 

 

Table 5.3: Primer combinations for each MORC4 splice variant. The table shows each 

MORC4 splice variant and corresponding primer combinations. Primer combinations with a 

‘+’ means that both of the annealing positions for each primer listed can be found within the 

splice variant. ‘-’ means that one or both of the annealing positions for each primer is not 

present in the splice variant.   

 
 Primer Combinations 

Domain(s) ATPase Zf-CW Zf-CW Zf-CW 
ATPase-

Zf-CW 

Splice variants F1/R1 F2/R2 F2/R3 F2/R4 F1/R4 

 

ENST00000355610.9 

 

+ 

 

+ 

 

+ 

 

+ 

 

+ 

ENST00000255495.7 + - + + + 

ENST00000604604.1 - - - - - 

Q8TE76-2 - - + + - 

NM_001085354.3 + - + + + 

XM_011531027.2 - + + + - 

XM_017029844.1 - - + + - 

XM_006724691.2 + + + + + 

    XM_005262190.3 - + + + - 

ATPase Domain Zf-CW Domain Coiled-coil Domain

1 937

Isoform 1

45 430 435 750 760 880

>> MORC4_F1

TTCGGGATCCGCCTGAGC

F  G  I  R  L  S  T 

<< MORC4_R1

GTCCAACTCAGATTTTCC

G  K  S  E  L  D  F 

>> MORC4_F2

TAGAGATTCAGGAGCTCC

V R D S  G A  P

<< MORC4_R4

GGAAACAGAGACACACCT

K E T E  T  H  L

<< MORC4_R2

GCAAATCACATACTGGAT

A N H I L D

ATPase Domain Zf-CW Domain Coiled-coil Domain

1 900

Isoform 2

45 430 435 750 760 880

>> MORC4_F1

TTCGGGATCCGCCTGAGC

F  G  I  R  L  S  T 

<< MORC4_R1

GTCCAACTCAGATTTTCC

G  K  S  E  L  D  F 

>> MORC4_F2

TAGAGATTCAGGAGCTCC

V R D S  G A  P

<< MORC4_R4

GGAAACAGAGACACACCT

K E T E  T  H  L

<< MORC4_R3

P S L G A S

A

B
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Table 5.4: Primer combinations and corresponding sizes of MORC4 amplicons following 

RT-PCR. This table shows primer combinations and expected PCR product sizes. Sizes that 

are underlined are splice variants which are different to the most common sizes observed for 

other transcripts. 

 
Primer combination expected sizes (kb) 

Domain(s) ATPase Zf-CW Zf-CW Zf-CW 
ATPase-

Zf-CW 

Splice variants F1/R1 F2/R2 F2/R3 F2/R4 F1/R4 

 

ENST00000355610.9 

 

0.6 

 

0.7 

 

0.6 

 

0.5 

 

2.5 

ENST00000255495.7 0.6 - 0.6 0.5 2.5 

ENST00000604604.1 - - - - - 

Q8TE76-2 - - 0.6 0.5 - 

NM_001085354.3 0.6 - 0.6 0.5 2.5 

XM_011531027.2 - 0.7 0.6 0.5 - 

XM_017029844.1 - - 0.6 0.5 - 

XM_006724691.2 0.25 0.7 0.64 0.5 2.1 

    XM_005262190.3 - 0.7 0.64 0.5 - 

 

 

5.2.1.2 RT-PCR identified MORC4 potential splice variants  

Prior to amplification of RNA, total RNA was extracted from cells and purified using a RNeasy 

Mini Kit. RNA concentration quantitation and quality assessment revealed that all samples 

were of a sufficient concentration and quality, as all samples had a 260/280 nm value of 2.0 or 

above, indicating there was no contamination of DNA in any samples (Appendix 8.21) 

(Koetsier and Cantor, 2019). 

5.2.1.2.1 Quality assessment of cDNA using TATA-binding protein (TBP) amplification 

Prior to the assessment of MORC4 splice variants, a control RT-PCR was completed to assess 

the quality of the cDNA preparation from each cell line, to ensure it gave comparably efficient 

amplification for a ‘housekeeping gene’. TATA-binding protein (TBP) is a commonly used 

housekeeping gene (Kozera and Rapacz, 2013; Liggins et al., 2007; Lossos et al., 2003) and 

was utilised as a reference gene for this experiment, to assess cDNA integrity. The RT-PCR 

results showed that TBP was successfully amplified in every cell line except for SK-N-AS 

(Figure 5.2). This indicates that all cell lines, except for the SK-N-AS neuroblastoma cell line, 
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were of suitable cDNA integrity and were suitable for use and to assess MORC4 splice variants. 

The SK-N-AS cDNA preparation was repeated in an attempt to synthesise cDNA for RT-PCR. 

A small sample of negative controls (comprising cDNA synthesis reactions with no reverse 

transcriptase added) were also used which did not amplify any TBP, as expected (Figure 5.2). 

Negative controls of OCI-Ly3, RIVA, SU-DHL-2, NCI H929, JJN.3, RPMI8226, SK-N-

BE(2c), IMR32 and Kelly cell lines were also used in cDNA synthesis and did not amplify 

following RT-PCR. This suggests that there was no genomic DNA contamination, indicating 

the samples were suitable for RT-PCR and qRT-PCR.  

 

 

 

 

 

 

 

 

 

Figure 5.2: RT-PCR of cancer cell lines using TBP primers to assess cDNA integrity. Cells 

were harvested and RNA was extracted using an RNA extraction kit. RNA was used to 

synthesise cDNA for RT-PCR MORC4 mRNA splice variant analysis. Cell line cDNA was 

amplified with TBP primers (35 cycles) and resolved on a 2% agarose gel.   
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5.2.1.2.2 MORC4 ATPase domain transcript amplification  

RT-PCR amplified the DNA region encoding for the ATPase domain of MORC4 in all of the 

tested cancer cell lines using a combination of F1 and R1 primers. Sequence analysis of several 

known splice variants of MORC4 revealed that F1 and R1 primers should amplify transcripts 

of approximately 0.6 kb, with one splice variant amplifying a 0.25 kb transcript (Table 5.4). 

cDNA for all cell lines was successfully amplified using F1 and R1 primers and all cell lines 

exhibited a transcript at approximately 0.6 kb (Figure 5.3). However, a small number of cell 

lines such as T-ALL (RPMI8402), colorectal adenocarcinoma (HCT116+/+ and SW48), 

pancreatic carcinoma (PSN1) and breast adenocarcinoma (MDA-MB-231) cell lines also 

showed an additional transcript at approximately 0.25 kb. This suggests that all cell lines could 

potentially have the splice variants amplified at 0.6 kb such as ENST00000355610.9, 

ENST00000255495.7 and NM_001085354.3. However, it also suggests that some cell lines 

also express the XM_006724691.2 splice variant, which was amplified at 0.25 kb. This also 

indicates that all the isoforms in these cell lines will comprise the ATPase region of MORC4, 

as some of the ATPase region was lost with the small isoform, potentially causing functional 

consequences. The positive control RT-PCR was the cloned ENST00000255495.7 MORC4 

splice variant, and this sample also successfully amplified using the F1 and R1 primers. The 

negative control appeared to show some amplification; however, this amplification was likely 

overspill from the positive control as there was a high amplification of the positive control. In 

addition to these specific amplicons, several cell lines also showed a transcript at approximately 

2.0 kb. However, sequence analysis revealed there were no known splice variants found at this 

size, indicating that either this 2.0 kb amplicon is either a novel splice variant, or a non-specific 

PCR product produced from the high number of cycles (40) in this RT-PCR.  
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Figure 5.3: RT-PCR MORC4 mRNA splice variant analysis of cancer cell lines using F1 

and R1 primers. Cells were harvested and RNA was extracted using an RNA extraction kit. 

RNA was used to synthesise cDNA for RT-PCR MORC4 mRNA splice variant analysis. Cell 

line cDNA was amplified with F1 and R1 primers (40 cycles) and resolved on a 2% agarose 

gel. HA-tagged MORC4 DNA was used as positive and negative controls. Blue arrows and red 

arrows represent expected size of common mRNA splice variant and expected size of rare 

mRNA splice variant, respectively.   
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5.2.1.2.3 MORC4 C-terminal transcript amplification  

All cancer cell line MORC4 mRNA was not amplified with a transcript identified from 

sequence analysis using MORC4 F2 and R2 primers, which amplify the region encoding the 

C-terminal coiled coil region of MORC4. This suggests that the functional coiled-coil region 

of MORC4 is compromised in these cell lines. Sequence analysis of known splice variants of 

MORC4 suggest that a combination of F2 and R2 primers in RT-PCR should create a transcript 

of approximately 0.7 kb (Table 5.4). This combination of primers should have amplified the 

MORC4 transcript encoding the commonly found ‘HILD’ C-terminal end. However, the 

agarose gel revealed that there was a splice variant at approximately 2.0 kb, suggesting this 

amplicon was either a novel splice variant or a non-specific amplicon (Figure 5.4). This 

indicates that there could be an issue with the design of the primers or that the isoforms found 

in these cell lines do not have the 3’ exon. This was unexpected, as public database analysis of 

potential splice variants suggested that the encoded ‘HILD’ end was more likely as it was 

present in the majority of predicted splice variants of MORC4. Following this RT-PCR, the F4 

primer was designed, which was an exon just upstream of the alternative 3’ ends in an attempt 

to solve this issue. As expected, the standard positive control was not amplified with these 

primers, as the control encoded the less common ‘GAS’ C-terminus end instead of the ‘HILD’ 

C-terminus screened for with this primer set.  
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Figure 5.4: RT-PCR MORC4 mRNA splice variant analysis of cancer cell lines using F2 

and R2 primers. Cells were harvested and RNA was extracted using an RNA extraction kit. 

RNA was used to synthesise cDNA for RT-PCR MORC4 mRNA splice variant analysis. Cell 

line cDNA was amplified with F2 and R2 primers (35 cycles) and resolved on a 2% agarose 

gel. HA-tagged MORC4 DNA was used as positive and negative controls. Blue arrows 

represent the expected size of common mRNA splice variant. 

 

The combination of F2 and R3 primers amplify a transcript of MORC4 which encoded the less 

common ‘GAS’ C-terminal end, which was only identified in a single transcript in the public 

databases and was used for all previous experiments in this study. Sequence analysis suggested 

that these primers would amplify MORC4 transcripts at 0.6 kb, with two splice variants 

amplifying at 0.64 kb (Table 5.4). This RT-PCR revealed that there was some amplification in 

colorectal adenocarcinoma, neuroblastoma, pancreatic carcinoma and breast adenocarcinoma 

cell lines. It also revealed that all of these cell lines had amplification at both 0.6 and 0.64 kb 

(Figure 5.5). This suggests that each cell line has two splice variants of this region of MORC4. 
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It also indicates that the cell lines with amplification have the transcript of MORC4 encoding 

the ‘GAS’ C-terminal end, commonly used in this study. However, amplification was not seen 

in every cell line, suggesting that this C-terminal end is not as common in cell lines. As 

predicted, the MORC4 positive control also amplified at 0.6 kb as it encoded the ‘GAS’ C-

terminal end.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: RT-PCR MORC4 mRNA splice variant analysis of cancer cell lines using F2 

and R3 primers. Cells were harvested and RNA was extracted using an RNA extraction kit. 

RNA was used to synthesise cDNA for RT-PCR MORC4 mRNA splice variant analysis. Cell 

line cDNA was amplified with F2 and R3 primers (40 cycles) and resolved on a 2% agarose 

gel. HA-tagged MORC4 DNA was used as positive and negative controls. Blue arrows and red 

arrows represent expected size of common mRNA splice variant and expected size of rare 

mRNA splice variant, respectively.   
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Sequence analysis also suggested that a combination of F2 and R4 primers in RT-PCR should 

create a transcript of approximately 0.5 kb for all known splice variants of MORC4 (Figure 5.1 

and 5.4). The R4 primer has an annealing position which is an exon that is common with both 

the common ‘HILD’ C-terminal end isoform and the less common ‘GAS’ C-terminal end 

isoform of MORC4. The RT-PCR result showed that the majority of cell lines had an amplicon 

of 0.5 kb including the positive control (HA-tagged MORC4 DNA). This suggests that the 

majority of the cell lines used in this study have a common exon towards the C-terminus. The 

lack of additional PCR products also suggests that there was no alternative splicing. In addition, 

this 0.5 kb transcript was not seen in all GCB DLBCL cell lines, which could suggest very low 

MORC4 RNA levels in these particular cell lines (SUD-HL10, DB and MIEU) (Figure 5.6), 

as previously found in another qRT-PCR study on MORC4 ( Liggins et al., 2007).  
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Figure 5.6: RT-PCR MORC4 mRNA splice variants analysis of cancer cell lines using F2 

and R4 primers. Cells were harvested and RNA was extracted using an RNA extraction kit. 

RNA was used to synthesise cDNA for RT-PCR MORC4 mRNA splice variant analysis. Cell 

line cDNA was amplified with F2 and R4 primers (40 cycles) and resolved on a 2% agarose 

gel. HA-tagged MORC4 DNA was used as positive and negative controls. Blue arrows 

represent the expected size of common mRNA splice variant. 

 

5.2.1.2.4 MORC4 ATPase-Zf-CW tandem domain transcript amplification 

The final RT-PCR of MORC4 was conducted with a combination of F1 and R4 primers as both 

the F1 primer and R4 were previously found to amplify potential transcripts. Therefore, using 

this primer combination will amplify potential splice variants spanning this region of sequence. 

Sequence analysis suggested that the majority of known splice variants should produce a PCR 
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product of 2.5 kb (almost the full-length of the MORC4 transcript), with an exception of one 

splice variant which was expected to produce a PCR product of 2.1 kb (Table 5.4). The RT-

PCR results showed that the majority of transcripts were 2.1 kb, with some cell lines also 

producing an additional transcript at ~2.5 kb such as the SW48, PSN1, NB19 and U2OS cell 

lines (Figure 5.7). This suggests that the majority of cell lines have the known splice variant, 

XM_006724691.2, which encodes the MORC4 ATPase region and the C-terminal end in 

common with both the ‘HILD’ and ‘GAS’ C-terminal variants. It also suggests that the majority 

of cell lines tested expressed full-length MORC4 transcripts. However, full-length MORC4 

was not observed in the majority of neuroblastoma cell lines, except for the SHEP cell line, 

which had the 2.1 kb MORC4 transcript. In addition, the MORC4 DNA positive control was 

2.5 kb as expected (Figure 5.7), indicating that future work may include cloning and 

sequencing of multiple 2.1 kb splice variants in order to confirm the identity.   

In addition, the normal transformed embryonic kidney cell line, HEK293FT, had a larger 2.5 

kb transcript (Figure 5.7), suggesting that perhaps this transcript could be the ‘normal’ variant 

of MORC4. In an attempt to investigate this, future work may involve the amplification of 

tissue cDNA as HEK293FT is a normal but transformed cell line. Several smaller PCR 

products were also seen following this RT-PCR, however, there were no known splice variants 

with a similar size. This suggests that these small PCR products are either novel splice variants 

that have not yet been identified or they are non-specific PCR products produced from a high 

number of cycles (40) performed in these RT-PCRs.  
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Figure 5.7: RT-PCR MORC4 mRNA splice variant analysis of cancer cell lines using F1 

and R4 primers. Cells were harvested and RNA was extracted using an RNA extraction kit. 

RNA was used to synthesise cDNA for RT-PCR MORC4 mRNA splice variant analysis. Cell 

line cDNA was amplified with F1 and R4 primers (40 cycles) and resolved on a 2% agarose 

gel. HA-tagged MORC4 DNA was used as positive and negative controls. Blue arrows and red 

arrows represent expected size of common mRNA splice variant and expected size of rare 

mRNA splice variant, respectively. 
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used in this study have the ‘GAS’ amino acid C-terminal end, which is a less common C-

terminal end transcript (identified by Ensembl and NCBI public databases), such as colorectal 

adenocarcinoma, pancreatic carcinoma and breast adenocarcinoma cell lines. Data presented 

here also suggested that the majority of cell lines have a full-length splice variant of (encoding 

the C-terminal end in common with ‘HILD’ and ‘GAS’ isoforms) MORC4 except for the 

majority of neuroblastoma cell lines, which did not reveal any MORC4 transcript with F1 and 

F4 primers. However, transcripts were visible in neuroblastoma cell lines when F1 and F4 

primers were used as another combination. Cell lines which contained the near full-length 

splice variant of MORC4 would have also contained the Zf-CW domain and coiled-coil regions 

in addition to the ATPase domain, suggesting that these domains are important for function of 

MORC4 in the majority of cell lines tested. Future work may involve cloning and sequencing 

amplified PCR products, in particular the 2.1 kb product near the full-length splice variant and 

unexpected amplified transcripts, in order to ascertain identity and to eliminate potential primer 

dimers. If multiple splice variants in cell lines were confirmed by sequencing, this could 

indicate that there are two potential simultaneous MORC4 roles found in those cell lines.  

5.2.2 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) of 

MORC4 mRNA expression in cancer cell lines  

Following production of cDNA, two-step quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) was utilised for amplification and quantitation of MORC4 mRNA in 

several cancer cell lines including lymphoma, breast cancer, pancreatic cancer and 

neuroblastoma cell lines. Prior to normalisation of qPCR data, ∆ cycle threshold (Ct) value was 

calculated and plotted to investigate the MORC4 total expression of each cell line in 

comparison to the housekeeping gene (Rao et al., 2013), TBP. Evidence suggests that the lower 

the Ct value the higher the higher the RNA expression (Goni et al., 2009). Therefore, ∆Ct 

analysis of various cancer cell lines revealed that Raji, Daudi, DU528 and Jurkat lymphoma 
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cell lines had the highest ∆Ct values (approximately 6 ∆Ct) (Figure 5.8), suggesting that they 

were the lowest expressing of MORC4 mRNA. In addition, the pancreatic cancer cell line, 

PSN1, had a ∆Ct value of -0.5 (Figure 5.8), suggesting that PSN1 was the highest expressing 

cell line of MORC4 mRNA. The negative ∆Ct value of PSN1 also suggests that PSN1 was 

expressed at a higher level of MORC4 than the housekeeping gene, TBP.  

To calculate the relative quantification (RQ) value (fold change), the ∆Ct values were 

normalised using low expressing non-Hodgkin’s Burkitts lymphoma cell lines Raji and Daudi 

to give 2∆∆Ct values. Burkitts lymphoma cell lines were used for normalisation as no normal B-

cells (CD19+/CD20+) or healthy tissue were available to calculate a true 2∆∆Ct value. Initially, 

only Raji was used to normalise qPCR data, however, a combination of both Raji and Daudi 

was then used to ensure accuracy as it was a ‘population’ of similarly low expressing cell lines 

rather than a single cell line (Figure 5.9). Burkitts lymphoma expression was also similar to 

germinal center B-cell (GCB)-DLBCL expression, which is interesting as they both originate 

from centroblast cells in the B-cell maturation process (Weigert and Weinstock, 2012).  

qRT-PCR analysis showed that MORC4 mRNA expression was highest in ABC-DLBCL of 

all of the lymphoma cell lines tested (Figure 5.9). It was also revealed that MORC4 mRNA 

expression in some ABC DLBCL cell lines (HLY-1 and OCI-Ly3) was approximately 20-fold 

higher than GCB DLBCL cell lines (Figure 5.9), as with a previous study using a smaller panel 

of lymphoma cell lines ( Liggins et al., 2007). In addition, the HBL-1 ABC-DLBCL lymphoma 

cell line expression was especially high (60-fold higher) in comparison to GCB-DLBCL cell 

lines. However, statistical analysis was performed using a Kruskal Wallis test (non-parametric 

data) on Statistical Product and Service Solutions (SPSS) software following data distribution 

analysis and revealed that there was no significant difference between any of the lymphoma 

cell line subgroups (p = 0.344). However, there was almost a significant difference between B-

cell and T-cell lymphomas (p = 0.055). Conversely, MORC4 mRNA expression in colorectal 
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adenocarcinoma (p = 0.014), miscellaneous (e.g. HeLa and HEK293FT) (p = 0.003) and breast 

cancer cell lines (p = 0.009) were significantly higher than expression in lymphoma cell lines 

when grouped together (Figure 5.9). Relatively low expression was found for neuroblastoma 

cell lines except for the N-Myc proto-oncogene protein (MYCN) positive cell line, NB19. In 

addition, the difference between MYCN positive and MYCN negative neuroblastoma cell lines 

was close to the significant cut off point of p = 0.05 (p = 0.055). The pancreatic adenocarcinoma 

cancer cell line, PSN1, showed the highest expression all of the cell lines used in this study and 

had a relative quantification (RQ) value of approximately 110-140. However, the pancreatic 

carcinoma cell line, Mia-Pa-Ca-2 had low RNA expression with an RQ of approximately 10, 

which is low expression in comparison to PSN1 but high in comparison to the normalising 

Burkitts lymphoma cell lines, Raji and Daudi. This suggests that MORC4 could potentially 

play a role in pancreatic adenocarcinomas, although additional pancreatic cancer cell lines 

would need to be assessed to confirm this. Similar MORC4 mRNA expression was seen for all 

breast cancer cell lines, although MDA-MB-231 was the highest at approximately 60 RQ. In 

addition, the difference identified between oestrogen receptor (ER) positive or negative breast 

cancer cell lines was close to the significant cut off point (p = 0.055) (Figure 5.9).  

The semi-quantitative RT-PCR results also supported the results from the qPCR analysis. RT-

PCR found that there was higher expression of ABC-DLBCL cell lines compared to GCB-

DLBCL. RT-PCR found that there was low expression of MORC4 transcripts in Daudi and 

Raji Burkitts cell lines (Section 5.2.1.2), supporting the proposal that these cell lines expressed 

low levels of MORC4 RNA also identified in qPCR. RT-PCR also determined that the highest 

expressing cell lines were derived from colorectal, miscellaneous (HeLa) and pancreatic 

cancers (PSN1), similar to qRT-PCR results. In addition, RT-PCR also identified MORC4 

transcripts in neuroblastoma cell lines for the F2/F4 primer combination. However, the full-

length MORC4 transcript was not identified in neuroblastoma cell lines. Nonetheless, qRT-



279 

PCR analysis revealed that neuroblastoma cell lines expressed MORC4 mRNA at similar levels 

to T-ALL, GCB-DLBCL and myeloma cell lines (Figure 5.9). However, qRT-PCR detected 

these cell lines with the full-length MORC4 transcript as qRT-PCR only detects one exon 

boundary (13-14 exon) (Probe ID: Hs00226482_m1). qRT-PCR also found that the lowest 

MORC4 mRNA expressing cell lines were GCB-DLBCL subtypes, which was also identified 

in RT-PCR analysis (Section 5.2.1.2).This data supports and expands from the previous study, 

which identified MORC4 as a potential biomarker of ABC-DLBCL subtype ( Liggins et al., 

2007). Overall, it was evident that both the RT-PCR and qRT-PCR analysis results had similar 

conclusions in relation to expression of MORC4 mRNA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 5.8: Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) of cancerous cell lines to determine unormalised 

mRNA expression of MORC4 (Average ΔCt). Cells were harvested and mRNA was extracted using a mRNA extraction kit. mRNA was used 

to synthesise cDNA and a dilution of 1/25 cDNA was used for qPCR. ΔCt was calculated using TBP as the house keeping gene (representative of 

technical replicates, n=4). 
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Figure 5.9: Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) of cancerous cell lines to determine normalised 

mRNA expression of MORC4 (RQ). Cells were harvested and mRNA was extracted using a mRNA extraction kit. mRNA was used to synthesise 

cDNA and a dilution of 1/25 cDNA was used for qPCR. RQ was calculated using TBP as the house keeping gene and either Raji only (for 

normalisation) or both Raji and Daudi samples were used to normalise cell lines (representative of technical replicates, n=4 (* = p ≤ 0.05 and ** 

= p ≤ 0.01). Statistical analysis was performed using a Kruskal Wallis test (non-parametric data) using Statistical Product and Service Solutions 

(SPSS) software. 
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5.2.3 Bioinformatics analysis of MORC4 RNA expression 

A number of RNA expression datasets were used to investigate the MORC4 gene expression 

across several normal and cancerous tissues. Gene expression analysis also determined survival 

and prognosis characteristics of several types of cancers expressing MORC4. RNA expression 

analysis could potentially help to determine MORC4 function and role in disease.  

5.2.3.1 MORC4 RNA expression profiles 

Several RNA expression databases were used to analyse MORC4 gene expression including 

the Gene Expression Profiling Interactive Analysis (GEPIA) (Tang et al., 2017), the Gene 

Expression Database of Normal and Tumour Tissues 2 (GENT2) (Park et al., 2019) and the  

RNA Expression Atlas by the European Bioinformatics Institute (EBI) (Petryszak et al., 2017).  

The EBI RNA expression database revealed that there was variation of expression of MORC4 

in non-cancerous tissues (Figure 5.10). Specifically, the placenta had the highest expression of 

MORC4 at approximately 170 transcripts per million (TPM), similar to a previous study which 

investigated mRNA expression levels in normal tissues from a radioactive dot plot ( Liggins et 

al., 2007). However, the pancreas and the colon expressed low levels of MORC4 at 5 and 10 

TPM, respectively (Figure 5.10a). Pancreatic adenocarcinoma and colon adenocarcinoma cell 

lines were also investigated following high expression in RT-PCR and qRT-PCR experiments 

(Section 5.2.1.2 and 5.2.2), although, RT-PCR was an endpoint experiment so it could not be 

utilised to accurately determine expression levels, only for those cell lines which did not give 

much product even after a large number of cycles (40). The RNA expression datasets revealed 

that some pancreatic adenocarcinoma cell lines had increased expression of MORC4 in 

comparison to normal non-cancerous pancreatic tissue (Figure 5.10a and b). More specifically, 

a pancreatic adenocarcinoma cell line, PSN1, had a TPM of 85, unlike healthy pancreatic tissue 

which had an TPM of approximately 5 (Figure 5.10a and b). qRT-PCR analysis of the PSN1 

cell line (Section 5.2.2) also showed evidence of high MORC4 RNA expression with an RQ 
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value of approximately 140. In addition, several colon adenocarcinoma cell lines also showed 

increased MORC4 RNA expression such as SW48, which increased 7-fold compared to non-

cancerous colon tissue (Figure 5.10c). 

 

Figure 5.10: MORC4 RNA expression dataset of normal non-cancerous tissue, pancreatic 

adenocarcinomas and colon adenocarcinoma cell lines using the RNA Expression Atlas 

by the European Bioinformatics Institute (EBI). MORC4 RNA expression of (A) non-

cancerous tissues; (B) Pancreatic adenocarcinoma cell lines; (C) Colon adenocarcinoma cell 

lines.  

A

B

C
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The GENT2 RNA expression database was also used to investigate MORC4 RNA expression 

in normal and cancerous tissues. Statistical analysis was performed using Prism software and 

initially involved the analysis of the distribution of data. This revealed that the data was 

normally distributed (parametric) and therefore led to an analysis of variance (ANOVA) test. 

The statistical analysis identified that there was a significant increase of MORC4 RNA 

expression found in the bladder (p = 0.0005), blood (p = <0.0001) brain (<0.0001), colon (p = 

<0.0001), ovary (p = <0.0001), skin (p = <0.0001), stomach (p = <0.0001), lung (p = <0.0001), 

testis (p = 0.0007), prostate (p = <0.0001), skin (p = <0.0001) and thyroid (p = <0.0001) 

cancerous tissue compared to normal non-cancerous tissues (Figure 5.11a). As with RNA 

expression analysis results from the EBI, cancerous pancreatic and colon cells were found to 

have higher expression of MORC4 RNA in the GENT2 database. 
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Figure 5.11: MORC4 RNA expression dataset of normal non-cancerous tissue and 

cancerous tissue and breast adenocarcinoma survival analysis by type and expression 

level using the Gene Expression Database of Normal and Tumour Tissues 2 (GENT2). 

MORC4 RNA expression of several non-cancerous and cancerous tissues (representative of 

n=256 (*** = p ≤ 0.001 **** = p ≤ 0.0001). Survival analysis of breast adenocarcinoma 

Kaplan-Meier plots (B) by subtype (C) by expression level of MORC4. 
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The GEPIA RNA expression database was used to investigate MORC4 RNA expression. 

GEPIA analysis revealed that there is higher expression of MORC4 RNA in several cancerous 

tissues compared to non-cancerous tissues (Figure 5.12a and b). Similar to the EBI and GENT2 

RNA analysis, GEPIA also exhibited a higher expression of MORC4 RNA in colon 

adenocarcinoma (COAD) and pancreatic adenocarcinoma (PAAD) compared with normal 

non-cancerous tissue. In addition, GEPIA also found an increase of MORC4 expression in 

breast carcinoma (BRCA) and diffuse large B-cell lymphoma (DLBCL) (Figure 5.12b). A 

boxplot analysis of most common high expressing cancerous tissues revealed that DLBCL had 

significantly higher expression of MORC4 RNA compared to normal non-cancerous tissues 

(Figure 5.12c), similar to the data found in a previous study ( Liggins et al., 2007).   
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Figure 5.12: MORC4 RNA expression dataset of normal non-cancerous tissue and 

cancerous tissue using the Gene Expression Profiling Interactive Analysis (GEPIA) 

database. (A) Body map of MORC4 RNA expression in normal and cancerous tissue samples. 

(B) MORC4 RNA expression of several non-cancerous and cancerous tissues. ACC 

(adrenocortical carcinoma), BLCA (bladder carcinoma), BRCA (breast carcinoma), CESC 

(cervical carcinoma), CHOL (cholangio carcinoma), COAD (colon adenocarcinoma), DLBCL 

(diffuse large B-cell lymphoma), ESCA (esophageal carcinoma), GBM (glioblastoma 

multiforme), HNSC (head and neck carcinoma), KICH (kidney chromophobe), KIRC (kidney 

renal cell clear carcinoma), KIRP (kidney renal papillary cell carcinoma), LAML (acute 

myeloid leukaemia), LGG (brain lower grade glioma), LIHC (liver hepatocellular carcinoma), 

LUAD (lung adenocarcinoma), LUSC (lung carcinoma), MESO (mesothelioma), OV (ovarian 

carcinoma), PAAD (pancreatic adenocarcinoma), PCPG (pheochromocytoma and 

paraganglioma), PRAD (prostate adenocarcinoma), READ (rectum adenocarcinoma), SARC 

(sarcoma), SKCM (skin cutaneous melanoma), STAD (stomach adenocarcinoma), TGCT 

(testicular germ cell tumours), THCA (thyroid carcinoma), THYM (thymoma), UCEC (uterine 

carcinoma), UCS (uterine carcinosarcoma). (C) Boxplot of RNA expression of MORC4 in 

some non-cancerous and cancerous tissues (* = p ≤ 0.05). 

 

5.2.3.2 Survival and prognosis associations with MORC4 RNA expression  

RNA expression databases can also be utilised to investigate the survival and prognosis of 

patients with cancer and high or low expression of specific genes. Survival analysis of 

pancreatic adenocarcinoma revealed that patients with high RNA expression of MORC4 had a 

high probability of overall survival compared to patients with low expression of MORC4 

(Figure 5.13a). Specifically, PROGgeneV2 analysis (Goswami and Nakshatri, 2013) indicated 

that high expression of MORC4 increased overall probability of survival after approximately 

600 days (1.6 years). After 700 days, patients with high expression of MORC4 had a 40% 

chance of survival compared to patients with low expression of MORC4, who only had a 20% 

chance of survival. Similar to PROGgeneV2, the Kaplan-Meier plotter database (Jia et al., 

2019) also demonstrated a higher probability of survival in pancreatic adenocarcinoma with a 

high expression level of MORC4. The Kaplan-Meier plotter, which is a survival estimator tool, 

also indicated that the average survival time with high expression of MORC4 was 24 months, 

whereas with low expression it was 19 months.  
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Survival analysis of breast adenocarcinoma using GENT2 predicted that the HER2 breast 

adenocarcinoma subtype had the lowest probability of survival following expression of 

MORC4 (Figure 5.13b). GENT2 survival analysis also suggested that high expression of 

MORC4 leads to a lower probability of survival (poorer prognosis). Both PROGgeneV2 and 

Kaplan-Meier plotter survival analysis also suggested similar results to GENT2 (Figure 5.15b), 

with PROGgeneV2 suggesting that high expression of MORC4 gives a 60% chance of survival 

after 3 years compared to low expression of MORC4, which shows an 80% chance of survival 

(Figure 5.13b). Survival analysis of colon adenocarcinoma also predicted that higher 

expression for MORC4 also leads to a lower probability of survival compared to lower 

expression of MORC4, in both PROGgeneV2 and GENT2 analysis (Figure 5.13c).  

PROGgeneV2 analysis revealed that there was only a 50% chance of survival after 5 years 

with high expression of MORC4 compared to low expression of MORC4, which had a 70% 

chance of survival after 5 years (Figure 5.13c). 
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Figure 5.13: MORC4 RNA expression survival analysis using Kaplan-Meier plots in 

pancreatic adenocarcinoma, breast adenocarcinoma and colon adenocarcinoma using 

several RNA expression databases. (A) pancreatic adenocarcinoma survival analysis (B) 

breast adenocarcinoma survival analysis (C) colon adenocarcinoma survival analysis. All KM 

plots were created using the PROGgeneV2, the KM plotter or GENT2 databases. 
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5.3 MORC4 protein analysis  

5.3.1 Cloning of full-length epitope-tagged MORC expression fragments  

Ligation independent cloning (LIC) was utilised to create recombinant MORC4 in mammalian 

expression vectors, with the addition of either FLAG (Einhauer and Jungbauer, 2001) or human 

influenza hemagglutinin (HA) polypeptide epitope tags (Kimple et al., 2013). Cloning of 

FLAG-tagged and HA-tagged full-length MORC paralogues was also required for subsequent 

cell biology analysis, and verification of the specificity of MORC4 monoclonal antibodies (gift 

from Alison Banham, University of Oxford), following similarities between the paralogous 

sequences. If no bands were identified following western blotting of MORC4, MORC 

paralogues could be tested to ensure successful transfection of FLAG/HA-tagged paralogues 

using epitope antibodies. However, the MORC4 monoclonal antibodies were important for 

analysis of MORC4 expression in clinical lymphoma and other cancerous disease samples. 

5.3.1.1 Polymerase chain reaction (PCR) amplification of full-length MORC 

Full-length MORC DNA (MORC1-4) were cloned into mammalian expression vectors that 

included either pcDNA3-N-FLAG-LIC and pcDNA3-N-HA-LIC (Appendix 8.22). Full-length 

MORC (MORC1-4) were provided by the I.M.A.G.E consortium (Source Bioscience). Prior to 

cloning, each MORC template DNA was sequenced fully to confirm their nucleotide 

sequences.  

5.3.1.1.1 Optimisation of MORC4 PCR amplification 

Full-length MORC open reading frames (Table 5.5) were amplified using polymerase chain 

reaction (PCR) and full-length MORC primers (Table 5.6). MORC4 was amplified with a mix 

of high-fidelity Phusion® polymerase with standard MyTaq™ polymerase and either Phusion 

buffer or MyTaq™ red buffer. A 1:1 mix of Phusion® polymerase and MyTaq™ with 

MyTaq™ red buffer was necessary to amplify and to achieve a good yield of high fidelity 
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MORC4 PCR product (Figure 5.14). However, MORC1, MORC2 and MORC3 were 

successfully amplified using Phusion® buffer and Phusion® DNA polymerase only (Figure 

5.14). 

Table 5.5: Full-length mammalian plasmid cloned fragments of MORC1-4 including the 

size of each clone, PCR products (bp) and protein size (kDa). 

Residue 

boundary 

(aa) 

Code 
Primer 

F 

Primer 

R 

Length 

(bp) 
Vector 

PCR 

screen 

expected 

size (bp) 

 

kDa 

 
 

 

MORC1 

(1-984) 

 

NN057 

 

MORC1f 

 

MORC1r      2952 pcDNA3-N-FLAG-LIC 

 

3237 

 

114 

MORC2 

(24-1032) 

NN058 MORC2f MORC2r      3027 pcDNA3-N-FLAG-LIC 3312 117 

MORC3 

(1-938) 

NN060 MORC3f MORC3r      2814 pcDNA3-N-FLAG-LIC 3099 109 

MORC4 

(1-900) 

NN061 MORC4f MORC4r      2700 pcDNA3-N-FLAG-LIC 2985 104 

MORC1 

(1-984) 

NN067 MORC1f MORC1r      2952 pcDNA3-N-HA-LIC 3237 114 

MORC2 

(24-1032) 

NN068 MORC2f MORC2r      3027 pcDNA3-N-HA-LIC 3312 117 

MORC3 

(1-938) 

NN070 MORC3f MORC3r      2814 pcDNA3-N-HA-LIC 3099 109 

MORC4 

(1-900) 

NN071 MORC4f MORC4r      2700 pcDNA3-N-HA-LIC 2985 104 
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Table 5.6: MORC primers designed to created full-length MORCs (MORC1-4). 

Primer name Primer sequence (5’-3’) 

MORC1f TACTTCCAATCCATGGACGACAGGTACCCTGC 

MORC1r TATCCACCTTTACTGTCAATTTTCCGAAGTCTTTTC 

MORC2f TACTTCCAATCCATGACCACTCACGAATTCTTGTTTGG 

MORC2r TATCCACCTTTACTGTCAGTCCCCCTTGGTGATGAGGT 

MORC3f TACTTCCAATCCATGGCGGCGCAGCCACCCCGC 

MORC3r TATCCACCTTTACTGTCAAGTACTACTGATTTCAC 

MORC4f TACTTCCAATCCATGCTCCTGTACCGAGGGGC 

MORC4r TATCCACCTTTACTGTCACGAAGCTCCAAGTGAGG 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Amplification of full length MORC open reading frames (ORFs) for 

mammalian expression. Full-length MORC open reading frames were amplified using PCR 

and were resolved on a 0.8% agarose gel. 1. MORC1 2. MORC2 3. MORC3 4. MORC4 5. 

negative control (PCNA primers) 6. PCNA positive control. Samples 1-6 were amplified using 

Phusion buffer and Phusion DNA polymerase. 7. MORC4 (Bioline red buffer and a mix of 

MyTaq and Phusion DNA polymerase) 8. MORC4 (Phusion buffer and a mix of MyTaq and 

Phusion DNA polymerase) 9. MORC4 10. PCNA negative control 11. PCNA positive control. 

Samples 9-11 were amplified using Phusion buffer and pfx DNA polymerase. 

Kb

10.0 –

3.0 –

2.0 –

1.5 –

0.5 –

0.1 –

M
O
R
C
1

M
O
R
C
2

M
O
R
C
3

M
O
R
C
4

-
P
C
N
A

+ 
P
C
N
A

- P
C
N
A

+ 
P
C
N
A

Phusion polymerase

B
io

lin
e 

b
u
ff
er

P
h
us

io
n 

bu
ff
er

M
O
R
C
4

M
O
R
C
4

M
O
R
C
4

M
yT

aq
/P

h
u
si

o
n

M
yT

aq
/P

h
u
si

o
n

Phusion buffer

P
h
us

io
n 

b
uf

fe
r

p
fx

 D
N

A
 p

o
ly

m
er

as
e



294 

5.3.1.2 Cloning and PCR screen of full-length epitope-tagged MORC sequences 

Following PCR amplification of full-length MORC sequences, PCR inserts were purified, and 

cohesive ends were produced by T4 DNA polymerase treatment (Savitsky et al., 2010). Insert 

cohesive ends were ligated with vector (pcDNA3-N-HA-LIC or pcDNA3-N-FLAG-LIC) 

cohesive ends. Ligated products were transformed into MACH1 E. coli cells and a colony PCR 

screen, which utilised common primers binding to sites surrounding the cloning site (similar to 

MORC4 E. coli expression clones, (Chapter 3), allowing confirmation of the sizes of cloned 

full-length MORC sequences (Figure 5.15).  

 

 

Figure 5.15: Colony screen of full-length FLAG-tagged and HA-tagged MORCs in 

mammalian expression vectors. Cloned MORC PCR products were screened on a 0.8% 

agarose gel to confirm sizes. (A) Includes full length MORC1, MORC2, MORC3 and MORC4 

cloned into pcDNA3-N-FLAG-LIC. (B) Includes full length MORC1, MORC2, MORC3 and 

MORC4 cloned into pcDNA3-N-HA-LIC. 

 

All screened clones of both FLAG-tagged and HA-tagged MORCs were of the correct size 

(Table 5.5 and figure 5.15), suggesting that MORCs were successfully cloned into MACH1 E. 

coli cells. To verify cloning boundaries, one successful clone from each sample from the colony 

PCR screen was sequenced, except for MORC4, where several successful clones had to be 
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sequenced to verify that there were no deletions or point mutations. It was especially important 

for full-length MORC4 clones to be sequenced because of the difficulties with producing clones 

with a mixture of both MyTaq™ and Phusion® polymerase. Cloned full-length MORC 

truncated fragments were then used for subsequent transfections in mammalian cells.  

5.3.2 Transfections of full-length MORCs into mammalian cell lines  

Full-length FLAG-tagged and HA-tagged MORC plasmids were transfected into several 

mammalian cells lines for protein expression to aid the verification of monoclonal MORC4 

antibodies. Transfecting all recombinant MORC plasmids into several cell lines was intended 

in an attempt to validate any observed MORC4 antibody binding specific to MORC4 and not 

the three closely related paralogues (MORC1, MORC2 and MORC3). In addition, the antibody 

verification required western blotting to ensure that any detected protein bands were MORC4 

and not its paralogues. However, paralogues of MORC4 were manipulated with the addition 

of an epitope tag (FLAG-tagged or HA-tagged) to ensure detection if no MORC4 expression 

was identified. If no signal was observed for MORC4 with expression of MORC4 paralogues, 

this would confirm that the antibody was not binding to the paralogues, leading to the 

verification of MORC4 monoclonal antibodies.   

To begin antibody characterisation, full-length MORC open reading frames (ORF) were cloned 

into either pcDNA3-N-Flag-LIC or pcDNA3-N-HA-LIC, mammalian expression vectors 

(Figure 5.14 and 5.15, section 5.3.1). FLAG-tagged or HA-tagged full-length MORCs were 

transfected into human embryonic kidney (HEK)293FT, human bone osteosarcoma (U2OS), 

cervical carcinoma (HeLa) and monkey kidney COS-1 cell lines. β-actin, a crucial component 

of the cytoskeleton of cells (Bunnell et al., 2011), was used as a loading control to ensure 

protein loading was equivalent throughout each gel and across samples. The highly expressing 

chromodomain helicase DNA binding protein 1 Like (CHD1L), a DNA repair protein (Ahel et 
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al., 2009) was fused to a FLAG or HA epitope tag, which was used as a transfection and 

western blot positive control for all cell lines throughout transfections.  

5.3.2.1 FLAG-tagged and HA-tagged MORC1 and MORC2 were expressed in 

HEK293FT cells 

Following transfections of FLAG-tagged and HA-tagged full-length MORCs in HEK239FT 

and U2OS cell lines, FLAG-tagged and HA-tagged MORC1 and MORC2 were successfully 

expressed in HEK239FT cells (Figure 5.16a and c). The expected size of FLAG and HA-tagged 

MORC1 and MORC2 was 114 kDa (calculated using the Swiss Institute of bioinformatics 

(SIB) resource portal, ProtParam) and 117 kDa, respectively. Fluorescent detection western 

blotting determined expression of MORC1 and MORC2 at approximately 100 kDa, with 

MORC2 expression slightly larger, indicating successful expression. The results also showed 

that MORC1 and MORC2 had a stronger expression signal when a higher concentration of 

lipofectamine was used in addition to 2.5µg of DNA (Figure 5.16a and c). To determine a 

successful transfection, CHD1L was used as a positive control and was expressed at 

approximately 100 kDa (Figure 5.16). Housekeeping protein and loading control, β-actin 

(Ferguson et al., 2005), was detected at approximately 42 kDa in every sample, suggesting a 

consistent and comparable level of protein in each sample, allowing the comparison of 

expression levels of transfected proteins. Contrary to MORC1 and MORC2, expression of 

FLAG and HA-tagged MORC3 and MORC4 was unsuccessful (Figure 5.16b and d) as they 

were expected to express at 109 kDa and 104 kDa, respectively, but were not observed on 

western blots.  
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Figure 5.16: Fluorescence detection western blotting of transfected full length MORCs 

into HEK293FT cell line. HEK293FT cells were transfected with full length MORC plasmid 

DNA, harvested, sonicated and cell lysates were resolved on a 10% SDS-PAGE gel for 

fluorescence detection western blotting to determine protein expression. Membranes were 

probed with FLAG and β-actin (1:20,000 dilutions) primary antibodies in 5% milk and TBS-

T. (A) FLAG-tagged MORC1 and MORC2. (B) FLAG-tagged MORC3 and MORC4. (C) HA-

tagged MORC1 and MORC2. (D) HA-tagged MORC3 and MORC4. Membranes were 

detected using a Li-COR Odyssey imagining system. β-actin loading control was imaged using 

the green channel (800nm) or red channel (700nm) and the marker, FLAG and HA were 

imaged using the red channel (700nm). 

 

5.3.2.2 FLAG-tagged and HA-tagged MORCs were not expressed in U2OS, HeLa or 

COS-1 cells 

U2OS transfection of all MORCs was also unsuccessful (Appendix 8.23a and b). In an attempt 

to express all MORC proteins, the competent and commonly used mammalian cell line, HeLa 

(Asgharian et al., 2014), was used for transfections, which resulted in no expression of any 

MORC protein (Appendix 8.24a and b). Furthermore, the COS-1 monkey kidney cell line 

(Mortlock et al., 1993) was also used for transfections, however, they also failed to express 

full-length FLAG-tagged or HA-tagged MORCs (Appendix 8.25a-d). For each cell line which 

failed to express MORCs, the CHD1L and actin positive and loading controls were both 

detected, indicating that cells were present in each sample and the transfection was performed 

correctly. Although MORC1 and MORC2 proteins were expressed in HEK293FT cells, the 

paralogues could not be screened using this method as both MORC3 and MORC4 proteins 

could not be expressed, indicating that perhaps antibodies could be screening using paralogue 

recombinant protein instead.  

5.3.3 Analysis of MORC4 protein expression in human cancer cell lines  

5.3.3.1 Detection of MORC4 using monoclonal antibodies 

In order to identify expression of MORC4 in a number of cells, MORC4 monoclonal antibodies 

were initially utilised. There were two clones of MORC4 monoclonal antibodies used 

throughout this study, 161A/3 and MORC4 97F/9 (gift from Professor Alison Banham, 
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University of Oxford). The epitope for these antibodies was designed from the C-terminal 

region of MORC4 (Figure 5.17) by the Banham laboratory (C. Cooper, pers. comm.). A 

multiple sequence alignment (MSA) of all human MORC proteins demonstrates that the 

epitope sequence was specific to MORC4 (Figure 5.17) and not the other paralogues. In 

addition, MORC4 monoclonal antibodies were also used to compare against the commercial 

rabbit polyclonal antibody used in a previous study to investigate MORC4 protein expression 

in breast cancer (Yang et al., 2019). Furthermore, the MORC4 polyclonal antibody was also 

utilised for comparison to other MORC proteins using polyclonal antibodies of MORC1, 

MORC2 and MORC3. 

 

 

 

 

Figure 5.17: Multiple sequence alignment of protein sequences of all human MORCs 

(MORC1-4) and the MORC4 epitope used to design monoclonal antibodies. Human 

MORC protein sequences were used for a MUSCLE multiple sequence alignment using 

Jalview software. The conservation score across all MORCs was shown below the alignment 

(Yellow is the most conserved and brown or no colour is the least conserved). The multiple 

sequence alignment residues were coloured using ClustalX colours. 
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5.3.3.1.1 Optimisation of MORC4 monoclonal antibodies  

Prior to use on several cancerous cell lines, optimisation of the antibodies was required to 

determine suitable conditions and concentrations of monoclonal antibodies for subsequent use 

in western blotting, including different methods of detection.  

5.3.3.1.1.1 Western blotting of MORC4 using fluorescent detection  

5.3.3.1.1.1.1 Optimising concentration of MORC4 antibodies  

MORC4 monoclonal antibodies were initially optimised using fluorescence detection western 

blotting and using pure recombinant protein that contained the epitope used for the monoclonal 

antibody generation, MORC4420-757 (Chapter 3, Section 3.2.2). To determine an optimal 

concentration of the MORC4 monoclonal antibodies, an initial titration experiment involved 

testing different amounts of blotted MORC4420-757 with a range of antibody concentrations 

including 1:50, 1:500 and 1:5000, which were each prepared using 5% milk and TBS-T. Both 

antibodies, MORC4 161A/3 and MORC4 97F/9, detected pure MORC4420-757 at ~40 kDa 

(expected size was 38 kDa) and several smaller protein bands, likely to result from protein 

degradation (Figure 5.18a and b). In addition, MORC4 97F/9 appeared to have a stronger signal 

(Figure 5.18b) than MORC4 161A/3 (Figure 5.18a), which was determined by the intensity of 

protein bands. Furthermore, the 97F/9 monoclonal antibody could detect MORC4 protein as 

little as 10 ng, suggesting that it was highly sensitive.  
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Figure 5.18: Optimisation of fluorescence detection western blotting of MORC4 

monoclonal antibodies and MORC4420-757. MORC4420-757 was loaded onto an SDS-PAGE 

gel in varying concentrations of protein and used for fluorescence detection western blotting 

to determine the presence of protein. Membranes were probed with (A) MORC4 161A/3 and 

(B) MORC4 97F/9, which were prepared in 5% milk and TBS-T. Membranes were detected 

using a Li-COR Odyssey imagining system and all membranes were imaged using the red 

channel (700nm). Blue arrows indicate the expected size of MORC4420-757. 
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5.3.3.1.1.1.2 Determination of optimal antibody diluent and incubation conditions 

To determine an optimal antibody diluent and incubation conditions, pure recombinant 

MORC4420-757 protein was utilised for a similar titration experiment to the one involving the 

optimisation of the concentration of monoclonal antibodies. Monoclonal antibodies were 

prepared at a 1:500 dilution in both 5% milk and 5% bovine serum albumin (BSA) and TBS-

T and were incubated at both 4°C for 12 hours or 22°C for 2 hours (Figure 5.19). 1µg of BSA 

was loaded onto each gel to ensure specificity of MORC4 antibodies and that any detected 

signal was protein-specific. The antibodies did not detect BSA in any blot, indicating that the 

MORC4 antibodies specifically recognised MORC4. MORC4420-757 and BSA samples were 

also stained with Coomassie dye to determine the protein loaded onto the blots. The Coomassie 

stained SDS-PAGE gel result determined that there was protein present in each well including 

the control BSA sample (Figure 5.20), which was present at approximately 67 kDa. Overall, 

the results indicated that the MORC4 monoclonal antibodies produced optimal results when 

utilised in 5% milk at 4°C for 12 hours (Figure 5.19a), although there was not a great deal of 

difference between the tested conditions.  
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Figure 5.19: Optimisation of fluorescence detection western blotting conditions of 

MORC4 monoclonal antibodies with MORC4420-757 and bovine serine albumin (BSA). 

MORC4420-757 was loaded onto an SDS-PAGE gel in varying concentrations of protein and 

used for fluorescence detection western blotting to determine the presence of protein. 

Membranes were probed with MORC4 161A/3 and MORC4 97F/9, which were prepared in a 

1:500 dilution in 5% milk or 5% BSA and TBS-T. Antibodies were incubated at either (A) 4°C 

for 12 hours or (B) 22°C for 2 hours. Membranes were detected using a Li-COR Odyssey 

imagining system and all membranes were imaged using the red channel (700nm). Blue arrows 

indicate the expected size of MORC4420-757. 
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Figure 5.20: Coomassie stained SDS-PAGE gel of MORC4420-757 and bovine serum 

albumin (BSA). MORC4420-757 and BSA was resolved on an SDS-PAGE gel in varying 

concentrations of protein and stained with Coomassie dye for protein determination. 

 

5.3.3.1.1.2 Western blotting of MORC4 using Enhanced chemiluminescence (ECL) 

detection 

5.3.3.1.1.2.1 Determination of optimal antibody diluent and incubation conditions 

In addition to western blotting detection by fluorescence, enhanced chemiluminescence (ECL) 

western blotting was used to optimise western blotting methods for using MORC4 monoclonal 

antibodies. ECL exposure on an X-ray film following secondary antibody incubation was 

approximately 1 hour, suggesting that low level of protein was detected. It also indicates that 

to decrease exposure time either a higher concentration of protein or antibody was required to 

detect MORC4, considering microgram levels of MORC4 protein were present on western 

blots. ECL detection was less sensitive than fluorescent western blotting, which was 

determined by the low signal and smaller protein bands that were visible following ECL 

(Figure 5.21). However, the most optimal conditions found when using ECL western blotting 

were with antibodies prepared with 5% milk and incubated for 12 hours at 4°C (Figure 5.21). 
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Overall, these results suggest that fluorescent detection western blotting was optimal for 

detection using MORC4 monoclonal antibodies.  

 

 

 

 

 

 

 

 

 

Figure 5.21: Optimisation of enhanced chemiluminescence (ECL) western blotting 

conditions of MORC4 monoclonal antibodies with MORC4420-757 and bovine serine 

albumin (BSA). MORC4420-757 was loaded onto an SDS-PAGE gel in varying concentrations 

of protein and used for fluorescence detection western blotting to determine the presence of 

protein. Membranes were probed with MORC4 161A/3 and MORC4 97F/9, which were 

prepared in a 1:500 dilution in 5% milk or 5% BSA and TBS-T. Antibodies were incubated at 

either 4°C for 12 hours or 22°C for 2 hours. Membranes were detected using a BM ECL 

blotting substrate (POD) kit and exposed in a dark room for 1 hour, until protein bands 

appeared. 

 

5.3.3.1.2 Detection of MORC protein expression in cancer cell lines  

To investigate expression patterns of MORC proteins across several cancer types and to 

identify if MORC4 protein expression followed similar patterns seen at RNA level (Liggins et 

al., 2007), several human cancer cells lines were utilised to examine protein expression of 
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over an array of cancerous (Appendix 8.3) cell lines to identify any similarities or differences 

in expression of MORC proteins, in particular, MORC4. Identifying expression of MORC4 
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bicinchoninic acid (BCA) assay kit was used to quantify protein in order to calculate a specific 

concentration of protein to load onto an SDS-PAGE gel, to allow equivalence across cell lines, 

so MORC protein levels could be accurately compared. Several bovine serum albumin (BSA) 

controls of known concentration were prepared, and standard curves were created (Figure 

5.22a-c) to aid determination of protein concentrations. Following the creation of a standard 

curve the equation of a straight line (y = mx + c) was used to calculate the protein concentration 

of each cell line sample, towards equivalence of protein loading between cell lines.  
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Figure 5.22: Bicinchoninic acid (BCA) assay standards. Cells were harvested, sonicated and 

a BCA assay kit was used to determine protein concentration. Several BSA standards were 

prepared and used to create a standard curve, which was used to calculate protein concentration. 

(A) standards for 1 in 4 protein dilutions of samples OCI-Ly3 to HEK293FT (1-25). (B) 

standards for 1 in 4 protein dilutions of samples SK-N-BE(2c) to MDA-MB-468 (26-38). (C) 

standards for 1 in 6 protein dilutions of samples SK-N-BE(2c), Kelly, SH-SY5Y, SK-A-NS 

and Mia-Pa-Ca-2. Each sample was prepared in triplicate. 
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passage number across multiple batches to ensure comparisons between RNA and protein were 

equivalent. Prior to the MORC4 protein analysis of an array of cancer cells, lymphoma cell 

lines were used for an initial experiment to determine suitable conditions required for 

fluorescent western blotting. MORC4 monoclonal antibodies were diluted 1:50 in 5% milk and 

membranes were probed for either 22°C for 3 hours or 4°C for 12 hours (Section 5.3.3.1.1.1.1 

and 5.3.3.1.1.1.2). Pure MORC4420-757 protein was used as a positive control together with 

MDA-MB-231, a breast adenocarcinoma cell line, which had been previously found to express 

detectable MORC4 protein (Yang et al., 2019). Lymphoma cell lines and the control cell line 

MDA-MB-231, did not show any expression of MORC4 however, the recombinant positive 

control protein MORC4420-757 was detected, which was more intense for membranes that had 

been incubated for 12 hours at 4°C in monoclonal antibodies (Figure 5.23). 

Undiluted cell supernatant from the monoclonal hybridoma cultures were utilised in an attempt 

to investigate MORC4 protein expression following the lack of detectable MORC4 signal. 

Several human cancer cell lines were probed with the undiluted MORC4 monoclonal 

antibodies (supernatants), which had been incubated at 4°C for 12 hours. The results showed 

that there was no detectable expression of MORC4 in any cancer cell line, yet the positive 

recombinant MORC4 control was detected (Figure 5.24). This could suggest that there was no, 

or very low, levels of MORC4 protein in the cancer cell lines, which is surprising considering 

it was detected in the MDA-MB-231 breast cancer cell line previously (Yang et al., 2019). 
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Figure 5.23: Optimisation of fluorescence detection western blotting conditions of 

MORC4 monoclonal antibodies with lymphoma cell lines and MORC4420-757. Cells were 

harvested, sonicated and 20µg was loaded onto an SDS-PAGE gel and used for fluorescence 

detection western blotting to determine the presence of protein. MORC4420-757 was loaded at 

0.2µg. Membranes were probed with MORC4 161A/3 and MORC4 97F/9, which were 

prepared in a 1:50 dilution in 5% milk or 5% BSA and TBS-T. Monoclonal antibodies were 

incubated at either 4°C for 12 hours or 22°C for 2 hours. Membranes were detected using a Li-

COR Odyssey imagining system and all membranes were imaged using the red channel 

(700nm). Blue arrows indicate the expected size of MORC4420-757. 
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Figure 5.24: Optimisation of fluorescence detection western blotting conditions of 

MORC4 monoclonal antibodies with cell lines and MORC4420-757. Cells were harvested, 

sonicated and 20µg was loaded onto an SDS-PAGE gel and used for fluorescence detection 

western blotting to determine the presence of protein. MORC4420-757 was loaded at 0.2µg. 

Membranes were probed with 11mL of undiluted MORC4 161A/3 and MORC4 97F/9. 

Monoclonal antibodies were incubated at 4°C for 12 hours. Membranes were detected using a 

Li-COR Odyssey imagining system and all membranes were imaged using the red channel 

(700nm). Blue arrows indicate the expected size of MORC4420-757. 

 

5.3.3.2 Detection of MORC protein expression using polyclonal antibodies 

5.3.3.2.1 Detection of MORC proteins using fluorescence detection western blotting  

5.3.3.2.1.1 MORC1, MORC2 and MORC3 protein expression  

In addition to MORC4, polyclonal antibodies against MORC1, MORC2 and MORC3, were 

also used to investigate expression of MORC proteins in a number of cancer cell lines. 

5.3.3.2.1.1.1 MORC1 expression was potentially observed in DLBCL and neuroblastoma   

MORC1 was found to express at approximately 250 kDa (Figures 5.25, 5.26 and 5.27), which 

was double the size of the expected molecular weight of 112 kDa, suggesting that MORC1 

could run as an unresolved dimer in these cell lines, or a non-specific protein was detected. If 

the former, low expression of MORC1 was found in several types of diffuse large B-cell 

lymphomas (Figure 5.25) and neuroblastomas (Figure 5.27).  

5.3.3.2.1.1.2 MORC2 expression in neuroblastoma and pancreatic carcinoma 

MORC2 expected size was 118 kDa, however, MORC2 expression showed two bands of 

approximately 120 and 130 kDa in several cancerous cell lines (Figure 5.25, 5.26 and 5.27). 

From this analysis, the smaller band of 120 kDa is more likely to be MORC2 as it is similar to 

the expected size. There was low expression of MORC2 in several DLBCL subtypes (Figure 

5.25) however, there was a higher level of expression for neuroblastomas and pancreatic 

carcinomas (Figure 5.27).  
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Figure 5.25: Fluorescence detection western blotting using MORC polyclonal antibodies 

with lymphoma cell lines (20 µg). Cells were harvested, sonicated and 20µg was loaded onto 

an SDS-PAGE gel and used for fluorescence detection western blotting to determine the 

presence of protein. Membranes were probed with polyclonal MORC, β-actin and TBP 

antibodies, which were diluted in 5% milk and TBS-T. Membranes were detected using a Li-

COR Odyssey imagining system. MORC membranes and markers were imaged using the red 

channel (700nm) and control samples, TBP and β-actin, were imaged using the green channel 

(800nm).  

 

5.3.3.2.1.1.3 MORC3 was expressed in DLBCL, neuroblastoma and pancreatic 

carcinomas 

MORC3 expected size was 107 kDa, however, the fluorescent detection western blotting 

results show MORC3 expression at between approximately 120-140 kDa (Figures 5.25, 5.26 

and 5.27). MORC3 was highest expressing in DLBCLs and HEK293FT (Figure 5.25). MORC3 

was also expressed in some neuroblastomas and two types of pancreatic carcinomas, PSN1 and 
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Mia-Pa-Ca-2 (Figure 5.27). However, these polyclonal antibodies may not be validated 

suggesting that protein bands could be non-specific.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26: Fluorescence detection western blotting using MORC polyclonal antibodies 

with cancer cell lines (20 µg). Cells were harvested, sonicated and 20µg was loaded onto an 

SDS-PAGE gel and used for fluorescence detection western blotting to determine the presence 

of protein. Membranes were probed with polyclonal MORC, β-actin and TBP antibodies, 

which were diluted in 5% milk and TBS-T. Membranes were detected using a Li-COR Odyssey 

imagining system. MORC membranes and markers were imaged using the red channel 

(700nm) and control samples, TBP and β-actin, were imaged using the green channel (800nm). 
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Figure 5.27: Fluorescence detection western blotting using MORC polyclonal antibodies 

with cancer cell lines (20 µg). Cells were harvested, sonicated and 20µg was loaded onto an 

SDS-PAGE gel and used for fluorescence detection western blotting to determine the presence 

of protein. Membranes were probed with polyclonal MORC, β-actin and TBP antibodies, 

which were diluted in 5% milk and TBS-T. Membranes were detected using a Li-COR Odyssey 

imagining system. MORC membranes and markers were imaged using the red channel 

(700nm) and control samples, TBP and β-actin, were imaged using the green channel (800nm).  
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MORC4 recombinant protein control was detected (Figure 5.27 and 5.28). When utilising 20 

µg of protein extract, fluorescent detection western blotting showed that there was no 

detectable MORC4 protein in any lymphoma cell line, although it was observed for the non-

cancerous transformed human embryonic kidney cell line, HEK293FT, with a very faint band 

at approximately 125 kDa (Figures 5.25, 5.26 and 5.27). Hence, HEK293FT was also used 

across all western blotting experiments to assess and compare MORC4 expression across 

multiple western blots. In addition, there was also faint detection of MORC4 in the pancreatic 

adenocarcinoma cell line, PSN1 (Figure 5.27). Both β-actin and TATA-binding protein (TBP) 

(Lossos et al., 2003) were used as loading controls throughout MORC4 fluorescent detection 

western blotting. TBP is a nuclear protein transcription factor (Davidson, 2003), which has a 

molecular weight between 37-48 kDa. Both β-actin and TBP were detected at generally 

equivalent levels in all cell lines (although β-actin was more consistent) allowing for 

comparison. However, variations of TBP molecular weight were seen between each cell line 

(Figures 5.25, 5.26 and 5.27), in particular, the neuroblastoma SK-N-AS cell line, which 

expressed TBP at approximately 37 kDa instead of 50 kDa.   

In an attempt to identify MORC4 protein expression, fluorescent detection western blotting 

was also carried out using a greater quantity of protein per blotted sample (40 µg). (Figure 

5.28). MORC4 expression was also seen in the HEK293FT cell line, similar to the lower 

protein concentration western blot. However, two protein bands were visible (approximately 

100 kDa and 75 kDa), suggesting that there were two possible isoforms of MORC4 present in 

the HEK293FT cell line. It could also suggest degradation or non-specific background 

detection. As with HEK293FT, multiple bands were also seen in some myeloma, T-cell acute 
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lymphoblastic leukaemia (T-ALL) and colorectal adenocarcinoma cell lines, which could also 

suggest non-specific background detection or degradation (Figure 5.28).  

 

Figure 5.28: Fluorescence detection western blotting using a MORC4 polyclonal antibody 

with cancer cell lines (40 µg). Cells were harvested, sonicated and 40µg was loaded onto an 

SDS-PAGE gel and used for fluorescence detection western blotting to determine the presence 

of protein. Membranes were probed with either 1:1000 of commercial MORC4 or 1:2000 TBP 

antibodies, which were both diluted in 5% milk and TBS-T. Primary antibodies were incubated 

at room temperature for 4 hours. Membranes were detected using a Li-COR Odyssey imagining 

system and all membranes were imaged using the red channel (700nm). Blue arrows represent 

the MORC4 protein band in the HEK293FT cell line (102 kDa). 
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5.3.3.2.2 Detection of MORC proteins using enhanced chemiluminescence (ECL) western 

blotting 

5.3.3.2.2.1 MORC4 protein expression  

Enhanced chemiluminescence (ECL) western blotting was also used to investigate MORC4 

protein expression in several human cancer cell lines, using the same commercial polyclonal 

MORC4 antibody utilised in fluorescence detection western blotting. This was to assess if ECL 

was more sensitive as MORC4 was previously only detected in the HEK293FT cell line by 

fluorescent detection western blotting (Section 5.3.3.2.1). ECL detection showed fairly even 

detection of the loading control protein TBP, with expression at approximately 40 kDa for the 

majority of cell lines except for SK-N-AS (Figure 5.31), which expressed TBP at 

approximately 37 kDa. ECL western blotting revealed low MORC4 protein expression for 

OCI-Ly3, HBL-1 and HLY-1 and ABC-DLBCL lymphoma cell lines at 100 kDa, however, no 

bands were detected in GCB-DLBCL lines or RIVA and SU-DHL-2 ABC DLBCL cell lines 

(Figure 5.29). This data had a similar pattern to results seen in qRT-PCR analysis (Section 

5.2.2), which is also supported by a previous study that identified MORC4 as a potential 

biomarker of ABC-DLBCL ( Liggins et al., 2007). LIB, an unidentified DLBCL cell line and 

HEK293FT showed high levels of expression of MORC4, also present at 100 kDa (Figure 

5.29), with HEK293FT also showing bands at 25 kDa and 37 kDa, although likely reflecting 

protein possible degradation. This result may suggest that perhaps the DLBCL cell line, LIB, 

belongs to the ABC subtype as no expression of GCB subtypes was detected. Overall, this also 

suggests that OCI-Ly3, HBL-1, HLY-1, LIB and HEK293FT cell lines express the full-length 

MORC4 isoform.  
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Figure 5.29: Enhanced chemiluminescence (ECL) western blotting conditions of MORC4 

polyclonal antibody and TBP with cancer cell lines (40 µg).Cells were harvested, sonicated 

and 40µg was loaded onto an SDS-PAGE gel and used for enhanced chemiluminescence 

detection western blotting to determine the presence of protein. Membranes were probed with 

either MORC4 polyclonal (1:1000) or TBP (1:2000), which had been diluted 5% milk and 

TBS-T. Primary antibodies were incubated at 4°C for 12 hours. MORC4 and TBP membranes 

were detected using a BM ECL blotting substrate (POD) kit and exposed in a dark room for 30 

minutes and 100 minutes, respectively. Blue arrows represent the expected size of MORC4 

(102 kDa).    

Colorectal adenocarcinoma cell lines, HCT116+/+ and SW48 also exhibited protein expression 

of MORC4 (Figure 5.29). In addition, the HCT29 colorectal adenocarcinoma cell line also 

expressed MORC4 but at a lower level (Figure 5.29). Cell lines expressing lower levels of 

MORC4 included myeloma and T-ALL cell lines. However, all of these cell lines exhibited a 

potential MORC4 band at approximately 100 kDa, suggesting expression full-length MORC4 

was present in these cell lines. All myeloma cell lines and one T-ALL cell line (RPMI8402) 

also showed a potential MORC4 band at 250 kDa, suggesting a large novel MORC4 isoform, 

perhaps unresolved dimeric MORC4 similar to other MORC proteins (Douse et al., 2018; Li 

et al., 2016) or non-specific background detection (Figure 5.29). In addition, several smaller 

protein bands were visible below the 100 kDa MORC4 band, suggesting protein degradation. 

Finally, MORC4 protein bands were also seen between approximately 37-50 kDa, which could 

also be either several isoforms of MORC4 or degradation of MORC4.   

In addition, low expression of the 250 kDa MORC4 putative dimer was also present in 

neuroblastoma cell line, SH-SY5Y. This also suggests that a large MORC4 isoform or perhaps 

unresolved dimeric MORC4 is present in this sample, as with myeloma and T-ALL cell lines. 

Higher expression of the 100 kDa MORC4 isoform was visible in both pancreatic carcinoma 

cell line PSN1 and breast adenocarcinoma cell line MDA-MB-468 (Figure 5.29). Similar to 

other cell lines, pancreatic adenocarcinoma and breast adenocarcinoma cell lines also showed 

MORC4 protein bands between 37-50 kDa, suggesting degradation of MORC4.  
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The ECL western blot analysis using polyclonal antibodies seemed to be more sensitive than 

fluorescent detection western blotting. HEK239FT, PSN1, HBL-1, HCT116+/+, SW48 and 

HeLa cell lines exhibited higher MORC4 protein levels than other cancer cell lines probed. 

This result correlated with the qRT-PCR data, which was particularly noticeable for the ABC-

DLBCL cell lines, suggesting a relationship between RNA and protein levels as expected, 

although, MORC4 levels are generally low overall. This could indicate that MORC4 protein 

levels could be detected using immunohistochemistry  

 

5.4 Discussion 

MORC4 mRNA and protein expression analysis was utilised throughout this chapter in an 

attempt to indicate potential involvement of MORC4 in human cancers, which may ultimately 

be reflected in MORC4 function. This chapter included a combination of both RNA and protein 

analysis to investigate MORC4 expression in a number of diseases, which could give an insight 

into the function of MORC4 in relation to human cancers. 

5.4.1 MORC4 RNA analysis 

In an attempt to study mRNA transcripts of MORC4 in several cancer cell lines, non-

quantitative (endpoint) reverse transcription (RT)-PCR was used to identify potential MORC4 

splice variants following sequence analysis of known splice variants. RT-PCR determined that 

of the cell lines used in this study, all of them expressed transcripts containing exons that 

encode the MORC4 N-terminal ATPase region. However, some cell lines appeared to encode 

the C-terminus of MORC4 encoding terminal ‘GAS’ residues, but the majority of cell lines 

expressed transcripts with the encoding C-terminal end in common with both ‘HILD’ and 

‘GAS’ isoforms. The majority of cell lines tested detected nearly full-length MORC4 (F1/R4 

primer combination) except for neuroblastoma cell lines. In addition, some cell lines such as 

SW48 and PSN1 detected a larger transcript of MORC4 at 2.5 kb instead of the more 
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commonly detected 2.1 kb full-length transcript. This suggests that both SW48 and PSN1 may 

contain a MORC4 isoform comprising the coiled coil region. This also indicates that there were 

functional differences in MORC4 isoforms as there were differences in the MORC4 transcript 

sizes between cell lines. HEK293FT cell line was also found to have the large 2.5 kb splice 

variant in addition to high protein expression, this could suggest that perhaps loss of MORC4 

is associated with cancer cells. Some cell lines also had multiple PCR products, which could 

be from non-specific amplification or multiple different MORC4 transcripts expressed 

simultaneously, for example the 2.1 and 2.5 kb products found in some cell lines. This may 

suggest that there could be multiple but different coinciding roles for MORC4. In an attempt 

to confirm the identity of MORC4 transcripts and to rule out any non-specific products, future 

work may include the extraction of the amplified RT-PCR products, which would then be 

cloned and sequenced to confirm identity.  

Quantitative (q)RT-PCR analysis identified several cancer cell lines with relatively high 

MORC4 mRNA expression. Lymphoma cell lines expressed MORC4 mRNA at lower levels 

when compared to other types of cancer cell lines, such as colorectal adenocarcinoma and 

breast cancer cell lines. However, ABC-DLBCL cell lines (e.g. HBL-1, HLY-1 and OCI-Ly3) 

appeared to express MORC4 at higher levels than GCB-DLBCL cell lines (e.g. DB, SUD-

HL10 and MIEU), although it was not statistically significant following statistical analysis. 

These results are similar to a previous study, which also found that ABC-DLBCL (HLY-1 and 

OCI-Ly3 cell lines were higher expressing than GCB-DLBCL (DB, SUD-HL10 and SUD-

HL6) ( Liggins et al., 2007). In addition, ER-negative breast cancer cell lines had higher 

expression of MORC4 than ER-positive breast cancer cell lines, suggesting that perhaps 

MORC4 plays a role in ER-negative cancer.  

Ideally, qPCR analysis would have also included mRNA expression of normal non-cancerous 

B-cells such as CD19+ and CD20+ cell lines, similar to a previous study ( Liggins et al., 2007). 
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However, normal B-cells were not available for this analysis. Analysis of non-cancerous B-

cells is important for future work to this study, in order for true normalisation of B-cell 

lymphomas and for full normalisation with normal cells. In addition to lymphoma cell lines, 

colon, pancreatic and breast cancer cell lines also showed relatively high expression of 

MORC4. Furthermore, it would be important to produce biological replicates of this 

experiment by using cells grown from a separate passage. In addition, the identity of the cells 

should be tested using short tandem repeat (STR) typing (Butler, 2007; Dirks et al., 2005) and 

mycoplasma testing to eliminate the possibility of contamination as mycoplasma can affect the 

metabolic function and cell morphology (Nikfarjam and Farzaneh, 2012). It would also be 

important to produce technical replicates performed in this study. In addition, another qPCR 

probe could be utilised to determine expression of MORC4 as qPCR probes only span one 

exon boundary, in particular, the 13-14 exon boundary at 1779 bp in MORC4. 

A previous study suggested that MORC4 mRNA is expressed significantly higher in DLBCL 

cells compared to normal healthy B-cells, which indicates that MORC4 is a potential DLBCL 

biomarker ( Liggins et al., 2007). Similarly, bioinformatic analysis using RNA expression 

datasets revealed differences in expression of MORC4 between non-cancerous tissues and 

cancerous tissues, including DLBCL. The RNA expression atlas database (EBI) suggested that 

MORC4 is expressed at low levels in several types of tissue. The placenta was the highest 

expressing tissue followed by adrenal gland and the testis. Similar to RNA expression database 

results, one study also suggested that MORC4 is expressed at low levels in several non-

cancerous tissues specifically, the placenta and the testis ( Liggins et al., 2007). The EBI RNA 

expression atlas also suggested that MORC4 is expressed at low levels in colon tissue. GENT2 

analysis also indicates that there is a significant increase in RNA expression of MORC4 in 

colon adenocarcinoma compared to non-cancerous colon tissue. EBI analysis also revealed that 

there is high expression of MORC4 in the colon adenocarcinoma cell line, SW48. Kaplan-
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Meier plots also indicate that high expression of MORC4 decreases survival in patients with 

colon adenocarcinoma whereas, patients with low expression of MORC4 have a higher 

probability of survival. Furthermore, evidence also suggests that there is an SNP on the 

CLDN2-MORC4 locus, which has been thought to cause inflammatory bowel disease 

(Soderman et al., 2013). Overall, this data could suggest that MORC4 may play a role in colon 

adenocarcinoma. However, more evidence is required to identify MORC4 role in cancer.  

In addition to colon adenocarcinoma, breast adenocarcinoma was also analysed using RNA 

expression databases. Both GEPIA and GENT2 databases revealed that there was higher 

expression of MORC4 in breast adenocarcinoma tissue compared to normal non-cancerous 

breast tissue. Survival and prognosis probability were also analysed using Kaplan-Meier plots. 

The results revealed that there was a poor prognosis of patients with breast adenocarcinoma 

with high expression of MORC4, similar to (Yang et al., 2019). 

EBI RNA expression atlas revealed that MORC4 was expressed at low levels in the pancreas, 

similar to another study which investigated expression levels of MORC4 in normal tissues ( 

Liggins et al., 2007). Analysis of the EBI dataset also revealed high expression of MORC4 in 

the pancreatic adenocarcinoma cell line, PSN1. Both GENT2 and GEPIA databases revealed 

that pancreatic adenocarcinoma had significantly higher expression of MORC4 compared to 

normal non-cancerous pancreatic tissue. Interestingly, some evidence also suggests that the 

(CLDN2)-MORC4 locus has an SNP associated with chronic pancreatitis (Monique H Derikx 

et al., 2015). Survival and prognosis analysis using PROGgeneV2 and the Kaplan-Meier 

plotter both demonstrated that high levels of MORC4 expression have a higher probability of 

survival, unlike a breast cancer study, which suggested that MORC4 could be a breast cancer 

oncogene after concluding that high levels of MORC4 expression correlated with a poorer 

outcome, in addition to knockdown of MORC4 promoting apoptosis (Yang et al., 2019). 
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Following RNA analysis using a combination of RT-PCR, qRT-PCR and RNA expression 

databases, several similarities were found across all analyses. The RNA expression database, 

EBI, revealed that there was high expression of MORC4 in the colon adenocarcinoma cell 

lines, SW48, similar to results from qPCR. In addition, the EBI database also showed high 

expression of MORC4 in the pancreatic adenocarcinoma cell line, PSN1, which was also seen 

in the qPCR results herein. Conversely, the Mia-Pa-Ca-2 pancreatic cancer cell line did not 

show such a high level of RNA MORC4 expression as PSN1, suggesting that more pancreatic 

cell lines are required for analysis of MORC4 RNA and protein expression, in addition to a 

normal transformed pancreatic cell line in order to determine that MORC4 expression is 

upregulated in pancreatic cancer. Of several cancer cell lines tested, PSN1, had the highest 

MORC4 expression of all cell lines following qRT-PCR. Some evidence suggests that healthy 

non-cancerous pancreatic tissue expresses a low level of MORC4 ( Liggins et al., 2007). 

Evidence also suggests that the X chromosomal linked Claudin 2 (CLDN2)-MORC4 locus has 

a single nucleotide polymorphism (SNP) (when a specific single nucleotide varies between 

species or humans), which is associated with chronic pancreatitis (Monique H Derikx et al., 

2015). Similarly, an SNP on the CLDN2-MORC4 locus was also found to cause inflammatory 

bowel disease (Soderman et al., 2013). The qPCR results also showed high MORC4 expression 

of HCT116+/+ and SW48 colorectal adenocarcinoma cell lines. These results suggest that 

MORC4 could play a role in both colorectal cancer and pancreatic adenocarcinomas, although 

more evidence is required to determine MORC4 function in these diseases. In addition to 

pancreatic and colon cancer, breast adenocarcinoma cell line MDA-MB-231 showed relatively 

high expression of MORC4 following qPCR and several RNA databases showed evidence that 

MORC4 expression was higher in breast cancer than normal healthy breast cells. The evidence 

found in this study was also similar to a previous study, which used RNA analysis to come to 

the conclusion that MORC4 is a breast cancer oncogene (Yang et al., 2019).  
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5.4.2 MORC4 protein analysis  

MORC4 protein analysis was important for helping to determine function of MORC4 as 

proteins are functional molecules and clinical samples can only be analysed using protein 

analysis and antibodies, hence the optimisation and characterisation of novel MORC4 

monoclonal antibodies was an important part of this study. In an attempt to verify MORC 

monoclonal antibodies in mammalian cell lines, full-length MORCs were cloned using ligation 

independent cloning (LIC) into mammalian expression plasmids, pCDNA3-N-FLAG-LIC and 

pCDNA3-N-HA-LIC to ensure the antibodies did not recognise other MORC paralogues. Prior 

to cloning of full-length MORC DNA, MORCs were amplified using PCR. MORC1-3 were 

amplified using a standard PCR protocol. However, MORC4 only amplified with a mix of 

Phusion® high fidelity DNA polymerase and hot start standard MyTaq™ DNA polymerase 

with addition of hot start DNA polymerase buffer to amplify full-length MORC4 DNA without 

any mutations. Some evidence suggests that fast-acting Taq DNA polymerase has the ability 

to introduce errors into synthesised DNA 10-fold, compared with Phusion® high fidelity DNA 

polymerase (McInerney et al., 2014). This suggests that a mixture of both DNA polymerases 

could indicate that MyTaq™ DNA polymerase is able to initiate DNA synthesis and Phusion® 

high fidelity DNA polymerase prevents the formation of mutations by using 3’-5’ exonuclease 

activity (Bębenek and Ziuzia-Graczyk, 2018) to remove misincorporated nucleotides by Taq 

polymerase. Similar experiments have been demonstrated where DNA polymerases with 

different properties have been mixed in an attempt to overcome issues associated with 

amplification of DNA during PCR, especially when amplifying large DNA templates (Śpibida 

et al., 2017). Furthermore, MyTaq™ DNA polymerase buffer was also used, which contained 

dNTPs, MgCl2 and a number of stabilisers and enhancers at an optimal concentration, unlike 

Phusion® high fidelity DNA polymerase where additional additives were required manually. 
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This could suggest that the use of MyTaq™ DNA polymerase buffer resulted in less error and 

therefore generated the amplification of full-length MORC4.  

Following cloning of full-length MORCs with the use of mammalian plasmids, FLAG-tagged 

and HA-tagged full-length MORCs were transfected into several mammalian cell lines 

including U2OS, HEK293FT, HeLa and COS-1 monkey cell line. Only successful expression 

of MORC1 and MORC2 was seen in HEK293FT cell line. No expression was found for 

MORC3 and MORC4 in any of the cell lines, suggesting that perhaps the isoforms of MORC4 

used to create epitope-tagged MORCs were not stable in these cell lines. Overall, this indicates 

that this method could not be utilised for verification of MORC4 monoclonal antibodies. Future 

work may include validation of antibodies using recombinant MORC4 protein and western 

blotting. 

Several cancer cell lines were studied to investigate MORC4 protein expression using the anti-

MORC4 monoclonal antibodies. However, there was no detected expression of MORC4 found 

in any cell line even with the use of undiluted antibody from hybridoma cultures. Although 

monoclonal antibodies were validated to recognise MORC4 protein (as BSA was not detected), 

it could suggest that the antibodies were too weak (or dilute) to detect the low levels of MORC4 

in cell lines. Future work for this study could include western blotting against recombinant 

MORC1, MORC2 and MORC3 in addition to purifying the monoclonal antibodies from the 

hybridoma supernatants and concentrating them, in an attempt to detect the low level of 

MORC4. To overcome this issue using MORC4 monoclonal antibodies, an anti-MORC4 

polyclonal antibody, which binds to multiple epitopes of MORC4 and has recently been used 

in another published study (Yang et al., 2019), was used to investigate MORC4 protein 

expression. Low expression of MORC4 protein was found in some of the lymphoma cell lines 

when using 40 µg of blotted protein extract, suggesting that MORC4 protein expression was 

low in lymphomas. Although, ECL western blotting did identify higher levels of MORC4 
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expression in ABC-DLBCL compared to GCB-DLBCL, which was also reflected in the qRT-

PCR results. Conversely, SU-DHL-2 and RIVA ABC-DLBCL cell lines did not show a high 

level of MORC4 expression compared to GCB-DLBCL, however, this could reflect disease 

heterogeneity. Interestingly, a study which investigated MORC4 RNA expression levels in 

DLBCL subtypes, also found that MORC4 had higher expression in ABC-DLBCL compared 

to GCB-DLBCL (Liggins et al., 2007). Higher MORC4 protein expression was found for 

neuroblastoma, pancreatic carcinoma and breast adenocarcinoma cell lines, than in lymphoma 

cell lines. Fluorescent detection western blotting requires an SDS wash stage for the secondary 

antibody to reduce the background. This detergent wash may be responsible for removal of 

some of the primary antibody as SDS is a strong detergent. This could explain why the ECL 

detection western blotting was more sensitive even though the same primary polyclonal 

antibody was used for both detection methods.  

Using the MORC4 polyclonal antibody, MORC4 protein expression was detected in 

HEK293FT transformed human embryonic kidney cell line, HCT116+/+ and SW48 colorectal 

adenocarcinoma cell lines, pancreatic carcinoma PSN1 cell line and MDA-MB-468 breast 

adenocarcinoma cell line. In some cell lines it was evident there was a protein band at 250 kDa, 

suggesting a large novel MORC4 isoform. This could indicate a retained intron from splicing, 

which can be a common occurrence in cancers (Dvinge and Bradley, 2015; El Marabti and 

Younis, 2018), with some studies suggesting that intron retention is important for gene 

regulation (Jacob and Smith, 2017).  

In addition, the housekeeping protein, β-actin, was detected in all cell lines, with equivalent 

loading observed for comparisons to be made between sample. TATA box-binding protein 

(TBP) control was also detected cell lines, albeit with more variable expression levels. There 

was, however, molecular weight variation in each sample ranging from 37 to 50 kDa. Evidence 

suggests that the N-terminal of TBP consists of a long chain of glutamines (CAG repeats), 
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which regulate the DNA binding activity of the C-terminus. The number of N-terminal CAG 

repeats varies depending on health and disease. Healthy humans have approximately 27-44 

CAG repeats whereas, there can be approximately 50-55 CAG repeats in a human with a 

disease (Zühlke et al., 2001). Some evidence also suggests that the longer the length of the 

CAG repeat, the more serious the disease (Xiang et al., 2018). This suggests an explanation for 

the molecular weight variation seen in TBP protein expression. It also indicates that 

neuroblastoma (except for SK-N-AS), pancreatic carcinoma and breast adenocarcinoma 

cancers are more severe than other cancers tested in this experiment as they have a larger 

expression of TBP.   

5.4.3 Overview of MORC4 RNA and protein expression analysis 

5.4.3.1 Diffuse large B-cell lymphoma (DLBCL) 

The GEPIA RNA database suggested that MORC4 RNA was significantly more expressed in 

DLBCL cells compared to normal cells. However, the expression level in transcripts per 

million (TPM) was low compared to several other types of diseases. Interestingly, this was also 

seen in a previous study (Liggins et al., 2007) and in this study, where MORC4 RNA was 

expressed at low levels in comparison to other types of diseases. More specifically, low 

expression of MORC4 mRNA in lymphoma cell lines was seen, with the highest expression in 

HBL-1 and HLY-1 ABC-DLBCL cell lines. This relatively low RNA expression could explain 

why there appeared to be very low detection of MORC4 protein in DLBCL cells following 

western blotting, although some protein expression was seen in ABC lines HLY-1 and HBL-1 

but at much lower levels than other cell lines. Furthermore, high mRNA expression does not 

necessarily correlate with a high expression of protein (Greenbaum et al., 2003), suggesting 

that although there is a significant increase of MORC4 mRNA in cancerous cell lines, it does 

not automatically correspond to a higher level of MORC4 protein (Yansheng Liu et al., 2016). 

An example is a study which investigated three genes associated with prostate cancer and 
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showed no significant relationship between RNA expression and protein expression of these 

genes (Lichtinghagen et al., 2002). However, another study found a strong correlation between 

RNA expression in several human carcinomas and protein expression levels (Ørntoft et al., 

2002).  

There are several potential reasons for poor correlation between levels of RNA and protein 

(Greenbaum et al., 2003). One example is that there are multiple post-transcriptional 

modifications that can occur in the process of translating mRNA into protein (Nachtergaele 

and He, 2017) such as methylation of mRNA with N6- methyladenosine (m6A), 5-

methylcytosine (m5C) (Qiu Li et al., 2017) or 2`-O-methylation (Nm) (Dimitrova et al., 2019) 

chemical modifications. The most common RNA post-transcriptional modification in stable 

RNA is pseudouridine (ψ), formed by isomerisation of uridine (Zhao et al., 2018).  

5.4.3.2 Colon adenocarcinoma 

RNA database analysis suggested that colon adenocarcinoma cell lines, specifically SW48, 

expressed high levels of MORC4. In addition, qRT-PCR analysis also revealed that colon 

adenocarcinoma cell lines also expressed relatively high levels of MORC4, which was 

significantly higher than in lymphoma cell lines. Protein analysis also showed high MORC4 

expression in SW48 and HCT116+/+ colon adenocarcinoma cell lines, indicating that there 

was a correlation between RNA expression and protein expression in colon adenocarcinoma.  

5.4.3.3 Breast adenocarcinoma 

RNA databases suggested that there was higher expression of MORC4 in breast cancer cells 

compared to normal healthy breast cancer cells. RNA databases Kaplan-Meier plots are 

showed that the higher the expression of MORC4, the lower the chance of survival. Similar to 

these RNA expression database results, one study revealed over expression of MORC4 in 

breast adenocarcinoma (Yang et al., 2019). The previous study also demonstrated high protein 
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expression of breast adenocarcinoma cell lines MDA-MB-231 and MCF7 using western 

blotting (Yang et al., 2019). Contrary to this study, very low expression was seen for both of 

these cell lines herein, which were more likely degradation or non-specific bands. The previous 

study also found evidence that MORC4 protein expression was upregulated in breast cancer, 

more specifically, the MDA-MB-231 breast adenocarcinoma cell line (Yang et al., 2019). 

Similar to the qRT-PCR result in this study, MDA-MB-231 and MCF7 were highly expressed 

when examined by western blotting and were found to be playing a crucial role in breast cancer 

in the previous study, as when MORC4 was knocked down, cancer cell growth was inhibited 

(Yang et al., 2019).  

5.4.3.4 Pancreatic carcinoma  

RNA databases suggested that there was low RNA expression of MORC4 in normal pancreatic 

tissue. However, there was an increase in expression of MORC4 in pancreatic carcinoma cells, 

specifically, the PSN1 cell line. Similar to this RNA database analysis, PSN1 had the highest 

MORC4 mRNA expression of all cell lines tested following qRT-PCR. Western blotting also 

determined that PSN1 expressed MORC4, suggesting that there was a correlation between 

expression of MORC4 mRNA and protein in pancreatic carcinoma. Overall, this could suggest 

that MORC4 could play a role in pancreatic carcinoma. Although, it is not clear if this would 

be a negative or positive role as RNA analysis Kaplan-Meier plotter revealed that higher 

expression of MORC4 in pancreatic carcinoma led to a higher chance of survival in patients. 

Future work would be important to test additional cell lines as the other pancreatic cell line, 

Mia-Pa-Ca-2, was low in comparison to the PSN1 cell line.   

5.4.4 Summary and future work 

Colon adenocarcinoma, breast adenocarcinoma, pancreatic carcinoma and DLBCL cell lines 

all showed high level of expression in both mRNA and protein analyses (Figure 5.30). This 

may suggest that enhanced MORC4 expression could be playing an important role in these 
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diseases. For example, it appeared that MORC4 was at higher levels in ABC-DLBCL cell lines 

than GCB-DLBCL (Figure 5.30), supported by protein and mRNA analysis in this study and 

in previous RNA studies ( Liggins et al., 2007). It may also suggest that perhaps MORC4 is a 

biomarker for ABC-DLBCL, which could also be involved in the aggression of ABC-DLBCL.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.30: Summary heatmap representation of MORC mRNA expression and protein 

expression levels. MORC4 mRNA expression and protein expression levels of MORC1, 

MORC2, MORC3 and MORC4 in cancer cell lines utilised throughout this study. Data utilised 

for the mRNA heatmap was taken from the quantitative qPCR of all cell lines. Data for the 

protein heatmap was taken from the semi-quantitative western blots.  
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Future work may include additional analysis of additional cell lines such as pancreatic and 

colon cancer as they were found to express MORC4 at relatively high levels. More cell lines 

would be required to support evidence that MORC4 is highly expressing in these specific types 

of cancers. In addition, a different probe could be utilised for qPCR analysis as qPCR probes 

only amplify one exon boundary. Therefore, it would be interesting to investigate other exon 

boundaries in an attempt to further analyse the expression of MORC4. In regard to RT-PCR 

analysis, it would be ideal to extract RT-PCR transcripts and clone them in order to identify 

sequences in addition to examining if products were non-specific, which could be investigated 

using next generation sequencing (Kukurba and Montgomery, 2015). Following identification 

of a stable isoform of MORC4, functional cell biological studies such as CRISPR/siRNA 

knockdown of MORC4 or exogenous MORC4 overexpression could be performed in addition 

to analysis of subsequent effects on proliferation, migration and resistance to chemotherapeutic 

drugs. In addition to future work regarding RNA analysis, it would also be beneficial to expand 

on protein analysis such as investigating expression of MORC 1-3 proteins using ECL western 

blotting and polyclonal antibodies, as ECL seemed to be more sensitive with the use of the 

commercial MORC4 polyclonal antibody. Furthermore, it would be useful to optimise MORC4 

polyclonal and monoclonal antibodies for immunohistochemistry analysis on clinical formalin-

fixed, paraffin-embedded (FFPE) sections to assess if there is any correlation in expression 

with clinical features.  
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Chapter 6 General discussion 

 

Microrchidia (MORC) is a highly conserved family of proteins (Iyer et al., 2008), which have 

been found to bind to methylated histones in chromatin, suggesting a role in chromatin 

remodelling (Li et al., 2013). There are four members of the MORC protein family in humans, 

including MORC1, MORC2, MORC3 and MORC4 (Li et al., 2013). There is also a fifth 

related protein known as structural maintenance of chromosomes flexible hinge domain 

containing 1 (SMCHD1) (Blewitt et al., 2008), which is thought to function as a tumour 

suppressor (Leong et al., 2013). The structures and biochemistry of MORC2 and MORC3 are 

relatively well-characterised, with recent evidence suggesting that they both dimerise in the 

presence of ATP (Douse et al., 2018; Li et al., 2016). However, MORC4 is currently 

uncharacterised, with some evidence suggesting that it is a potential biomarker of specific 

subtypes of lymphoma ( Liggins et al., 2007). Domain architecture prediction and sequence 

analysis has also revealed that MORC3 and MORC4 appear related, suggesting that they could 

have a similar function. Whereas, MORC1 and MORC2 are different in structure and sequence 

(Zhang et al., 2019). This study predominantly aimed to biochemically and structurally 

characterise MORC4 with an aim to determine MORC4 function.  

Previous studies also suggest that MORC4 is highly expressed in a specific type of non-

Hodgkin lymphoma known as diffuse large B-cell lymphoma (DLBCL). More specifically, 

MORC4 mRNA levels were found to be upregulated in activated B-cell (ABC)-DLBCL 

compared to germinal center B-cell (GCB)-DLBCL and healthy B-cells, suggesting that 

MORC4 is a potential biomarker of ABC-DLBCL ( Liggins et al., 2007). However, MORC4 

protein expression in lymphoma cell lines is required to further assess the expression with 

monoclonal antibodies. The second part of this study investigated MORC4 mRNA and protein 

expression in several cancer cell lines in an attempt to investigate expression in cancer, which 
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could lead to an insight into MORC4 as a potential biomarker. In addition, MORC4 has 

recently been identified as a breast cancer oncogene and evidence suggests that MORC4 is 

overexpressed in breast cancer cell lines, giving rise to a poor prognosis. Therefore, this study 

also aims to study a number of cancer cell lines to investigate mRNA and protein expression 

levels of MORC4 to investigate its potential as a cancer biomarker. 

Ligation independent cloning (LIC) was used to produce truncated fragments of MORC4 with 

the addition of an affinity tag in an Escherichia coli expression vector, in an attempt to produce 

soluble and highly expressing MORC4 proteins. MORC4 proteins included the ATPase 

domain only, Zf-CW domain only and both domains in tandem. These MORC4 proteins were 

expressed at a large-scale in E. coli and purified to milligram quantities. Pure MORC4 protein 

was then utilised for use in structural and biochemical characterisation studies of MORC4. 

Although several MORC4 truncated proteins were produced via this high-throughput method, 

the tandem domain ATPase-Zf-CW protein MORC429-480 was used throughout this study for 

characterisation of MORC4, as it was a high yielding and could be purified to homogeneity.  

Structural characterisation was attempted using crystallisation studies and pure MORC429-480 

protein where several crystals were formed during crystallisation trials. However, MORC4 

crystals were only present in samples containing AMP-PNP, suggesting that MORC4 

dimerises in the presence of AMP-PNP, as with MORC2 (Douse et al., 2018) and MORC3 (Li 

et al., 2016). Both MORC2 and MORC3 structures were solved as dimeric structures with the 

addition of AMP-PNP, providing evidence that perhaps MORC4 may also dimerise in the 

presence of AMP-PNP. Following X-ray diffraction screening, attempts at optimising 

MORC429-480 crystals did not result in diffraction at a sufficient resolution to solve the structure 

of MORC429-480, suggesting that a more powerful X-ray source such as high intensity 

synchrotron radiation (Lindley, 1995) may have been required to diffract the protein crystals 

at a higher resolution. Furthermore, other MORC4 fragments could be utilised in the future in 
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addition to wider crystal screen optimisations and reductive methylation to achieve a higher-

resolution structure MORC429-480. Another issue faced throughout crystallisation trials was the 

limited quantity of available recombinant protein. Robotic handling systems would have helped 

to reduce the volumes of protein required for crystallisation trials, which would allow a greater 

range of crystallisation space to be screened with the limited amount of protein available.  

Chemical crosslinking also indicated that wild type (WT) MORC429-480 could dimerise in 

presence of AMP-PNP (Figure 6.1). Whereas, several mutants were expected to prevent 

binding of ATP or AMP-PNP following similar mutations in MORC2, did not show any 

evidence of dimerisation, also suggesting that AMP-PNP (and hence, ATP) is required for 

MORC4 homodimerisation as with MORC2 (Douse et al., 2018) and MORC3 (Li et al., 2016). 

Although both of these experiments suggested that MORC4 has the potential to dimerise, it 

was not clear from the size exclusion chromatography-multiple angle laser light scattering 

(SEC-MALLS) and analytical SEC experiments with MORC429-480 in the presence of AMP-

PNP. However, MORC2, demonstrated dimerisation using similar techniques (Douse et al., 

2018). SEC-MALLS suggested that MORC429-480 molecular weight was at least 12 times the 

known molecular weight of MORC429-480, suggesting that SEC-MALLS could not be used to 

accurately determine oligomeric status of MORC4. Although, the low amount of dimeric 

MORC4 formed in chemical crosslinking experiments suggests that dimerisation is not a tight 

interaction.  

Analytical SEC accurately determined the molecular weight of the MORC429-480 monomer in 

the absence of AMP-PNP. However, in the presence of AMP-PNP the protein did not resolve 

at the expected molecular weight of 100 kDa, instead the protein was resolved at 50 kDa, 

suggesting that other methods may be required to detect this weak interaction with AMP-PNP. 

Other techniques such as analytical ultracentrifugation, which can be used to analyse the 

oligomeric status of proteins by investigating the sedimentation of biological molecules using 
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centrifugation (Lebowitz et al., 2002), could be used to assess MORC429-480 oligomerisation in 

the presence of AMP-PNP/ATP in the future. Furthermore, native electrophoresis could have 

also been used to analyse the oligomeric status of MORC429-480,  as native electrophoresis 

allows proteins to separate in their native state, leading to resolution of protein oligomers 

(Nowakowski et al., 2014).  

Despite the fact that the structure of MORC4 could not be solved over the course of this project, 

protein homology modelling allowed some interpretation of the predicted structure of MORC4 

based on MORC2 and MORC3 structures. Multiple sequence alignments (MSAs) of human 

MORCs revealed that the ATPase domain is highly conserved across all human MORC 

paralogues. Homology modelling also demonstrated that the ATPase domain of MORC3 and 

MORC4 are structurally similar. However, the C-terminal domains of all human MORC 

paralogues were not conserved, suggesting that the C-terminal domain may have different roles 

and functions for each MORC paralogue. SWISS-MODEL homology modelling predicted that 

MORC4 could dimerise, as with MORC2 (Douse et al., 2018) and MORC3 (Li et al., 2016). 

The respective residues which bind to AMP-PNP in MORC3 were present in the MORC4 

homology model, suggesting that MORC4 does bind to (and hydrolyse) ATP (Figure 6.1). 

Furthermore, the behaviour of the protein during crystallisation studies and chemical 

crosslinking also suggested that MORC4 dimerises in the presence of AMP-PNP. Homology 

modelling and biochemical characterisation of MORC4 gave an insight into the function of 

MORC4 and suggested that as with MORC2 and MORC3, MORC4 could also dimerise in the 

presence of the ligand AMP-PNP (Figure 6.1). This suggests that MORC4 also binds to ATP, 

leading to ATP hydrolysis. This may also lead to the hypothesis that MORC4 could utilise 

ATP hydrolysis to function as a chromatin remodeller, as with MORC2 (Xie et al., 2019) and 

MORC3 (H Andrews et al., 2016). However, further experiments would be required to 

determine if MORC4 functions as a chromatin remodeller. Chromatin association assays were 
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used to determine that MORC3 recruits chromatin, specifically, via H3K4me3 (H Andrews et 

al., 2016; Zhang et al., 2019), suggesting that MORC3 is an ATP-dependent chromatin 

remodeller. In addition, chromatin association assays could be used to investigate MORC4 

binding to chromatin as well as ATP-dependent nucleosome remodelling assays to assess 

MORC4 chromatin remodelling activity (Chen et al., 2014). ATPase assays would also be 

required to investigate the ATPase activity of MORC4, similar to those experiments utilised to 

confirm MORC2 (D Q Li et al., 2012) and MORC3 (H Andrews et al., 2016) as ATPases. 

Although an initial ATPase assay was optimised with a bacterial control DNA-dependent 

ATPase, (RecA) in this study it was not possible to investigate the ATPase activity of MORC4 

due to time constraints.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Schematic representation of the predicted quaternary structure of MORC4 

homodimerisation and the potential CW domain interaction with methylated H3K4. 

MORC4 could bind to the of non-hydrolysable ligand, AMP-PNP/Mg2+, leading to 

homodimerisation. The CW domain of MORC4 interacts with methylated H3K4. ATPase 

domains are shown as purple ovals; Zf-CW domains are shown as blue ovals and methylated 

histone is highlighted in red. 

 

In addition, the MORC3 Zf-CW domain interacts with the H3K4me3 peptide, allowing 

MORC3 to bind to chromatin (H Andrews et al., 2016). In an attempt to assess MORC4 as a 

chromatin remodeller and binding to methylated histones, isothermal titration calorimetry 

(ITC) assays could be utilised to investigate the strength of the binding interaction (Duff  Jr et 
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al., 2011) between MORC4 protein and histone peptides, similar to MORC3 (Li et al., 2016). 

A previous study has found that MORC4 CW domain is involved binding to histone tails, 

particularly methylated H3K4 (Figure 6.1) (Hoppmann et al., 2011; Yanli Liu et al., 2016), 

suggesting that MORC4 plays a role in binding of chromatin as with MORC2 and MORC3. In 

addition, the low expressing W435K mutation (W419K in MORC3) (H Andrews et al., 2016), 

which prevents binding to H3K4me3, could be used as a negative control to investigate 

MORC4 binding activity to H3K4me3 using ITC. Overall, this study has identified that 

MORC4 likely binds ATP (AMP-PNP) to dimerise and that it has the required residues of an 

ATPase as with other MORC proteins. However, further evidence is required both structurally 

and biochemically to conclude that MORC4 functions as an ATPase, interacts with methylated 

histones and functions as a chromatin remodeller.  

To investigate MORC4 function in disease, epitope-tagged MORC expression fragments were 

LIC cloned and transfected into human cell lines, in an attempt to verify MORC4 monoclonal 

antibodies. Transfected and epitope-tagged MORC4 could not be expressed in a number of 

human cell lines, which would be required to assess the suitability of MORC4 antibodies to 

study MORC4 expression by immunohistochemistry (IHC)/immunofluorescence (IF). Hence, 

verification of the novel monoclonal antibodies was performed using recombinant protein 

instead. Following this, both monoclonal antibodies and a commercial polyclonal antibody 

were used to detect expression MORC4 in cancer cell lines by western blotting.  

MORC4 has previously been identified as a breast cancer oncogene, where overexpression of 

MORC4 protein was observed in MDA-MB-231 and MCF7 cell lines (Yang et al., 2019). 

Overexpression of MORCR4 in breast cancer was also found to indicate a poor prognosis in 

clinical samples (Yang et al., 2019). The previous study also identified high level of protein 

expression of MORC4 in both MDA-MB-231 and MCF7 cell lines as well as MDA-MB-468 

(Yang et al., 2019), supporting the hypothesis that MORC4 is a breast cancer oncogene. 
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However, this project only identified expression in the MDA-MB-468 breast cancer cell line, 

although qPCR data suggested expression in all breast cancer cell lines. In addition, it was 

observed here that colorectal carcinoma and some pancreatic carcinoma cell lines also 

expressed MORC4 protein at high levels. qPCR experiments also confirmed that MORC4 

mRNA was expressed at high levels in breast adenocarcinoma, colorectal adenocarcinoma and 

pancreatic carcinoma cancer cell lines. These results suggested that MORC4 could be a 

potential biomarker of colorectal adenocarcinoma, pancreatic carcinoma and breast 

adenocarcinoma.  

No prior studies have identified MORC4 as highly expressing in pancreatic cancer or colorectal 

cancer as yet. However, some evidence suggests that the X chromosomal linked Claudin 2 

(CLDN2)-MORC4 locus has a single nucleotide polymorphism (SNP), which is associated 

with chronic pancreatitis (Giri et al., 2016; M H Derikx et al., 2015). RNA expression 

databases also revealed that high expression of MORC4 increases the chance of survival in 

patients with pancreatic cancer. This SNP and high expression of MORC4 protein in pancreatic 

carcinoma could suggest that MORC4 plays a role in pancreatic carcinoma. Similarly, some 

evidence also suggests that an SNP located on the CLDN2-MORC4 region is also associated 

with inflammatory bowel disease (Soderman et al., 2013). In addition, analysis of RNA 

expression databases revealed that high expression of MORC4 in colon adenocarcinoma 

reduced the overall chance of survival in patients. This SNP, high expression of MORC4 

protein in colon adenocarcinoma cells and survival analysis suggests that MORC4 could also 

play a role in pancreatic cancer. In addition, RNA expression of MORC4 was highest in ABC-

DLBCL compared to GCB-DLBCL, supporting the previous study investigating MORC4 as a 

potential lymphoma biomarker ( Liggins et al., 2007). Furthermore, the anti-MORC4 

commercial polyclonal antibody identified a higher level of protein expression in ABC-

DLBCL compared to GCB-DLBCL cell lines, suggesting that the high RNA level correlates 
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with protein expression in these cell lines, further supporting MORC4 as a biomarker in 

DLBCL. Overall, MORC4 protein expression was found at higher levels in cell lines from 

breast adenocarcinoma, colorectal adenocarcinoma and pancreatic carcinoma, than other 

cancer cell lines. Lower expression of MORC4 was seen GCB-DLBCL, Burkitts and T-cell 

acute lymphoblastic leukaemia (T-ALL) lymphomas in addition to some neuroblastoma cell 

lines. In future, MORC4 protein expression could also be assessed using 

immunohistochemistry to investigate expression of MORC4 using both monoclonal and 

polyclonal antibodies (Duraiyan et al., 2012) to aid characterisation of MORC4 expression 

patterns in clinical cancer patient samples. This would require the addition of the transfected 

epitope-tagged MORC4 expression to ensure it was the correct paralogue detected by the 

antibody, as a control. Further studies would include the assessment of such clinical sample 

studies, to identify if MORC4 plays a role in development of cancer in pancreatic, colorectal, 

breast cancers, and also specific subtypes of DLBCLs indicated here such as ABC-DLBCL. 

Such comparisons of MORC4 expression with prognostic or diagnostic factors (e.g. survival) 

performed such as IHC, which would for instance, require a haemato-oncology pathologist for 

DLBCL to assess staining patterns in the samples.  

Overall, this study has contributed towards the characterisation of MORC4 from a number of 

perspectives, including structurally, biochemically and in relation to its RNA and protein 

expression in cancer cell lines. However, additional experiments will in future contribute to 

further understanding of MORC4 function and potential role in cancer development.  
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Chapter 8 Appendices   

Appendix 8.1: MORC4 full length sequence indicating the location of the mutations.  
 

Using FL-MORC4 (NN061) in pcDNA3-N-FLAG-LIC as template 

 

ATGCTCCTGTACCGAGGGGCCCCCGCCGGCCCTGGCGCGCCGGGCTGCGGGCTGGCCCGGCC

GGCGGCGGCCCGCAGGCCTTCGGGATCCGCCTGAGCACGATGAGCCCCCGCTACCTCCAGAG

CAACTCCAGCAGCCACACGCGACCCTTCAGTGCCATCGCGGAGCTG 

      N60A (N39A in MORC2) 

CTAGATAATGCTGTAGATCCAGATGTATCTGCCAGGACGGTCTTTATAGATGTTGAG 

         D88A (D68A in MORC2) 

GAGGTCAAGAATAAATCTTGTTTGACCTTTACCGATGATGGATGTGGGATGACACCTCATAA

ACTACACCGAATGCTCAGCTTTGGCTTTACAGATAAAGTAATAAAGAAGAGC 

         K126R 

CAGTGTCCCATTGGGGTCTTTGGTAATGGTTTCAAGTCAGGCTCCATGCGGCTAGGAAAGGA

CGCCCTTGTCTTCACCAAGAATGGGGGTACTCTCACTGTTGGACTTCTATCACAGACCTATC

TGGAATGTGTCCAGGCCCAGGCAGTTATTGTACCAATTGTTCCATTCAACCAGCAAAACAAA

AAAATGATTATTACCGAGGATTCATTGCCCAGCCTAGAAGCCATCTTGAACTATTCCATTTT

CAACCGTGAAAATGACCTGCTGGCCCAGTTTGATGCCATCCCAGGCAAAAAAGGCACTCGTG

TTCTCATTTGGAACATCCGCAGAAATAAAAATGGAAAATCTGAGTTGGACTTTGATACAGAT

CAATATGACATCCTGGTATCAGACTTTGACACAGAAGAAAAAATGACTGGCGGTGTTACCTC

TGAGCTACCAGAAACAGAATATTCTTTAAGGGCATTTTGTGGTATTCTATACATGAAGCCAC

GCATGAAAATTTTTCTGCGTCAAAAGAAGGTGACTACCCAGATGATTGCCAAGAGCCTGGCC

AATGTAGAATATGATACATATAAACCTACCTTCACAAATAAGCAGGTGAGAATCACCTTTGG

GTTCTCTTGCAAGAATAGTAACCAGTTTGGAATAATGATGTATCATAACAACCGACTCATAA

AATCTTTTGAGAAGGTGGGGTGCCAGGTGAAGCCAACTCGTGGAGAAGGTGTAGGAGTAATT

GGAGTCATTGAGTGCAATTTCCTAAAACCTGCCTACAACAAACAAGACTTTGAGTATACCAA

GGAGTACCGGCTAACAATAAATGCCCTTGCCCAGAAGCTCAATGCTTACTGGAAGGAAAAAA

CATCTCAAGATAATTTTGAGACCTCAACTGTAGCCAGGCCAATA 

W435K (W419K in MORC3) 

CCGAAGGTTCCTGACCAGACATGGGTTCAGTGTGATGAGTGTCTTAAATGGAGAAAGCTTCC

TGGGAAGATTGATCCATCCATGTTACCTGCAAGATGGTTTTGTTATTATAATTCCCATCCAA

AGTACAGGAGATGCTCTGTTCCAGAGGAACAAGAACTCACTGATGAAGACCTGTGCTTGAGC

AAAGCTAAGAAACAAGAACAAACTGTTGAGGAGAAGAAGAAGATGCCTATGGAAAATGAGAA

CCACCAGGTATTCAGTAATCCACCAAAGATCCTTACTGTTCAAGAAATGGCTGAATTGAATA

ACAAGACAATTGGATATGAGGGAATTCATAGCCCTAGTGTGCTTCCTTCTGGTGGAGAAGAA

AGCAGATCACCATCTCTTCAACTTAAGCCTCTGGATTCCAGTGTTTTACAGTTTTCCAGTAA

GTACAAATGGATCCTAGGTGAAGAACCGGTGGAGAAACGAAGAAGGCTCCAGAATGAGATGA

CAACACCTTCTCTAGATTATTCCATGCCTGCTCCTTACAGGAGGGTAGAAGCACCTGTTGCC

TACCCAGAAGGGGAGAACAGCCATGATAAATCGAGTTCTGAGAGAAGTACACCACCATACCT

TTTCCCAGAATACCCAGAAGCAAGCAAGAATACAGGTCAGAATAGGGAGGTTTCAATTCTGT

ATCCAGGGGCCAAAGACCAACGCCAGGGGTCCCTGCTTCCTGAAGAATTAGAAGATCAGATG

CCAAGATTGGTGGCAGAAGAATCTAACAGAGGTAGCACAACCATAAACAAAGAAGAAGTCAA

CAAGGGACCTTTTGTAGCTGTTGTGGGTGTTGCCAAAGGTGTTAGAGATTCAGGAGCTCCCA

TTCAGCTGATCCCTTTTAACAGAGAGGAGCTTGCTGAGAGACGAAAAGCAGTTGAATCCTGG

AACCCAGTGCCTTATTCTGTGGCCTCTGCTGCAATCCCTGCTGCAGCCATTGGGGAGAAAGC

AAGAGGCTATGAGGAGAGCGAAGGTCATAATACACCAAAGTTGAAGAACCAGAGAGAGCTGG

AAGAATTGAAGAGAACCACAGAAAAATTGGAACGTGTTTTGGCTGAAAGGAATTTGTTCCAG

CAAAAGGTGGAGGAGCTGGAACAGGAGAGGAATCACTGGCAGTCTGAATTCAAGAAAGTCCA
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ACATGAATTGGTGATCTACAGTACCCAGGAGGCGGAAGGCTTGTACTGGAGCAAGAAACACA

TGGGTTATCGCCAAGCTGAATTCCAGATTCTGAAAGCTGAGCTGGAAAGAACCAAAGAGGAA

AAGCAAGAGTTAAAAGAGAAACTGAAGGAAACAGAGACACACCTGGAAATGCTGCAGAAGGC

TCAGGGCTTTGGCAAAGCTTACGCGGCTACGTATCCACGTCAGCTATCTCCTTACTTCTGTC

CTCCCTCACTTGGAGCTTCGTGA 

 

Appendix 8.2: Table showing MORC4 sequences including the sequence containing the 

mutation and designed mutagenic primers. 

 

Primer Mutation Sequence 
Primer 

Length 

Forward 

Primer 

 

 

Reverse 

Primer 

 

 

 

FLMORC4_N60A_F 

 

N60A 

 

GATAATG

CTGTAGAT

CCAGAT 

 

21 

 

GATGCTGCT

GTAGATCC

AGAT 

 

FLMORC4_N60A_R N60A GCCATCGC

GGAGCTG

CTA 

18  TAGCAGCT

CCGCGATG

GC 

FLMORC4_D88A_F D88A ACCGATG

ATGGATGT

GGGATG 

21 ACCGCTGA

TGGATGTG

GGATG 

 

FLMORC4_D88A_R D88A AAATCTTG

TTTGACCT

TT 

18  AAAGGTCA

AACAAGAT

TT 

FLMORC4_K126R_F K126R TTCAAGTC

AGGCTCC

ATGCGG 

21 TTCCGGTCA

GGCTCCAT

GCGG 

 

FLMORC4_K126R_R K126R GGGGTCTT

TGGTAATG

GT 

18  ACCATTACC

AAAGACCC

C 

FLMORC4_W435K_F W435K AAATGGA

GAAAGCT

TCCTGGG 

21 AAAAAGAG

AAAGCTTC

CTGGG 

 

FLMORC4_W435K_R W435K CAGTGTG

ATGAGTGT

CTT 

18  AAGACACT

CATCACACT

G 
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Appendix 8.3: Cell line details (activated B-cell (ABC), germinal centre B-cell (GCB), 

MYCN Proto-Oncogene, BHLH Transcription Factor (MYCN), Oestrogen receptor (ER). 

Maintained with the support of Dr. Christopher Cooper (The University of Huddersfield) 

indicated with a *.  

Type Cell line Disease 

 

Media  

 

N/A COS-1 Monkey Kidney (SV40+) DMEM  

Diffuse large B-cell lymphomas 

(DLBCL) 

OCI-Ly3 ABC DLBCL 

RPMI 

 

OCI-Ly10 ABC DLBCL 

RIVA ABC DLBCL 

SU-DHL-2 ABC DLBCL 

HBL-1 ABC DLBCL 

HLY-1 ABC DLBCL 

SUD-HL6 GCB DLBCL 

SUD-HL10 GCB DLBCL 

DB DLBCL GCB 

MIEU DLBCL GCB 

LIB DLBCL 

Burkitts Lymphoma 
Daudi Burkitts 

RPMI 
Raji Burkitts 

Myeloma 

NCI H929 Myeloma 

RPMI JJN.3* Myeloma 

RPMI8226* Myeloma 

T-cell acute lymphoblastic 

leukaemia (T-ALL) 

Jurkat T-ALL 

RPMI 
DU528 T-ALL 

RPMI8402* T-ALL 

(CCRF-) CEM* T-ALL 

 Hut78 Cutaneous T-cell lymphoma  RPMI  

Colorectal adenocarcinoma 

HCT29 Colorectal adenocarcinoma 

DMEM HCT116+/+ Colorectal adenocarcinoma 

SW48 Colorectal adenocarcinoma 

 Hela* Cervical carcinoma 

DMEM  U2OS* Osteosarcoma 

 HEK293FT* Transformed human embryonic kidney 

Neuroblastoma 

SK-N-BE(2c)*  NB (MYCN+) 

DMEM 

IMR32* NB (MYCN+) 

Kelly NB (MYCN+) 

NB19 NB (MYCN+) 

SH-SY5Y* NB (MYCN-) 

SH-SY5Y (PM)* NB (MYCN-) 

SK-N-SH* NB (MYCN-) 
50/50 

DMEM/RPMI SK-N-SH (PM)* NB (MYCN-) 

SK-N-AS* NB (MYCN-) DMEM 

 SHEP NB (MYCN?) 

 PSN1* Pancreatic adenocarcinoma 
DMEM 

 Mia-Pa-Ca-2 Pancreatic carcinoma 

Breast adenocarcinoma MCF7* Breast adenocarcinoma (ER+ve) DMEM 
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MDA-MB-231* Breast adenocarcinoma (ER-ve) 

MDA-MB-468* Breast adenocarcinoma (ER-ve) 

 

Appendix 8.4: Vector maps of pET E. coli expression vectors used in LIC. (A) pNH-TrxT 

(B) pGTVL2 (C) pNIC-ZB (D) pNIC28-Bsa4. All pET expression vectors were made at the 

Structural Genomics Consortium, Oxford, United Kingdom. Vector maps created by author 

using SnapGene software.  

 

 

 

 

 

A B

C D
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Appendix 8.5: Table of PCNA primers.  

 

Primer name Primer sequence (5’-3’) 

PCNA-f000  TACTTCCAATCCATGTTCGAGGCGCGCCTGGTCC  

PCNA-r000 

 

TATCCACCTTTACTGTCAAGATCCTTCTTCATCCTCGATC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 8.5: Phylogenetic tree analysis of MORC4 species in vertebrates. MORC4 

protein sequences in vertebrate species were identified using NCBI and aligned using 

MUSCLE in Jalview software. Gblocks was used to remove gaps in sequences and PhyML 

online server was used to investigate the maximum likelihood and to generate the tree. Birds 

are highlighted in red; reptiles are highlighted in green; mammals are highlighted in blue and 

primates are highlighted in purple. 

Birds

Reptiles 

Mammals 

P
rim

a
te

s



 

 

 

 

Appendix 8.6: Zf-CW MORC4 proteins crystallisation screens details. Showing the screen details, protein concentrations, temperature 

information and protein purification details.  

 

 

 

Domain 

 

Protein(aa) 
Temp 

(°C) 
Screen 

Concentration 

of protein 

(mg/ml) 

Size 

drops 

(µL) 

Drop ratio 

upper well 

(protein: 

mother liquor) 

(µL) 

Drop ratio lower 

well (protein: 

mother liquor) 

(µL) 

Protein 

purification 

Final protein 

buffer 

 

Zf-CW 

  

MORC4420-757 

 

20 

 

JCSG-

plus™ 

 

14.8 

 

2 

 

2:1 

 

1:1 

 

IMAC-TEV-

IMAC-QIEX-

SEC 

 

 

SEC buffer -

20 mM 

HEPES pH 

7.5, 500 mM 

NaCl, 5% 

glycerol, 1 

mM DTT 

 

Zf-CW  MORC4420-677 20 JCSG-

plus™ 

9.0 2 2:1 1:1 IMAC-TEV-

IMAC-QIEX-

SEC 

 

SEC buffer -

20 mM 

HEPES pH 

7.5, 500 mM 

NaCl, 5% 

glycerol, 1 

mM DTT 

 



 

 

 
 

Appendix 8.7: Design of MORC429-480 protein crystallography trial optimisation screen, 

JCSG_D7_FUP_1, created from the initial JCSG-plus™ screen. Li2SO4 was used in a range 

of 150-225 mM, PEG 400 was used in a range of 34-44% and pH range was from 7.5-9.0. 

 

 

 

 
 

Appendix 8.8: Design of MORC429-480 protein crystallography trial optimisation screen, 

JCSG_D7_FUP_2, created from the JCSG_D7_FUP_1 optimisation screen. Li2SO4 was 

used in a range of 100-175 mM, PEG 400 was used in a range of 16-38% and pH range was 

from 9.0 to 9.5. 

 

34 36 38 40 42 44 34 36 38 40 42 44

Well 1 2 3 4 5 6 7 8 9 10 11 12

150 A

175 B

200 C

225 D

150 E

175 F
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225 H

PEG 400 (%)
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0
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m
M
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150 C
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100 E
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M
)
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Appendix 8.9: Design of MORC429-480 protein crystallisation trial optimisation screen, 

JCSG_F04_FUP_1, created from the JCSG-Plus™ screen. Jeffamine® M-600 was used in 

concentrations varying from 8-30%, 0.1 M HEPES and Tris were used with the pH ranging 

from 7.0-8.0.  

8 10 12 14 16 18 20 22 24 26 28 30

Well 1 2 3 4 5 6 7 8 9 10 11 12

pH 7.0 A

pH 7.5 B

pH 7.5 C

pH 8.0 D

E

F

G

H

Jeffamine M-600 (%)

  
 0

.1
M

 H
E

P
E

S
 

  
  

0
.1

M
 T

R
IS



 

 

Appendix 8.10: ATPase-Zf-CW MORC4 protein JCSG-plus™ and optimisation crystallisation screens details. Showing the screen details, 

protein concentrations, temperature information and protein purification details. 

 

 

  

 

 

 

Domain Protein(aa) 
Temp 

(°C) 
Screen 

Concentratio

n of protein 

(mg/ml) 

Preparation 

of protein 

and ligand 

Fresh or 

frozen 

Protein 

purification 
Final protein buffer 

 

ATPase-

Zf-CW 

 

 

MORC429-480 

 

20 

 

JCSG-plus™ 

 

6.2 

 

Dilute-mix-

concentrate 

 

Frozen 

 

IMAC-TEV-

IMAC-SEC 

 

 

20 mM HEPES pH 7.5, 

5% glycerol, 1 mM DTT 

 

ATPase-

Zf-CW 

 

MORC429-480 20 JCSG_D07_FUP_1 5.8 Dilute-mix-

concentrate 

Frozen IMAC-TEV-

IMAC-SEC 

 

20 mM HEPES pH 7.5, 

5% glycerol, 1 mM DTT 

 

ATPase-

Zf-CW 

 

MORC429-480 20 JCSG_D07_FUP_2 5.7 Dilute-mix-

concentrate 

Frozen IMAC-TEV-

IMAC-SEC 

 

20 mM HEPES pH 7.5, 

5% glycerol, 1 mM DTT 

 

ATPase-

Zf-CW 

 

MORC429-480 20 JCSG-plus™ 4.0 Dilute-

concentrate-

mix 

 

Frozen IMAC-TEV-

IMAC-SEC 

 

20 mM HEPES pH 7.5, 

5% glycerol, 1 mM DTT 

 

ATPase-

Zf-CW 

MORC429-480 20 JCSG-plus™ 4.0 Dilute-

concentrate-

mix 

 

Fresh IMAC-TEV-

IMAC-SEC 

 

20 mM HEPES pH 7.5, 

5% glycerol, 1 mM DTT 

 

ATPase-

Zf-CW 

MORC429-480 20 JCSG_F04_FUP_1 2.3 Dilute-

concentrate-

mix 

 

Frozen IMAC-TEV-

IMAC-SEC 

 

20 mM HEPES pH 7.5, 

5% glycerol, 1 mM DTT 

 



 

 

 

Appendix 8.11: Design of MORC429-480 protein crystallisation trial optimisation screen, 

PACT_B03-B06_D03-D06_FUP_1, created from the PACT-Premier™ screen. 0.1 M 

Sodium malonate dibasic monohydrate, Imidazole, Boric acid (MIB) and DL-Malic acid, 2-

(N-morpholino)ethanesulfonic acid monohydrate, Tris (MMT) were used as well as varying 

concentrations of PEG 1500 in the range of 20-30% at a pH ranging from 5.5-9.0.  

 

Appendix 8.12: Types of PEG smears and composition 

PEG smear Composition 

PEG Smear Low  

(50% v/v) 

 

12.5% v/v PEG 400, 12.5% v/v PEG 500 MME, 12.5% v/v PEG 600, 12.5% 

w/v PEG 1000. 

 

PEG Smear Medium (50% 

v/v) 

 

12.5% w/v PEG 3350, 12.5% w/v PEG 4000, 12.5% w/v PEG 2000, 12.5% 

w/v PEG 5000 MME. 

 

PEG Smear High (50% 

v/v) 

 

16.67% w/v PEG 8000, 16.67% w/v PEG 10000, 16.67% w/v PEG 6000. 

 

PEG Smear Broad (50% 

v/v) 

 

4.55% v/v PEG 400, 4.55% v/v PEG 500 MME, 4.55% v/v PEG 600, 4.55% 

w/v PEG 1000, 4.55% w/v PEG 2000, 4.55% w/v PEG 3350, 4.55% w/v 

PEG 4000, 4.55% w/v PEG 5000 MME, 4.55% w/v PEG 6000, 4.55% w/v 

PEG 8000, 4.55% w/v PEG 10000. 

 

 

 

 

20 22 24 26 28 30 20 22 24 26 28 30

Well 1 2 3 4 5 6 7 8 9 10 11 12

5.5 A

6.0 B

6.5 C

7.0 D 0.1 M MIB         0.1 M MMT

7.5 E

8.0 F

8.5 G

9.0 H   
   

   
   

   
   

   
   

   
   

   
   

   
   

  p
H

PEG 1500 (%)
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Appendix 8.13: Design of MORC429-480 protein crystallisation trial optimisation screen, 

BCS_F02_FUP_1, created from the BCS screen. The base in each well was 0.2 M NaCl, 

100 mM Tris pH 8.5 and 5% v/v glycerol. Different types of PEGs were also used in this screen 

as well as a PEG smear of low molecular weight and an additive screen. PEGs were used in 

the range of 18-40%.  

 

 
 

Appendix 8.14: Design of MORC429-480 protein crystallisation trial optimisation screen, 

BCS_F02_FUP_2, created from the BCS_F02_FUP_1 optimisation screen. The base in 

each well was 0.2 M NaCl, 100 mM Tris pH 8.5 and 5% v/v glycerol. Low molecular weight 

PEGs were also used in this screen as well as a PEG smear of low molecular weight and an 

additive screen. PEGs were used in the range of 10-20% with the addition of 5%, 10%, 15% 

or 25% PEG.  

18 20 22 24 26 28 30 32 34 36 38 40

Well 1 2 3 4 5 6 7 8 9 10 11 12

PEG300 A

PEG400 B
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PEG600 D

PEG1000 E

PEG smear low F
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ADDITIVE SCREEN H

  
  
  
  
  
  
  
  
  
  
  
T

y
p

e
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f 
P

E
G

PEG (%)

10 12 14 16 18 20 10 12 14 16 18 20

Well 1 2 3 4 5 6 7 8 9 10 11 12

PEG600 A

PEG1000 B            5% glycerol            10% glycerol

PEG smear low C

PEG600 D

PEG1000 E          15% glycerol           25% glycerol

PEG smear low F
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Appendix 8.15: ATPase-Zf-CW MORC4 protein BCS screen and optimisation crystallisation screens details. Showing the screen details, 

protein concentrations, temperature information and protein purification details. 

 

 

Domain Protein(aa) 
Temp 

(°C) 
Screen 

Concentration 

of protein 

(mg/ml) 

Preparation 

of protein 

and ligand 

Fresh or 

frozen 

Protein 

purification 
Final protein buffer 

 

ATPase-

Zf-CW 

 

 

MORC429-480 

 

20 

 

BCS screen 

 

 

3.5 

 

Dilute-

concentrate-

mix 

 

 

Fresh 

 

IMAC-TEV-

IMAC-SEC 

 

 

20 mM HEPES pH 7.5, 5% 

glycerol, 1 mM DTT 

 

ATPase-

Zf-CW 

 

MORC429-480 20 BCS_F02_FUP_1 4.0 Dilute-

concentrate-

mix 

 

Fresh IMAC-TEV-

IMAC-SEC 

 

20 mM HEPES pH 7.5, 5% 

glycerol, 1 mM DTT 

 

ATPase-

Zf-CW 

 

MORC429-480 20 BCS_F02_FUP_2 4.0 Dilute-

concentrate-

mix 

 

Fresh IMAC-TEV-

IMAC-SEC 

 

20 mM HEPES pH 7.5, 5% 

glycerol, 1 mM DTT 

 



 

 

 

 

 

 

 

Appendix 8.16: PCR screen of mutated truncated MORC4 fragments. Following 

amplification of truncated fragments of MORC4 DNA with mutagenic primers, treatment of 

DNA, transformation in E. coli and PCR screening, samples were resolved on a 0.8% agarose 

gel. MORC429-480 samples were screened for N60A, K126R, D88A and W345K mutations. 

MORC4420-757 samples were screened for the W345K mutation only. PCNA negative and 

positive were used as controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 8.17: PCR screen of MORC429-480 N60A mutant. Following amplification of 

truncated fragments of MORC4 DNA with mutagenic primers, treatment of DNA, 

transformation in E. coli and PCR screening, samples were resolved on a 0.8% agarose gel. 

MORC429-480 samples were screened for N60A.  
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Appendix 8.18: PCR screen of MORC4420-677 and MORC4420-480 W435K. Amplification of 

truncated fragments of MORC4 DNA with mutagenic primers, treatment of DNA, 

transformation in E. coli and PCR screening, samples were resolved on a 0.8% agarose gel. 

MORC4420-677 and MORC4420-480 samples were screened for W435K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 8.19: Determination of suitable concentrations of MORC429-480 required for 

subsequent chemical crosslinking. 1 µg, 0.5 µg, 0.2 µg and 0.1 µg of MORC429-480 was 

loaded onto a 10% tris-glycine SDS (TGS)-PAGE gel.  
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Appendix 8.20: Primer mapping of all known splice variants of MORC4.  

MORC4-202 ENST00000355610.9 5’ and 3’ open reading frame (ORF) regions are 

highlighted in yellow and blue, respectively.  

 
       1 S  R  R  V  G  R  G  A  D  R  A  E  P  P  L  A  S  A  G  L   

       1 AGTCGCCGGGTCGGTAGAGGTGCTGACAGGGCGGAGCCGCCGCTTGCCTCAGCCGGCCTC 

       1          10        20        30        40        50          

       1 TCAGCGGCCCAGCCATCTCCACGACTGTCCCGCCTCGGCGGCGAACGGAGTCGGCCGGAG 

      21 T  P  P  A  R  D  R  W  L  E  R  A  P  P  P  P  A  A  S  G   

      61 ACCCCTCCCGCCCGGGACAGGTGGCTGGAGCGCGCTCCGCCTCCGCCAGCTGCGAGTGGG 

      61          70        80        90        100       110         

      61 TGGGGAGGGCGGGCCCTGTCCACCGACCTCGCGCGAGGCGGAGGCGGTCGACGCTCACCC 

      41 S  E  G  G  P  V  P  D  G  R  R  Q  L  R  V  E  V  S  E  G   

     121 AGCGAGGGAGGGCCGGTCCCGGACGGTCGCCGCCAGCTGCGAGTGGAAGTGAGCGAGGGC 

     121          130       140       150       160       170         

     121 TCGCTCCCTCCCGGCCAGGGCCTGCCAGCGGCGGTCGACGCTCACCTTCACTCGCTCCCG 

      61 *  S  R  T  A  G  P  G  V  R  R  Q  Q  T  G  T  V  A  A  K   

     181 TAGTCCCGGACCGCCGGGCCAGGGGTCCGGCGGCAGCAGACGGGTACCGTGGCGGCCAAA 

     181          190       200       210       220       230         

     181 ATCAGGGCCTGGCGGCCCGGTCCCCAGGCCGCCGTCGTCTGCCCATGGCACCGCCGGTTT 

      81 K  M  L  L  Y  R  G  A  P  A  G  P  G  A  P  G  C  G  L  A   

     241 AAAATGCTCCTGTACCGAGGGGCCCCCGCCGGCCCTGGCGCGCCGGGCTGCGGGCTGGCC 

     241          250       260       270       280       290         

     241 TTTTACGAGGACATGGCTCCCCGGGGGCGGCCGGGACCGCGCGGCCCGACGCCCGACCGG 

                                 >>>MORC4_f1>>> 325 to 342 

     101 R  P  G  G  G  P  Q  A  F  G  I  R  L  S  T  M  S  P  R  Y   

     301 CGGCCCGGCGGCGGCCCGCAGGCCTTCGGGATCCGCCTGAGCACGATGAGCCCCCGCTAC 

     301          310       320       330       340       350         

     301 GCCGGGCCGCCGCCGGGCGTCCGGAAGCCCTAGGCGGACTCGTGCTACTCGGGGGCGATG 

     121 L  Q  S  N  S  S  S  H  T  R  P  F  S  A  I  A  E  L  L  D   

     361 CTCCAGAGCAACTCCAGCAGCCACACGCGACCCTTCAGTGCCATCGCGGAGCTGCTAGAT 

     361          370       380       390       400       410         

     361 GAGGTCTCGTTGAGGTCGTCGGTGTGCGCTGGGAAGTCACGGTAGCGCCTCGACGATCTA 

     141 N  A  V  D  P  D  V  S  A  R  T  V  F  I  D  V  E  E  V  K   

     421 AATGCTGTAGATCCAGATGTATCTGCCAGGACGGTCTTTATAGATGTTGAGGAGGTCAAG 

     421          430       440       450       460       470         

     421 TTACGACATCTAGGTCTACATAGACGGTCCTGCCAGAAATATCTACAACTCCTCCAGTTC 

     161 N  K  S  C  L  T  F  T  D  D  G  C  G  M  T  P  H  K  L  H   

     481 AATAAATCTTGTTTGACCTTTACCGATGATGGATGTGGGATGACACCTCATAAACTACAC 

     481          490       500       510       520       530         

     481 TTATTTAGAACAAACTGGAAATGGCTACTACCTACACCCTACTGTGGAGTATTTGATGTG 

     181 R  M  L  S  F  G  F  T  D  K  V  I  K  K  S  Q  C  P  I  G   

     541 CGAATGCTCAGCTTTGGCTTTACAGATAAAGTAATAAAGAAGAGCCAGTGTCCCATTGGG 

     541          550       560       570       580       590         

     541 GCTTACGAGTCGAAACCGAAATGTCTATTTCATTATTTCTTCTCGGTCACAGGGTAACCC 

     201 V  F  G  N  G  F  K  S  G  S  M  R  L  G  K  D  A  L  V  F   

     601 GTCTTTGGTAATGGTTTCAAGTCAGGCTCCATGCGGCTAGGAAAGGACGCCCTTGTCTTC 

     601          610       620       630       640       650         

     601 CAGAAACCATTACCAAAGTTCAGTCCGAGGTACGCCGATCCTTTCCTGCGGGAACAGAAG 

     221 T  K  N  G  G  T  L  T  V  G  L  L  S  Q  T  Y  L  E  C  V   

     661 ACCAAGAATGGGGGTACTCTCACTGTTGGACTTCTATCACAGACCTATCTGGAATGTGTC 

     661          670       680       690       700       710         

     661 TGGTTCTTACCCCCATGAGAGTGACAACCTGAAGATAGTGTCTGGATAGACCTTACACAG 

     241 Q  A  Q  A  V  I  V  P  I  V  P  F  N  Q  Q  N  K  K  M  I   

     721 CAGGCCCAGGCAGTTATTGTACCAATTGTTCCATTCAACCAGCAAAACAAAAAAATGATT 

     721          730       740       750       760       770         

     721 GTCCGGGTCCGTCAATAACATGGTTAACAAGGTAAGTTGGTCGTTTTGTTTTTTTACTAA 

     261 I  T  E  D  S  L  P  S  L  E  A  I  L  N  Y  S  I  F  N  R   

     781 ATTACCGAGGATTCATTGCCCAGCCTAGAAGCCATCTTGAACTATTCCATTTTCAACCGT 

     781          790       800       810       820       830         
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     781 TAATGGCTCCTAAGTAACGGGTCGGATCTTCGGTAGAACTTGATAAGGTAAAAGTTGGCA 

     281 E  N  D  L  L  A  Q  F  D  A  I  P  G  K  K  G  T  R  V  L   

     841 GAAAATGACCTGCTGGCCCAGTTTGATGCCATCCCAGGCAAAAAAGGCACTCGTGTTCTC 

     841          850       860       870       880       890         

     841 CTTTTACTGGACGACCGGGTCAAACTACGGTAGGGTCCGTTTTTTCCGTGAGCACAAGAG 

                                    <<<MORC4_r1<<< 928 to 945 

     301 I  W  N  I  R  R  N  K  N  G  K  S  E  L  D  F  D  T  D  Q   

     901 ATTTGGAACATCCGCAGAAATAAAAATGGAAAATCTGAGTTGGACTTTGATACAGATCAA 

     901          910       920       930       940       950         

     901 TAAACCTTGTAGGCGTCTTTATTTTTACCTTTTAGACTCAACCTGAAACTATGTCTAGTT 

     321 Y  D  I  L  V  S  D  F  D  T  E  E  K  M  T  G  G  V  T  S   

     961 TATGACATCCTGGTATCAGACTTTGACACAGAAGAAAAAATGACTGGCGGTGTTACCTCT 

     961          970       980       990       1000      1010        

     961 ATACTGTAGGACCATAGTCTGAAACTGTGTCTTCTTTTTTACTGACCGCCACAATGGAGA 

     341 E  L  P  E  T  E  Y  S  L  R  A  F  C  G  I  L  Y  M  K  P   

    1021 GAGCTACCAGAAACAGAATATTCTTTAAGGGCATTTTGTGGTATTCTATACATGAAGCCA 

    1021          1030      1040      1050      1060      1070        

    1021 CTCGATGGTCTTTGTCTTATAAGAAATTCCCGTAAAACACCATAAGATATGTACTTCGGT 

     361 R  M  K  I  F  L  R  Q  K  K  V  T  T  Q  M  I  A  K  S  L   

    1081 CGCATGAAAATTTTTCTGCGTCAAAAGAAGGTGACTACCCAGATGATTGCCAAGAGCCTG 

    1081          1090      1100      1110      1120      1130        

    1081 GCGTACTTTTAAAAAGACGCAGTTTTCTTCCACTGATGGGTCTACTAACGGTTCTCGGAC 

     381 A  N  V  E  Y  D  T  Y  K  P  T  F  T  N  K  Q  V  R  I  T   

    1141 GCCAATGTAGAATATGATACATATAAACCTACCTTCACAAATAAGCAGGTGAGAATCACC 

    1141          1150      1160      1170      1180      1190        

    1141 CGGTTACATCTTATACTATGTATATTTGGATGGAAGTGTTTATTCGTCCACTCTTAGTGG 

     401 F  G  F  S  C  K  N  S  N  Q  F  G  I  M  M  Y  H  N  N  R   

    1201 TTTGGGTTCTCTTGCAAGAATAGTAACCAGTTTGGAATAATGATGTATCATAACAACCGA 

    1201          1210      1220      1230      1240      1250        

    1201 AAACCCAAGAGAACGTTCTTATCATTGGTCAAACCTTATTACTACATAGTATTGTTGGCT 

     421 L  I  K  S  F  E  K  V  G  C  Q  V  K  P  T  R  G  E  G  V   

    1261 CTCATAAAATCTTTTGAGAAGGTGGGGTGCCAGGTGAAGCCAACTCGTGGAGAAGGTGTA 

    1261          1270      1280      1290      1300      1310        

    1261 GAGTATTTTAGAAAACTCTTCCACCCCACGGTCCACTTCGGTTGAGCACCTCTTCCACAT 

     441 G  V  I  G  V  I  E  C  N  F  L  K  P  A  Y  N  K  Q  D  F   

    1321 GGAGTAATTGGAGTCATTGAGTGCAATTTCCTAAAACCTGCCTACAACAAACAAGACTTT 

    1321          1330      1340      1350      1360      1370        

    1321 CCTCATTAACCTCAGTAACTCACGTTAAAGGATTTTGGACGGATGTTGTTTGTTCTGAAA 

     461 E  Y  T  K  E  Y  R  L  T  I  N  A  L  A  Q  K  L  N  A  Y   

    1381 GAGTATACCAAGGAGTACCGGCTAACAATAAATGCCCTTGCCCAGAAGCTCAATGCTTAC 

    1381          1390      1400      1410      1420      1430        

    1381 CTCATATGGTTCCTCATGGCCGATTGTTATTTACGGGAACGGGTCTTCGAGTTACGAATG 

     481 W  K  E  K  T  S  Q  D  N  F  E  T  S  T  V  A  R  P  I  P   

    1441 TGGAAGGAAAAAACATCTCAAGATAATTTTGAGACCTCAACTGTAGCCAGGCCAATACCG 

    1441          1450      1460      1470      1480      1490        

    1441 ACCTTCCTTTTTTGTAGAGTTCTATTAAAACTCTGGAGTTGACATCGGTCCGGTTATGGC 

     501 K  V  P  D  Q  T  W  V  Q  C  D  E  C  L  K  W  R  K  L  P   

    1501 AAGGTTCCTGACCAGACATGGGTTCAGTGTGATGAGTGTCTTAAATGGAGAAAGCTTCCT 

    1501          1510      1520      1530      1540      1550        

    1501 TTCCAAGGACTGGTCTGTACCCAAGTCACACTACTCACAGAATTTACCTCTTTCGAAGGA 

     521 G  K  I  D  P  S  M  L  P  A  R  W  F  C  Y  Y  N  S  H  P   

    1561 GGGAAGATTGATCCATCCATGTTACCTGCAAGATGGTTTTGTTATTATAATTCCCATCCA 

    1561          1570      1580      1590      1600      1610        

    1561 CCCTTCTAACTAGGTAGGTACAATGGACGTTCTACCAAAACAATAATATTAAGGGTAGGT 

     541 K  Y  R  R  C  S  V  P  E  E  Q  E  L  T  D  E  D  L  C  L   

    1621 AAGTACAGGAGATGCTCTGTTCCAGAGGAACAAGAACTCACTGATGAAGACCTGTGCTTG 

    1621          1630      1640      1650      1660      1670        

    1621 TTCATGTCCTCTACGAGACAAGGTCTCCTTGTTCTTGAGTGACTACTTCTGGACACGAAC 

     561 S  K  A  K  K  Q  E  Q  T  V  E  E  K  K  K  M  P  M  E  N   

    1681 AGCAAAGCTAAGAAACAAGAACAAACTGTTGAGGAGAAGAAGAAGATGCCTATGGAAAAT 

    1681          1690      1700      1710      1720      1730        
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    1681 TCGTTTCGATTCTTTGTTCTTGTTTGACAACTCCTCTTCTTCTTCTACGGATACCTTTTA 

     581 E  N  H  Q  V  F  S  N  P  P  K  I  L  T  V  Q  E  M  A  G   

    1741 GAGAACCACCAGGTATTCAGTAATCCACCAAAGATCCTTACTGTTCAAGAAATGGCTGGA 

    1741          1750      1760      1770      1780      1790        

    1741 CTCTTGGTGGTCCATAAGTCATTAGGTGGTTTCTAGGAATGACAAGTTCTTTACCGACCT 

     601 L  N  N  K  T  I  G  Y  E  G  I  H  S  P  S  V  L  P  S  G   

    1801 TTGAATAACAAGACAATTGGATATGAGGGAATTCATAGCCCTAGTGTGCTTCCTTCTGGT 

    1801          1810      1820      1830      1840      1850        

    1801 AACTTATTGTTCTGTTAACCTATACTCCCTTAAGTATCGGGATCACACGAAGGAAGACCA 

     621 G  E  E  S  R  S  P  S  L  Q  L  K  P  L  D  S  S  V  L  Q   

    1861 GGAGAAGAAAGCAGATCACCATCTCTTCAACTTAAGCCTCTGGATTCCAGTGTTTTACAG 

    1861          1870      1880      1890      1900      1910        

    1861 CCTCTTCTTTCGTCTAGTGGTAGAGAAGTTGAATTCGGAGACCTAAGGTCACAAAATGTC 

     641 F  S  S  K  Y  K  W  I  L  G  E  E  P  V  E  K  R  R  R  L   

    1921 TTTTCCAGTAAGTACAAATGGATCCTAGGTGAAGAACCGGTGGAGAAACGAAGAAGGCTC 

    1921          1930      1940      1950      1960      1970        

    1921 AAAAGGTCATTCATGTTTACCTAGGATCCACTTCTTGGCCACCTCTTTGCTTCTTCCGAG 

     661 Q  N  E  M  T  T  P  S  L  D  Y  S  M  P  A  P  Y  R  R  V   

    1981 CAGAATGAGATGACAACACCTTCTCTAGATTATTCCATGCCTGCTCCTTACAGGAGGGTA 

    1981          1990      2000      2010      2020      2030        

    1981 GTCTTACTCTACTGTTGTGGAAGAGATCTAATAAGGTACGGACGAGGAATGTCCTCCCAT 

     681 E  A  P  V  A  Y  P  E  G  E  N  S  H  D  K  S  S  S  E  R   

    2041 GAAGCACCTGTTGCCTACCCAGAAGGGGAGAACAGCCATGATAAATCGAGTTCTGAGAGA 

    2041          2050      2060      2070      2080      2090        

    2041 CTTCGTGGACAACGGATGGGTCTTCCCCTCTTGTCGGTACTATTTAGCTCAAGACTCTCT 

     701 S  T  P  P  Y  L  F  P  E  Y  P  E  A  S  K  N  T  G  Q  N   

    2101 AGTACACCACCATACCTTTTCCCAGAATACCCAGAAGCAAGCAAGAATACAGGTCAGAAT 

    2101          2110      2120      2130      2140      2150        

    2101 TCATGTGGTGGTATGGAAAAGGGTCTTATGGGTCTTCGTTCGTTCTTATGTCCAGTCTTA 

     721 R  E  V  S  I  L  Y  P  G  A  K  D  Q  R  Q  G  S  L  L  P   

    2161 AGGGAGGTTTCAATTCTGTATCCAGGGGCCAAAGACCAACGCCAGGGGTCCCTGCTTCCT 

    2161          2170      2180      2190      2200      2210        

    2161 TCCCTCCAAAGTTAAGACATAGGTCCCCGGTTTCTGGTTGCGGTCCCCAGGGACGAAGGA 

     741 E  E  L  E  D  Q  M  P  R  L  V  A  E  E  S  N  R  G  S  T   

    2221 GAAGAATTAGAAGATCAGATGCCAAGATTGGTGGCAGAAGAATCTAACAGAGGTAGCACA 

    2221          2230      2240      2250      2260      2270        

    2221 CTTCTTAATCTTCTAGTCTACGGTTCTAACCACCGTCTTCTTAGATTGTCTCCATCGTGT 

     761 T  I  N  K  E  E  V  N  K  G  P  F  V  A  V  V  G  V  A  K   

    2281 ACCATAAACAAAGAAGAAGTCAACAAGGGACCTTTTGTAGCTGTTGTGGGTGTTGCCAAA 

    2281          2290      2300      2310      2320      2330        

    2281 TGGTATTTGTTTCTTCTTCAGTTGTTCCCTGGAAAACATCGACAACACCCACAACGGTTT 

              >>>MORC4_f2>>> 2346 to 2363 

     781 G  V  R  D  S  G  A  P  I  Q  L  I  P  F  N  R  E  E  L  A   

    2341 GGTGTTAGAGATTCAGGAGCTCCCATTCAGCTGATCCCTTTTAACAGAGAGGAGCTTGCT 

    2341          2350      2360      2370      2380      2390        

    2341 CCACAATCTCTAAGTCCTCGAGGGTAAGTCGACTAGGGAAAATTGTCTCTCCTCGAACGA 

     801 E  R  R  K  A  V  E  S  W  N  P  V  P  Y  S  V  A  S  A  A   

    2401 GAGAGACGAAAAGCAGTTGAATCCTGGAACCCAGTGCCTTATTCTGTGGCCTCTGCTGCA 

    2401          2410      2420      2430      2440      2450        

    2401 CTCTCTGCTTTTCGTCAACTTAGGACCTTGGGTCACGGAATAAGACACCGGAGACGACGT 

     821 I  P  A  A  A  I  G  E  K  A  R  G  Y  E  E  S  E  G  H  N   

    2461 ATCCCTGCTGCAGCCATTGGGGAGAAAGCAAGAGGCTATGAGGAGAGCGAAGGTCATAAT 

    2461          2470      2480      2490      2500      2510        

    2461 TAGGGACGACGTCGGTAACCCCTCTTTCGTTCTCCGATACTCCTCTCGCTTCCAGTATTA 

     841 T  P  K  L  K  N  Q  R  E  L  E  E  L  K  R  T  T  E  K  L   

    2521 ACACCAAAGTTGAAGAACCAGAGAGAGCTGGAAGAATTGAAGAGAACCACAGAAAAATTG 

    2521          2530      2540      2550      2560      2570        

    2521 TGTGGTTTCAACTTCTTGGTCTCTCTCGACCTTCTTAACTTCTCTTGGTGTCTTTTTAAC 

     861 E  R  V  L  A  E  R  N  L  F  Q  Q  K  V  E  E  L  E  Q  E   

    2581 GAACGTGTTTTGGCTGAAAGGAATTTGTTCCAGCAAAAGGTGGAGGAGCTGGAACAGGAG 

    2581          2590      2600      2610      2620      2630        
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    2581 CTTGCACAAAACCGACTTTCCTTAAACAAGGTCGTTTTCCACCTCCTCGACCTTGTCCTC 

     881 R  N  H  W  Q  S  E  F  K  K  V  Q  H  E  L  V  I  Y  S  T   

    2641 AGGAATCACTGGCAGTCTGAATTCAAGAAAGTCCAACATGAATTGGTGATCTACAGTACC 

    2641          2650      2660      2670      2680      2690        

    2641 TCCTTAGTGACCGTCAGACTTAAGTTCTTTCAGGTTGTACTTAACCACTAGATGTCATGG 

     901 Q  E  A  E  G  L  Y  W  S  K  K  H  M  G  Y  R  Q  A  E  F   

    2701 CAGGAGGCGGAAGGCTTGTACTGGAGCAAGAAACACATGGGTTATCGCCAAGCTGAATTC 

    2701          2710      2720      2730      2740      2750        

    2701 GTCCTCCGCCTTCCGAACATGACCTCGTTCTTTGTGTACCCAATAGCGGTTCGACTTAAG 

     921 Q  I  L  K  A  E  L  E  R  T  K  E  E  K  Q  E  L  K  E  K   

    2761 CAGATTCTGAAAGCTGAGCTGGAAAGAACCAAAGAGGAAAAGCAAGAGTTAAAAGAGAAA 

    2761          2770      2780      2790      2800      2810        

    2761 GTCTAAGACTTTCGACTCGACCTTTCTTGGTTTCTCCTTTTCGTTCTCAATTTTCTCTTT 

              <<<MORC4_r4<<< 2826 to 2843 

     941 L  K  E  T  E  T  H  L  E  M  L  Q  K  A  Q  V  S  Y  R  T   

    2821 CTGAAGGAAACAGAGACACACCTGGAAATGCTGCAGAAGGCTCAGGTCTCCTACCGGACC 

    2821          2830      2840      2850      2860      2870        

    2821 GACTTCCTTTGTCTCTGTGTGGACCTTTACGACGTCTTCCGAGTCCAGAGGATGGCCTGG 

     961 P  E  G  D  D  L  E  R  A  L  A  K  L  T  R  L  R  I  H  V   

    2881 CCAGAGGGAGATGACCTAGAAAGGGCTTTGGCAAAGCTTACGCGGCTACGTATCCACGTC 

    2881          2890      2900      2910      2920      2930        

    2881 GGTCTCCCTCTACTGGATCTTTCCCGAAACCGTTTCGAATGCGCCGATGCATAGGTGCAG 

                                <<<MORC4_r3<<< 2964 to 2981 

     981 S  Y  L  L  T  S  V  L  P  H  L  E  L  R  E  I  G  Y  D  S   

    2941 AGCTATCTCCTTACTTCTGTCCTCCCTCACTTGGAGCTTCGTGAGATCGGGTATGACTCA 

    2941          2950      2960      2970      2980      2990        

    2941 TCGATAGAGGAATGAAGACAGGAGGGAGTGAACCTCGAAGCACTCTAGCCCATACTGAGT 

                                             <<<MORC4_r2<<< 3037 to 3054 

    1001 E  Q  V  D  G  I  L  Y  T  V  L  E  A  N  H  I  L  D  *  

 

MORC4-201 ENST00000255495.7. 5’ and 3’ open reading frame (ORF) regions are 

highlighted in yellow and blue, respectively. 
       1 M  L  L  Y  R  G  A  P  A  G  P  G  A  P  G  C  G  L  A  R   

       1 ATGCTCCTGTACCGAGGGGCCCCCGCCGGCCCTGGCGCGCCGGGCTGCGGGCTGGCCCGG 

       1          10        20        30        40        50          

       1 TACGAGGACATGGCTCCCCGGGGGCGGCCGGGACCGCGCGGCCCGACGCCCGACCGGGCC 

                              >>>MORC4_f1>>> 82 to 99 

      21 P  G  G  G  P  Q  A  F  G  I  R  L  S  T  M  S  P  R  Y  L   

      61 CCCGGCGGCGGCCCGCAGGCCTTCGGGATCCGCCTGAGCACGATGAGCCCCCGCTACCTC 

      61          70        80        90        100       110         

      61 GGGCCGCCGCCGGGCGTCCGGAAGCCCTAGGCGGACTCGTGCTACTCGGGGGCGATGGAG 

      41 Q  S  N  S  S  S  H  T  R  P  F  S  A  I  A  E  L  L  D  N   

     121 CAGAGCAACTCCAGCAGCCACACGCGACCCTTCAGTGCCATCGCGGAGCTGCTAGATAAT 

     121          130       140       150       160       170         

     121 GTCTCGTTGAGGTCGTCGGTGTGCGCTGGGAAGTCACGGTAGCGCCTCGACGATCTATTA 

      61 A  V  D  P  D  V  S  A  R  T  V  F  I  D  V  E  E  V  K  N   

     181 GCTGTAGATCCAGATGTATCTGCCAGGACGGTCTTTATAGATGTTGAGGAGGTCAAGAAT 

     181          190       200       210       220       230         

     181 CGACATCTAGGTCTACATAGACGGTCCTGCCAGAAATATCTACAACTCCTCCAGTTCTTA 

      81 K  S  C  L  T  F  T  D  D  G  C  G  M  T  P  H  K  L  H  R   

     241 AAATCTTGTTTGACCTTTACCGATGATGGATGTGGGATGACACCTCATAAACTACACCGA 

     241          250       260       270       280       290         

     241 TTTAGAACAAACTGGAAATGGCTACTACCTACACCCTACTGTGGAGTATTTGATGTGGCT 

     101 M  L  S  F  G  F  T  D  K  V  I  K  K  S  Q  C  P  I  G  V   

     301 ATGCTCAGCTTTGGCTTTACAGATAAAGTAATAAAGAAGAGCCAGTGTCCCATTGGGGTC 

     301          310       320       330       340       350         

     301 TACGAGTCGAAACCGAAATGTCTATTTCATTATTTCTTCTCGGTCACAGGGTAACCCCAG 

     121 F  G  N  G  F  K  S  G  S  M  R  L  G  K  D  A  L  V  F  T   

     361 TTTGGTAATGGTTTCAAGTCAGGCTCCATGCGGCTAGGAAAGGACGCCCTTGTCTTCACC 

     361          370       380       390       400       410         
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     361 AAACCATTACCAAAGTTCAGTCCGAGGTACGCCGATCCTTTCCTGCGGGAACAGAAGTGG 

     141 K  N  G  G  T  L  T  V  G  L  L  S  Q  T  Y  L  E  C  V  Q   

     421 AAGAATGGGGGTACTCTCACTGTTGGACTTCTATCACAGACCTATCTGGAATGTGTCCAG 

     421          430       440       450       460       470         

     421 TTCTTACCCCCATGAGAGTGACAACCTGAAGATAGTGTCTGGATAGACCTTACACAGGTC 

     161 A  Q  A  V  I  V  P  I  V  P  F  N  Q  Q  N  K  K  M  I  I   

     481 GCCCAGGCAGTTATTGTACCAATTGTTCCATTCAACCAGCAAAACAAAAAAATGATTATT 

     481          490       500       510       520       530         

     481 CGGGTCCGTCAATAACATGGTTAACAAGGTAAGTTGGTCGTTTTGTTTTTTTACTAATAA 

     181 T  E  D  S  L  P  S  L  E  A  I  L  N  Y  S  I  F  N  R  E   

     541 ACCGAGGATTCATTGCCCAGCCTAGAAGCCATCTTGAACTATTCCATTTTCAACCGTGAA 

     541          550       560       570       580       590         

     541 TGGCTCCTAAGTAACGGGTCGGATCTTCGGTAGAACTTGATAAGGTAAAAGTTGGCACTT 

     201 N  D  L  L  A  Q  F  D  A  I  P  G  K  K  G  T  R  V  L  I   

     601 AATGACCTGCTGGCCCAGTTTGATGCCATCCCAGGCAAAAAAGGCACTCGTGTTCTCATT 

     601          610       620       630       640       650         

     601 TTACTGGACGACCGGGTCAAACTACGGTAGGGTCCGTTTTTTCCGTGAGCACAAGAGTAA 

                                 <<<MORC4_r1<<< 685 to 702 

     221 W  N  I  R  R  N  K  N  G  K  S  E  L  D  F  D  T  D  Q  Y   

     661 TGGAACATCCGCAGAAATAAAAATGGAAAATCTGAGTTGGACTTTGATACAGATCAATAT 

     661          670       680       690       700       710         

     661 ACCTTGTAGGCGTCTTTATTTTTACCTTTTAGACTCAACCTGAAACTATGTCTAGTTATA 

     241 D  I  L  V  S  D  F  D  T  E  E  K  M  T  G  G  V  T  S  E   

     721 GACATCCTGGTATCAGACTTTGACACAGAAGAAAAAATGACTGGCGGTGTTACCTCTGAG 

     721          730       740       750       760       770         

     721 CTGTAGGACCATAGTCTGAAACTGTGTCTTCTTTTTTACTGACCGCCACAATGGAGACTC 

     261 L  P  E  T  E  Y  S  L  R  A  F  C  G  I  L  Y  M  K  P  R   

     781 CTACCAGAAACAGAATATTCTTTAAGGGCATTTTGTGGTATTCTATACATGAAGCCACGC 

     781          790       800       810       820       830         

     781 GATGGTCTTTGTCTTATAAGAAATTCCCGTAAAACACCATAAGATATGTACTTCGGTGCG 

     281 M  K  I  F  L  R  Q  K  K  V  T  T  Q  M  I  A  K  S  L  A   

     841 ATGAAAATTTTTCTGCGTCAAAAGAAGGTGACTACCCAGATGATTGCCAAGAGCCTGGCC 

     841          850       860       870       880       890         

     841 TACTTTTAAAAAGACGCAGTTTTCTTCCACTGATGGGTCTACTAACGGTTCTCGGACCGG 

     301 N  V  E  Y  D  T  Y  K  P  T  F  T  N  K  Q  V  R  I  T  F   

     901 AATGTAGAATATGATACATATAAACCTACCTTCACAAATAAGCAGGTGAGAATCACCTTT 

     901          910       920       930       940       950         

     901 TTACATCTTATACTATGTATATTTGGATGGAAGTGTTTATTCGTCCACTCTTAGTGGAAA 

     321 G  F  S  C  K  N  S  N  Q  F  G  I  M  M  Y  H  N  N  R  L   

     961 GGGTTCTCTTGCAAGAATAGTAACCAGTTTGGAATAATGATGTATCATAACAACCGACTC 

     961          970       980       990       1000      1010        

     961 CCCAAGAGAACGTTCTTATCATTGGTCAAACCTTATTACTACATAGTATTGTTGGCTGAG 

     341 I  K  S  F  E  K  V  G  C  Q  V  K  P  T  R  G  E  G  V  G   

    1021 ATAAAATCTTTTGAGAAGGTGGGGTGCCAGGTGAAGCCAACTCGTGGAGAAGGTGTAGGA 

    1021          1030      1040      1050      1060      1070        

    1021 TATTTTAGAAAACTCTTCCACCCCACGGTCCACTTCGGTTGAGCACCTCTTCCACATCCT 

     361 V  I  G  V  I  E  C  N  F  L  K  P  A  Y  N  K  Q  D  F  E   

    1081 GTAATTGGAGTCATTGAGTGCAATTTCCTAAAACCTGCCTACAACAAACAAGACTTTGAG 

    1081          1090      1100      1110      1120      1130        

    1081 CATTAACCTCAGTAACTCACGTTAAAGGATTTTGGACGGATGTTGTTTGTTCTGAAACTC 

     381 Y  T  K  E  Y  R  L  T  I  N  A  L  A  Q  K  L  N  A  Y  W   

    1141 TATACCAAGGAGTACCGGCTAACAATAAATGCCCTTGCCCAGAAGCTCAATGCTTACTGG 

    1141          1150      1160      1170      1180      1190        

    1141 ATATGGTTCCTCATGGCCGATTGTTATTTACGGGAACGGGTCTTCGAGTTACGAATGACC 

     401 K  E  K  T  S  Q  D  N  F  E  T  S  T  V  A  R  P  I  P  K   

    1201 AAGGAAAAAACATCTCAAGATAATTTTGAGACCTCAACTGTAGCCAGGCCAATACCGAAG 

    1201          1210      1220      1230      1240      1250        

    1201 TTCCTTTTTTGTAGAGTTCTATTAAAACTCTGGAGTTGACATCGGTCCGGTTATGGCTTC 

     421 V  P  D  Q  T  W  V  Q  C  D  E  C  L  K  W  R  K  L  P  G   

    1261 GTTCCTGACCAGACATGGGTTCAGTGTGATGAGTGTCTTAAATGGAGAAAGCTTCCTGGG 

    1261          1270      1280      1290      1300      1310        
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    1261 CAAGGACTGGTCTGTACCCAAGTCACACTACTCACAGAATTTACCTCTTTCGAAGGACCC 

     441 K  I  D  P  S  M  L  P  A  R  W  F  C  Y  Y  N  S  H  P  K   

    1321 AAGATTGATCCATCCATGTTACCTGCAAGATGGTTTTGTTATTATAATTCCCATCCAAAG 

    1321          1330      1340      1350      1360      1370        

    1321 TTCTAACTAGGTAGGTACAATGGACGTTCTACCAAAACAATAATATTAAGGGTAGGTTTC 

     461 Y  R  R  C  S  V  P  E  E  Q  E  L  T  D  E  D  L  C  L  S   

    1381 TACAGGAGATGCTCTGTTCCAGAGGAACAAGAACTCACTGATGAAGACCTGTGCTTGAGC 

    1381          1390      1400      1410      1420      1430        

    1381 ATGTCCTCTACGAGACAAGGTCTCCTTGTTCTTGAGTGACTACTTCTGGACACGAACTCG 

     481 K  A  K  K  Q  E  Q  T  V  E  E  K  K  K  M  P  M  E  N  E   

    1441 AAAGCTAAGAAACAAGAACAAACTGTTGAGGAGAAGAAGAAGATGCCTATGGAAAATGAG 

    1441          1450      1460      1470      1480      1490        

    1441 TTTCGATTCTTTGTTCTTGTTTGACAACTCCTCTTCTTCTTCTACGGATACCTTTTACTC 

     501 N  H  Q  V  F  S  N  P  P  K  I  L  T  V  Q  E  M  A  G  L   

    1501 AACCACCAGGTATTCAGTAATCCACCAAAGATCCTTACTGTTCAAGAAATGGCTGGATTG 

    1501          1510      1520      1530      1540      1550        

    1501 TTGGTGGTCCATAAGTCATTAGGTGGTTTCTAGGAATGACAAGTTCTTTACCGACCTAAC 

     521 N  N  K  T  I  G  Y  E  G  I  H  S  P  S  V  L  P  S  G  G   

    1561 AATAACAAGACAATTGGATATGAGGGAATTCATAGCCCTAGTGTGCTTCCTTCTGGTGGA 

    1561          1570      1580      1590      1600      1610        

    1561 TTATTGTTCTGTTAACCTATACTCCCTTAAGTATCGGGATCACACGAAGGAAGACCACCT 

     541 E  E  S  R  S  P  S  L  Q  L  K  P  L  D  S  S  V  L  Q  F   

    1621 GAAGAAAGCAGATCACCATCTCTTCAACTTAAGCCTCTGGATTCCAGTGTTTTACAGTTT 

    1621          1630      1640      1650      1660      1670        

    1621 CTTCTTTCGTCTAGTGGTAGAGAAGTTGAATTCGGAGACCTAAGGTCACAAAATGTCAAA 

     561 S  S  K  Y  K  W  I  L  G  E  E  P  V  E  K  R  R  R  L  Q   

    1681 TCCAGTAAGTACAAATGGATCCTAGGTGAAGAACCGGTGGAGAAACGAAGAAGGCTCCAG 

    1681          1690      1700      1710      1720      1730        

    1681 AGGTCATTCATGTTTACCTAGGATCCACTTCTTGGCCACCTCTTTGCTTCTTCCGAGGTC 

     581 N  E  M  T  T  P  S  L  D  Y  S  M  P  A  P  Y  R  R  V  E   

    1741 AATGAGATGACAACACCTTCTCTAGATTATTCCATGCCTGCTCCTTACAGGAGGGTAGAA 

    1741          1750      1760      1770      1780      1790        

    1741 TTACTCTACTGTTGTGGAAGAGATCTAATAAGGTACGGACGAGGAATGTCCTCCCATCTT 

     601 A  P  V  A  Y  P  E  G  E  N  S  H  D  K  S  S  S  E  R  S   

    1801 GCACCTGTTGCCTACCCAGAAGGGGAGAACAGCCATGATAAATCGAGTTCTGAGAGAAGT 

    1801          1810      1820      1830      1840      1850        

    1801 CGTGGACAACGGATGGGTCTTCCCCTCTTGTCGGTACTATTTAGCTCAAGACTCTCTTCA 

     621 T  P  P  Y  L  F  P  E  Y  P  E  A  S  K  N  T  G  Q  N  R   

    1861 ACACCACCATACCTTTTCCCAGAATACCCAGAAGCAAGCAAGAATACAGGTCAGAATAGG 

    1861          1870      1880      1890      1900      1910        

    1861 TGTGGTGGTATGGAAAAGGGTCTTATGGGTCTTCGTTCGTTCTTATGTCCAGTCTTATCC 

     641 E  V  S  I  L  Y  P  G  A  K  D  Q  R  Q  G  S  L  L  P  E   

    1921 GAGGTTTCAATTCTGTATCCAGGGGCCAAAGACCAACGCCAGGGGTCCCTGCTTCCTGAA 

    1921          1930      1940      1950      1960      1970        

    1921 CTCCAAAGTTAAGACATAGGTCCCCGGTTTCTGGTTGCGGTCCCCAGGGACGAAGGACTT 

     661 E  L  E  D  Q  M  P  R  L  V  A  E  E  S  N  R  G  S  T  T   

    1981 GAATTAGAAGATCAGATGCCAAGATTGGTGGCAGAAGAATCTAACAGAGGTAGCACAACC 

    1981          1990      2000      2010      2020      2030        

    1981 CTTAATCTTCTAGTCTACGGTTCTAACCACCGTCTTCTTAGATTGTCTCCATCGTGTTGG 

     681 I  N  K  E  E  V  N  K  G  P  F  V  A  V  V  G  V  A  K  G   

    2041 ATAAACAAAGAAGAAGTCAACAAGGGACCTTTTGTAGCTGTTGTGGGTGTTGCCAAAGGT 

    2041          2050      2060      2070      2080      2090        

    2041 TATTTGTTTCTTCTTCAGTTGTTCCCTGGAAAACATCGACAACACCCACAACGGTTTCCA 

           >>>MORC4_f2>>> 2103 to 2120 

     701 V  R  D  S  G  A  P  I  Q  L  I  P  F  N  R  E  E  L  A  E   

    2101 GTTAGAGATTCAGGAGCTCCCATTCAGCTGATCCCTTTTAACAGAGAGGAGCTTGCTGAG 

    2101          2110      2120      2130      2140      2150        

    2101 CAATCTCTAAGTCCTCGAGGGTAAGTCGACTAGGGAAAATTGTCTCTCCTCGAACGACTC 

     721 R  R  K  A  V  E  S  W  N  P  V  P  Y  S  V  A  S  A  A  I   

    2161 AGACGAAAAGCAGTTGAATCCTGGAACCCAGTGCCTTATTCTGTGGCCTCTGCTGCAATC 

    2161          2170      2180      2190      2200      2210        
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    2161 TCTGCTTTTCGTCAACTTAGGACCTTGGGTCACGGAATAAGACACCGGAGACGACGTTAG 

     741 P  A  A  A  I  G  E  K  A  R  G  Y  E  E  S  E  G  H  N  T   

    2221 CCTGCTGCAGCCATTGGGGAGAAAGCAAGAGGCTATGAGGAGAGCGAAGGTCATAATACA 

    2221          2230      2240      2250      2260      2270        

    2221 GGACGACGTCGGTAACCCCTCTTTCGTTCTCCGATACTCCTCTCGCTTCCAGTATTATGT 

     761 P  K  L  K  N  Q  R  E  L  E  E  L  K  R  T  T  E  K  L  E   

    2281 CCAAAGTTGAAGAACCAGAGAGAGCTGGAAGAATTGAAGAGAACCACAGAAAAATTGGAA 

    2281          2290      2300      2310      2320      2330        

    2281 GGTTTCAACTTCTTGGTCTCTCTCGACCTTCTTAACTTCTCTTGGTGTCTTTTTAACCTT 

     781 R  V  L  A  E  R  N  L  F  Q  Q  K  V  E  E  L  E  Q  E  R   

    2341 CGTGTTTTGGCTGAAAGGAATTTGTTCCAGCAAAAGGTGGAGGAGCTGGAACAGGAGAGG 

    2341          2350      2360      2370      2380      2390        

    2341 GCACAAAACCGACTTTCCTTAAACAAGGTCGTTTTCCACCTCCTCGACCTTGTCCTCTCC 

     801 N  H  W  Q  S  E  F  K  K  V  Q  H  E  L  V  I  Y  S  T  Q   

    2401 AATCACTGGCAGTCTGAATTCAAGAAAGTCCAACATGAATTGGTGATCTACAGTACCCAG 

    2401          2410      2420      2430      2440      2450        

    2401 TTAGTGACCGTCAGACTTAAGTTCTTTCAGGTTGTACTTAACCACTAGATGTCATGGGTC 

     821 E  A  E  G  L  Y  W  S  K  K  H  M  G  Y  R  Q  A  E  F  Q   

    2461 GAGGCGGAAGGCTTGTACTGGAGCAAGAAACACATGGGTTATCGCCAAGCTGAATTCCAG 

    2461          2470      2480      2490      2500      2510        

    2461 CTCCGCCTTCCGAACATGACCTCGTTCTTTGTGTACCCAATAGCGGTTCGACTTAAGGTC 

     841 I  L  K  A  E  L  E  R  T  K  E  E  K  Q  E  L  K  E  K  L   

    2521 ATTCTGAAAGCTGAGCTGGAAAGAACCAAAGAGGAAAAGCAAGAGTTAAAAGAGAAACTG 

    2521          2530      2540      2550      2560      2570        

    2521 TAAGACTTTCGACTCGACCTTTCTTGGTTTCTCCTTTTCGTTCTCAATTTTCTCTTTGAC 

           <<<MORC4_r4<<< 2583 to 2600 

     861 K  E  T  E  T  H  L  E  M  L  Q  K  A  Q  G  F  G  K  A  Y   

    2581 AAGGAAACAGAGACACACCTGGAAATGCTGCAGAAGGCTCAGGGCTTTGGCAAAGCTTAC 

    2581          2590      2600      2610      2620      2630        

    2581 TTCCTTTGTCTCTGTGTGGACCTTTACGACGTCTTCCGAGTCCCGAAACCGTTTCGAATG 

                                                   <<<MORC4_r3<<< 2683 to 

2700 

     881 A  A  T  Y  P  R  Q  L  S  P  Y  F  C  P  P  S  L  G  A  S   

    2641 GCGGCTACGTATCCACGTCAGCTATCTCCTTACTTCTGTCCTCCCTCACTTGGAGCTTCG 

    2641          2650      2660      2670      2680      2690        

    2641 CGCCGATGCATAGGTGCAGTCGATAGAGGAATGAAGACAGGAGGGAGTGAACCTCGAAGC 

     901 *  

    2701 TGA 

 

MORC4-204 ENST00000604604.1 
       1 X  S  A  R  T  V  F  I  D  V  E  E  V  K  N  K  S  C  L  T   

       1 NNATCTGCCAGGACGGTCTTTATAGATGTTGAGGAGGTCAAGAATAAATCTTGTTTGACC 

       1          10        20        30        40        50          

       1 NNTAGACGGTCCTGCCAGAAATATCTACAACTCCTCCAGTTCTTATTTAGAACAAACTGG 

      21 F  T  D  D  G  C  G  M  T  P  H  K  L  H  R  M  L  S  *  

      61 TTTACCGATGATGGATGTGGGATGACACCTCATAAACTACACCGAATGCTCAGTTAG 

      61          70        80        90        100       110        

      61 AAATGGCTACTACCTACACCCTACTGTGGAGTATTTGATGTGGCTTACGAGTCAATC 

 

MORC4 Q8TE76-3 

 
       1 M  T  G  G  V  T  S  E  L  P  E  T  E  Y  S  L  R  A  F  C   

       1 ATGACTGGCGGTGTTACCTCTGAGCTACCAGAAACAGAATATTCTTTAAGGGCATTTTGT 

       1          10        20        30        40        50          

       1 TACTGACCGCCACAATGGAGACTCGATGGTCTTTGTCTTATAAGAAATTCCCGTAAAACA 

      21 G  I  L  Y  M  K  P  R  M  K  I  F  L  R  Q  K  K  V  T  T   

      61 GGTATTCTATACATGAAGCCACGCATGAAAATTTTTCTGCGTCAAAAGAAGGTGACTACC 

      61          70        80        90        100       110         

      61 CCATAAGATATGTACTTCGGTGCGTACTTTTAAAAAGACGCAGTTTTCTTCCACTGATGG 

      41 Q  M  I  A  K  S  L  A  N  V  E  Y  D  T  Y  K  P  T  F  T   
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     121 CAGATGATTGCCAAGAGCCTGGCCAATGTAGAATATGATACATATAAACCTACCTTCACA 

     121          130       140       150       160       170         

     121 GTCTACTAACGGTTCTCGGACCGGTTACATCTTATACTATGTATATTTGGATGGAAGTGT 

      61 N  K  Q  V  R  I  T  F  G  F  S  C  K  N  S  N  Q  F  G  I   

     181 AATAAGCAGGTGAGAATCACCTTTGGGTTCTCTTGCAAGAATAGTAACCAGTTTGGAATA 

     181          190       200       210       220       230         

     181 TTATTCGTCCACTCTTAGTGGAAACCCAAGAGAACGTTCTTATCATTGGTCAAACCTTAT 

      81 M  M  Y  H  N  N  R  L  I  K  S  F  E  K  V  G  C  Q  V  K   

     241 ATGATGTATCATAACAACCGACTCATAAAATCTTTTGAGAAGGTGGGGTGCCAGGTGAAG 

     241          250       260       270       280       290         

     241 TACTACATAGTATTGTTGGCTGAGTATTTTAGAAAACTCTTCCACCCCACGGTCCACTTC 

     101 P  T  R  G  E  G  V  G  V  I  G  V  I  E  C  N  F  L  K  P   

     301 CCAACTCGTGGAGAAGGTGTAGGAGTAATTGGAGTCATTGAGTGCAATTTCCTAAAACCT 

     301          310       320       330       340       350         

     301 GGTTGAGCACCTCTTCCACATCCTCATTAACCTCAGTAACTCACGTTAAAGGATTTTGGA 

     121 A  Y  N  K  Q  D  F  E  Y  T  K  E  Y  R  L  T  I  N  A  L   

     361 GCCTACAACAAACAAGACTTTGAGTATACCAAGGAGTACCGGCTAACAATAAATGCCCTT 

     361          370       380       390       400       410         

     361 CGGATGTTGTTTGTTCTGAAACTCATATGGTTCCTCATGGCCGATTGTTATTTACGGGAA 

     141 A  Q  K  L  N  A  Y  W  K  E  K  T  S  Q  D  N  F  E  T  S   

     421 GCCCAGAAGCTCAATGCTTACTGGAAGGAAAAAACATCTCAAGATAATTTTGAGACCTCA 

     421          430       440       450       460       470         

     421 CGGGTCTTCGAGTTACGAATGACCTTCCTTTTTTGTAGAGTTCTATTAAAACTCTGGAGT 

     161 T  V  A  R  P  I  P  K  V  P  D  Q  T  W  V  Q  C  D  E  C   

     481 ACTGTAGCCAGGCCAATACCGAAGGTTCCTGACCAGACATGGGTTCAGTGTGATGAGTGT 

     481          490       500       510       520       530         

     481 TGACATCGGTCCGGTTATGGCTTCCAAGGACTGGTCTGTACCCAAGTCACACTACTCACA 

     181 L  K  W  R  K  L  P  G  K  I  D  P  S  M  L  P  A  R  W  F   

     541 CTTAAATGGAGAAAGCTTCCTGGGAAGATTGATCCATCCATGTTACCTGCAAGATGGTTT 

     541          550       560       570       580       590         

     541 GAATTTACCTCTTTCGAAGGACCCTTCTAACTAGGTAGGTACAATGGACGTTCTACCAAA 

     201 C  Y  Y  N  S  H  P  K  Y  R  R  C  S  V  P  E  E  Q  E  L   

     601 TGTTATTATAATTCCCATCCAAAGTACAGGAGATGCTCTGTTCCAGAGGAACAAGAACTC 

     601          610       620       630       640       650         

     601 ACAATAATATTAAGGGTAGGTTTCATGTCCTCTACGAGACAAGGTCTCCTTGTTCTTGAG 

     221 T  D  E  D  L  C  L  S  K  A  K  K  Q  E  Q  T  V  E  E  K   

     661 ACTGATGAAGACCTGTGCTTGAGCAAAGCTAAGAAACAAGAACAAACTGTTGAGGAGAAG 

     661          670       680       690       700       710         

     661 TGACTACTTCTGGACACGAACTCGTTTCGATTCTTTGTTCTTGTTTGACAACTCCTCTTC 

     241 K  K  M  P  M  E  N  E  N  H  Q  V  F  S  N  P  P  K  I  L   

     721 AAGAAGATGCCTATGGAAAATGAGAACCACCAGGTATTCAGTAATCCACCAAAGATCCTT 

     721          730       740       750       760       770         

     721 TTCTTCTACGGATACCTTTTACTCTTGGTGGTCCATAAGTCATTAGGTGGTTTCTAGGAA 

     261 T  V  Q  E  M  A  G  L  N  N  K  T  I  G  Y  E  G  I  H  S   

     781 ACTGTTCAAGAAATGGCTGGATTGAATAACAAGACAATTGGATATGAGGGAATTCATAGC 

     781          790       800       810       820       830         

     781 TGACAAGTTCTTTACCGACCTAACTTATTGTTCTGTTAACCTATACTCCCTTAAGTATCG 

     281 P  S  V  L  P  S  G  G  E  E  S  R  S  P  S  L  Q  L  K  P   

     841 CCTAGTGTGCTTCCTTCTGGTGGAGAAGAAAGCAGATCACCATCTCTTCAACTTAAGCCT 

     841          850       860       870       880       890         

     841 GGATCACACGAAGGAAGACCACCTCTTCTTTCGTCTAGTGGTAGAGAAGTTGAATTCGGA 

     301 L  D  S  S  V  L  Q  F  S  S  K  Y  K  W  I  L  G  E  E  P   

     901 CTGGATTCCAGTGTTTTACAGTTTTCCAGTAAGTACAAATGGATCCTAGGTGAAGAACCG 

     901          910       920       930       940       950         

     901 GACCTAAGGTCACAAAATGTCAAAAGGTCATTCATGTTTACCTAGGATCCACTTCTTGGC 

     321 V  E  K  R  R  R  L  Q  N  E  M  T  T  P  S  L  D  Y  S  M   

     961 GTGGAGAAACGAAGAAGGCTCCAGAATGAGATGACAACACCTTCTCTAGATTATTCCATG 

     961          970       980       990       1000      1010        

     961 CACCTCTTTGCTTCTTCCGAGGTCTTACTCTACTGTTGTGGAAGAGATCTAATAAGGTAC 

     341 P  A  P  Y  R  R  V  E  A  P  V  A  Y  P  E  G  E  N  S  H   

    1021 CCTGCTCCTTACAGGAGGGTAGAAGCACCTGTTGCCTACCCAGAAGGGGAGAACAGCCAT 
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    1021          1030      1040      1050      1060      1070        

    1021 GGACGAGGAATGTCCTCCCATCTTCGTGGACAACGGATGGGTCTTCCCCTCTTGTCGGTA 

     361 D  K  S  S  S  E  R  S  T  P  P  Y  L  F  P  E  Y  P  E  A   

    1081 GATAAATCGAGTTCTGAGAGAAGTACACCACCATACCTTTTCCCAGAATACCCAGAAGCA 

    1081          1090      1100      1110      1120      1130        

    1081 CTATTTAGCTCAAGACTCTCTTCATGTGGTGGTATGGAAAAGGGTCTTATGGGTCTTCGT 

     381 S  K  N  T  G  Q  N  R  E  V  S  I  L  Y  P  G  A  K  D  Q   

    1141 AGCAAGAATACAGGTCAGAATAGGGAGGTTTCAATTCTGTATCCAGGGGCCAAAGACCAA 

    1141          1150      1160      1170      1180      1190        

    1141 TCGTTCTTATGTCCAGTCTTATCCCTCCAAAGTTAAGACATAGGTCCCCGGTTTCTGGTT 

     401 R  Q  G  S  L  L  P  E  E  L  E  D  Q  M  P  R  L  V  A  E   

    1201 CGCCAGGGGTCCCTGCTTCCTGAAGAATTAGAAGATCAGATGCCAAGATTGGTGGCAGAA 

    1201          1210      1220      1230      1240      1250        

    1201 GCGGTCCCCAGGGACGAAGGACTTCTTAATCTTCTAGTCTACGGTTCTAACCACCGTCTT 

     421 E  S  N  R  G  S  T  T  I  N  K  E  E  V  N  K  G  P  F  V   

    1261 GAATCTAACAGAGGTAGCACAACCATAAACAAAGAAGAAGTCAACAAGGGACCTTTTGTA 

    1261          1270      1280      1290      1300      1310        

    1261 CTTAGATTGTCTCCATCGTGTTGGTATTTGTTTCTTCTTCAGTTGTTCCCTGGAAAACAT 

                                   >>>MORC4_f2>>> 1347 to 1364 

     441 A  V  V  G  V  A  K  G  V  R  D  S  G  A  P  I  Q  L  I  P   

    1321 GCTGTTGTGGGTGTTGCCAAAGGTGTTAGAGATTCAGGAGCTCCCATTCAGCTGATCCCT 

    1321          1330      1340      1350      1360      1370        

    1321 CGACAACACCCACAACGGTTTCCACAATCTCTAAGTCCTCGAGGGTAAGTCGACTAGGGA 

     461 F  N  R  E  E  L  A  E  R  R  K  A  V  E  S  W  N  P  V  P   

    1381 TTTAACAGAGAGGAGCTTGCTGAGAGACGAAAAGCAGTTGAATCCTGGAACCCAGTGCCT 

    1381          1390      1400      1410      1420      1430        

    1381 AAATTGTCTCTCCTCGAACGACTCTCTGCTTTTCGTCAACTTAGGACCTTGGGTCACGGA 

     481 Y  S  V  A  S  A  A  I  P  A  A  A  I  G  E  K  A  R  G  Y   

    1441 TATTCTGTGGCCTCTGCTGCAATCCCTGCTGCAGCCATTGGGGAGAAAGCAAGAGGCTAT 

    1441          1450      1460      1470      1480      1490        

    1441 ATAAGACACCGGAGACGACGTTAGGGACGACGTCGGTAACCCCTCTTTCGTTCTCCGATA 

     501 E  E  S  E  G  H  N  T  P  K  L  K  N  Q  R  E  L  E  E  L   

    1501 GAGGAGAGCGAAGGTCATAATACACCAAAGTTGAAGAACCAGAGAGAGCTGGAAGAATTG 

    1501          1510      1520      1530      1540      1550        

    1501 CTCCTCTCGCTTCCAGTATTATGTGGTTTCAACTTCTTGGTCTCTCTCGACCTTCTTAAC 

     521 K  R  T  T  E  K  L  E  R  V  L  A  E  R  N  L  F  Q  Q  K   

    1561 AAGAGAACCACAGAAAAATTGGAACGTGTTTTGGCTGAAAGGAATTTGTTCCAGCAAAAG 

    1561          1570      1580      1590      1600      1610        

    1561 TTCTCTTGGTGTCTTTTTAACCTTGCACAAAACCGACTTTCCTTAAACAAGGTCGTTTTC 

     541 V  E  E  L  E  Q  E  R  N  H  W  Q  S  E  F  K  K  V  Q  H   

    1621 GTGGAGGAGCTGGAACAGGAGAGGAATCACTGGCAGTCTGAATTCAAGAAAGTCCAACAT 

    1621          1630      1640      1650      1660      1670        

    1621 CACCTCCTCGACCTTGTCCTCTCCTTAGTGACCGTCAGACTTAAGTTCTTTCAGGTTGTA 

     561 E  L  V  I  Y  S  T  Q  E  A  E  G  L  Y  W  S  K  K  H  M   

    1681 GAATTGGTGATCTACAGTACCCAGGAGGCGGAAGGCTTGTACTGGAGCAAGAAACACATG 

    1681          1690      1700      1710      1720      1730        

    1681 CTTAACCACTAGATGTCATGGGTCCTCCGCCTTCCGAACATGACCTCGTTCTTTGTGTAC 

     581 G  Y  R  Q  A  E  F  Q  I  L  K  A  E  L  E  R  T  K  E  E   

    1741 GGTTATCGCCAAGCTGAATTCCAGATTCTGAAAGCTGAGCTGGAAAGAACCAAAGAGGAA 

    1741          1750      1760      1770      1780      1790        

    1741 CCAATAGCGGTTCGACTTAAGGTCTAAGACTTTCGACTCGACCTTTCTTGGTTTCTCCTT 

                                   <<<MORC4_r4<<< 1827 to 1844 

     601 K  Q  E  L  K  E  K  L  K  E  T  E  T  H  L  E  M  L  Q  K   

    1801 AAGCAAGAGTTAAAAGAGAAACTGAAGGAAACAGAGACACACCTGGAAATGCTGCAGAAG 

    1801          1810      1820      1830      1840      1850        

    1801 TTCGTTCTCAATTTTCTCTTTGACTTCCTTTGTCTCTGTGTGGACCTTTACGACGTCTTC 

     621 A  Q  G  F  G  K  A  Y  A  A  T  Y  P  R  Q  L  S  P  Y  F   

    1861 GCTCAGGGCTTTGGCAAAGCTTACGCGGCTACGTATCCACGTCAGCTATCTCCTTACTTC 

    1861          1870      1880      1890      1900      1910        

    1861 CGAGTCCCGAAACCGTTTCGAATGCGCCGATGCATAGGTGCAGTCGATAGAGGAATGAAG 

               <<<MORC4_r3<<< 1927 to 1944 
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     641 C  P  P  S  L  G  A  S  *  

    1921 TGTCCTCCCTCACTTGGAGCTTCGTGA 

 
       MORC4 NM_001085354.3 
 

       1 M  L  L  Y  R  G  A  P  A  G  P  G  A  P  G  C  G  L  A  R   

       1 atgctcctgtaccgaggggcccccgccggccctggcgcgccgggctgcgggctggcccgg 

       1          10        20        30        40        50          

       1 tacgaggacatggctccccgggggcggccgggaccgcgcggcccgacgcccgaccgggcc 

                              >>>MORC4_f1>>> 82 to 99 

      21 P  G  G  G  P  Q  A  F  G  I  R  L  S  T  M  S  P  R  Y  L   

      61 cccggcggcggcccgcaggccttcgggatccgcctgagcacgatgagcccccgctacctc 

      61          70        80        90        100       110         

      61 gggccgccgccgggcgtccggaagccctaggcggactcgtgctactcgggggcgatggag 

      41 Q  S  N  S  S  S  H  T  R  P  F  S  A  I  A  E  L  L  D  N   

     121 cagagcaactccagcagccacacgcgacccttcagtgccatcgcggagctgctagataat 

     121          130       140       150       160       170         

     121 gtctcgttgaggtcgtcggtgtgcgctgggaagtcacggtagcgcctcgacgatctatta 

      61 A  V  D  P  D  V  S  A  R  T  V  F  I  D  V  E  E  V  K  N   

     181 gctgtagatccagatgtatctgccaggacggtctttatagatgttgaggaggtcaagaat 

     181          190       200       210       220       230         

     181 cgacatctaggtctacatagacggtcctgccagaaatatctacaactcctccagttctta 

      81 K  S  C  L  T  F  T  D  D  G  C  G  M  T  P  H  K  L  H  R   

     241 aaatcttgtttgacctttaccgatgatggatgtgggatgacacctcataaactacaccga 

     241          250       260       270       280       290         

     241 tttagaacaaactggaaatggctactacctacaccctactgtggagtatttgatgtggct 

     101 M  L  S  F  G  F  T  D  K  V  I  K  K  S  Q  C  P  I  G  V   

     301 atgctcagctttggctttacagataaagtaataaagaagagccagtgtcccattggggtc 

     301          310       320       330       340       350         

     301 tacgagtcgaaaccgaaatgtctatttcattatttcttctcggtcacagggtaaccccag 

     121 F  G  N  G  F  K  S  G  S  M  R  L  G  K  D  A  L  V  F  T   

     361 tttggtaatggtttcaagtcaggctccatgcggctaggaaaggacgcccttgtcttcacc 

     361          370       380       390       400       410         

     361 aaaccattaccaaagttcagtccgaggtacgccgatcctttcctgcgggaacagaagtgg 

     141 K  N  G  G  T  L  T  V  G  L  L  S  Q  T  Y  L  E  C  V  Q   

     421 aagaatgggggtactctcactgttggacttctatcacagacctatctggaatgtgtccag 

     421          430       440       450       460       470         

     421 ttcttacccccatgagagtgacaacctgaagatagtgtctggatagaccttacacaggtc 

     161 A  Q  A  V  I  V  P  I  V  P  F  N  Q  Q  N  K  K  M  I  I   

     481 gcccaggcagttattgtaccaattgttccattcaaccagcaaaacaaaaaaatgattatt 

     481          490       500       510       520       530         

     481 cgggtccgtcaataacatggttaacaaggtaagttggtcgttttgtttttttactaataa 

     181 T  E  D  S  L  P  S  L  E  A  I  L  N  Y  S  I  F  N  R  E   

     541 accgaggattcattgcccagcctagaagccatcttgaactattccattttcaaccgtgaa 

     541          550       560       570       580       590         

     541 tggctcctaagtaacgggtcggatcttcggtagaacttgataaggtaaaagttggcactt 

     201 N  D  L  L  A  Q  F  D  A  I  P  G  K  K  G  T  R  V  L  I   

     601 aatgacctgctggcccagtttgatgccatcccaggcaaaaaaggcactcgtgttctcatt 

     601          610       620       630       640       650         

     601 ttactggacgaccgggtcaaactacggtagggtccgttttttccgtgagcacaagagtaa 

                                 <<<MORC4_r1<<< 685 to 702 

     221 W  N  I  R  R  N  K  N  G  K  S  E  L  D  F  D  T  D  Q  Y   

     661 tggaacatccgcagaaataaaaatggaaaatctgagttggactttgatacagatcaatat 

     661          670       680       690       700       710         

     661 accttgtaggcgtctttatttttaccttttagactcaacctgaaactatgtctagttata 

     241 D  I  L  V  S  D  F  D  T  E  E  K  M  T  G  G  V  T  S  E   

     721 gacatcctggtatcagactttgacacagaagaaaaaatgactggcggtgttacctctgag 

     721          730       740       750       760       770         

     721 ctgtaggaccatagtctgaaactgtgtcttcttttttactgaccgccacaatggagactc 

     261 L  P  E  T  E  Y  S  L  R  A  F  C  G  I  L  Y  M  K  P  R   

     781 ctaccagaaacagaatattctttaagggcattttgtggtattctatacatgaagccacgc 
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     781          790       800       810       820       830         

     781 gatggtctttgtcttataagaaattcccgtaaaacaccataagatatgtacttcggtgcg 

     281 M  K  I  F  L  R  Q  K  K  V  T  T  Q  M  I  A  K  S  L  A   

     841 atgaaaatttttctgcgtcaaaagaaggtgactacccagatgattgccaagagcctggcc 

     841          850       860       870       880       890         

     841 tacttttaaaaagacgcagttttcttccactgatgggtctactaacggttctcggaccgg 

     301 N  V  E  Y  D  T  Y  K  P  T  F  T  N  K  Q  V  R  I  T  F   

     901 aatgtagaatatgatacatataaacctaccttcacaaataagcaggtgagaatcaccttt 

     901          910       920       930       940       950         

     901 ttacatcttatactatgtatatttggatggaagtgtttattcgtccactcttagtggaaa 

     321 G  F  S  C  K  N  S  N  Q  F  G  I  M  M  Y  H  N  N  R  L   

     961 gggttctcttgcaagaatagtaaccagtttggaataatgatgtatcataacaaccgactc 

     961          970       980       990       1000      1010        

     961 cccaagagaacgttcttatcattggtcaaaccttattactacatagtattgttggctgag 

     341 I  K  S  F  E  K  V  G  C  Q  V  K  P  T  R  G  E  G  V  G   

    1021 ataaaatcttttgagaaggtggggtgccaggtgaagccaactcgtggagaaggtgtagga 

    1021          1030      1040      1050      1060      1070        

    1021 tattttagaaaactcttccaccccacggtccacttcggttgagcacctcttccacatcct 

     361 V  I  G  V  I  E  C  N  F  L  K  P  A  Y  N  K  Q  D  F  E   

    1081 gtaattggagtcattgagtgcaatttcctaaaacctgcctacaacaaacaagactttgag 

    1081          1090      1100      1110      1120      1130        

    1081 cattaacctcagtaactcacgttaaaggattttggacggatgttgtttgttctgaaactc 

     381 Y  T  K  E  Y  R  L  T  I  N  A  L  A  Q  K  L  N  A  Y  W   

    1141 tataccaaggagtaccggctaacaataaatgcccttgcccagaagctcaatgcttactgg 

    1141          1150      1160      1170      1180      1190        

    1141 atatggttcctcatggccgattgttatttacgggaacgggtcttcgagttacgaatgacc 

     401 K  E  K  T  S  Q  D  N  F  E  T  S  T  V  A  R  P  I  P  K   

    1201 aaggaaaaaacatctcaagataattttgagacctcaactgtagccaggccaataccgaag 

    1201          1210      1220      1230      1240      1250        

    1201 ttccttttttgtagagttctattaaaactctggagttgacatcggtccggttatggcttc 

     421 V  P  D  Q  T  W  V  Q  C  D  E  C  L  K  W  R  K  L  P  G   

    1261 gttcctgaccagacatgggttcagtgtgatgagtgtcttaaatggagaaagcttcctggg 

    1261          1270      1280      1290      1300      1310        

    1261 caaggactggtctgtacccaagtcacactactcacagaatttacctctttcgaaggaccc 

     441 K  I  D  P  S  M  L  P  A  R  W  F  C  Y  Y  N  S  H  P  K   

    1321 aagattgatccatccatgttacctgcaagatggttttgttattataattcccatccaaag 

    1321          1330      1340      1350      1360      1370        

    1321 ttctaactaggtaggtacaatggacgttctaccaaaacaataatattaagggtaggtttc 

     461 Y  R  R  C  S  V  P  E  E  Q  E  L  T  D  E  D  L  C  L  S   

    1381 tacaggagatgctctgttccagaggaacaagaactcactgatgaagacctgtgcttgagc 

    1381          1390      1400      1410      1420      1430        

    1381 atgtcctctacgagacaaggtctccttgttcttgagtgactacttctggacacgaactcg 

     481 K  A  K  K  Q  E  Q  T  V  E  E  K  K  K  M  P  M  E  N  E   

    1441 aaagctaagaaacaagaacaaactgttgaggagaagaagaagatgcctatggaaaatgag 

    1441          1450      1460      1470      1480      1490        

    1441 tttcgattctttgttcttgtttgacaactcctcttcttcttctacggataccttttactc 

     501 N  H  Q  V  F  S  N  P  P  K  I  L  T  V  Q  E  M  A  G  L   

    1501 aaccaccaggtattcagtaatccaccaaagatccttactgttcaagaaatggctggattg 

    1501          1510      1520      1530      1540      1550        

    1501 ttggtggtccataagtcattaggtggtttctaggaatgacaagttctttaccgacctaac 

     521 N  N  K  T  I  G  Y  E  G  I  H  S  P  S  V  L  P  S  G  G   

    1561 aataacaagacaattggatatgagggaattcatagccctagtgtgcttccttctggtgga 

    1561          1570      1580      1590      1600      1610        

    1561 ttattgttctgttaacctatactcccttaagtatcgggatcacacgaaggaagaccacct 

     541 E  E  S  R  S  P  S  L  Q  L  K  P  L  D  S  S  V  L  Q  F   

    1621 gaagaaagcagatcaccatctcttcaacttaagcctctggattccagtgttttacagttt 

    1621          1630      1640      1650      1660      1670        

    1621 cttctttcgtctagtggtagagaagttgaattcggagacctaaggtcacaaaatgtcaaa 

     561 S  S  K  Y  K  W  I  L  G  E  E  P  V  E  K  R  R  R  L  Q   

    1681 tccagtaagtacaaatggatcctaggtgaagaaccggtggagaaacgaagaaggctccag 

    1681          1690      1700      1710      1720      1730        
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    1681 aggtcattcatgtttacctaggatccacttcttggccacctctttgcttcttccgaggtc 

     581 N  E  M  T  T  P  S  L  D  Y  S  M  P  A  P  Y  R  R  V  E   

    1741 aatgagatgacaacaccttctctagattattccatgcctgctccttacaggagggtagaa 

    1741          1750      1760      1770      1780      1790        

    1741 ttactctactgttgtggaagagatctaataaggtacggacgaggaatgtcctcccatctt 

     601 A  P  V  A  Y  P  E  G  E  N  S  H  D  K  S  S  S  E  R  S   

    1801 gcacctgttgcctacccagaaggggagaacagccatgataaatcgagttctgagagaagt 

    1801          1810      1820      1830      1840      1850        

    1801 cgtggacaacggatgggtcttcccctcttgtcggtactatttagctcaagactctcttca 

     621 T  P  P  Y  L  F  P  E  Y  P  E  A  S  K  N  T  G  Q  N  R   

    1861 acaccaccataccttttcccagaatacccagaagcaagcaagaatacaggtcagaatagg 

    1861          1870      1880      1890      1900      1910        

    1861 tgtggtggtatggaaaagggtcttatgggtcttcgttcgttcttatgtccagtcttatcc 

     641 E  V  S  I  L  Y  P  G  A  K  D  Q  R  Q  G  S  L  L  P  E   

    1921 gaggtttcaattctgtatccaggggccaaagaccaacgccaggggtccctgcttcctgaa 

    1921          1930      1940      1950      1960      1970        

    1921 ctccaaagttaagacataggtccccggtttctggttgcggtccccagggacgaaggactt 

     661 E  L  E  D  Q  M  P  R  L  V  A  E  E  S  N  R  G  S  T  T   

    1981 gaattagaagatcagatgccaagattggtggcagaagaatctaacagaggtagcacaacc 

    1981          1990      2000      2010      2020      2030        

    1981 cttaatcttctagtctacggttctaaccaccgtcttcttagattgtctccatcgtgttgg 

     681 I  N  K  E  E  V  N  K  G  P  F  V  A  V  V  G  V  A  K  G   

    2041 ataaacaaagaagaagtcaacaagggaccttttgtagctgttgtgggtgttgccaaaggt 

    2041          2050      2060      2070      2080      2090        

    2041 tatttgtttcttcttcagttgttccctggaaaacatcgacaacacccacaacggtttcca 

           >>>MORC4_f2>>> 2103 to 2120 

     701 V  R  D  S  G  A  P  I  Q  L  I  P  F  N  R  E  E  L  A  E   

    2101 gttagagattcaggagctcccattcagctgatcccttttaacagagaggagcttgctgag 

    2101          2110      2120      2130      2140      2150        

    2101 caatctctaagtcctcgagggtaagtcgactagggaaaattgtctctcctcgaacgactc 

     721 R  R  K  A  V  E  S  W  N  P  V  P  Y  S  V  A  S  A  A  I   

    2161 agacgaaaagcagttgaatcctggaacccagtgccttattctgtggcctctgctgcaatc 

    2161          2170      2180      2190      2200      2210        

    2161 tctgcttttcgtcaacttaggaccttgggtcacggaataagacaccggagacgacgttag 

     741 P  A  A  A  I  G  E  K  A  R  G  Y  E  E  S  E  G  H  N  T   

    2221 cctgctgcagccattggggagaaagcaagaggctatgaggagagcgaaggtcataataca 

    2221          2230      2240      2250      2260      2270        

    2221 ggacgacgtcggtaacccctctttcgttctccgatactcctctcgcttccagtattatgt 

     761 P  K  L  K  N  Q  R  E  L  E  E  L  K  R  T  T  E  K  L  E   

    2281 ccaaagttgaagaaccagagagagctggaagaattgaagagaaccacagaaaaattggaa 

    2281          2290      2300      2310      2320      2330        

    2281 ggtttcaacttcttggtctctctcgaccttcttaacttctcttggtgtctttttaacctt 

     781 R  V  L  A  E  R  N  L  F  Q  Q  K  V  E  E  L  E  Q  E  R   

    2341 cgtgttttggctgaaaggaatttgttccagcaaaaggtggaggagctggaacaggagagg 

    2341          2350      2360      2370      2380      2390        

    2341 gcacaaaaccgactttccttaaacaaggtcgttttccacctcctcgaccttgtcctctcc 

     801 N  H  W  Q  S  E  F  K  K  V  Q  H  E  L  V  I  Y  S  T  Q   

    2401 aatcactggcagtctgaattcaagaaagtccaacatgaattggtgatctacagtacccag 

    2401          2410      2420      2430      2440      2450        

    2401 ttagtgaccgtcagacttaagttctttcaggttgtacttaaccactagatgtcatgggtc 

     821 E  A  E  G  L  Y  W  S  K  K  H  M  G  Y  R  Q  A  E  F  Q   

    2461 gaggcggaaggcttgtactggagcaagaaacacatgggttatcgccaagctgaattccag 

    2461          2470      2480      2490      2500      2510        

    2461 ctccgccttccgaacatgacctcgttctttgtgtacccaatagcggttcgacttaaggtc 

     841 I  L  K  A  E  L  E  R  T  K  E  E  K  Q  E  L  K  E  K  L   

    2521 attctgaaagctgagctggaaagaaccaaagaggaaaagcaagagttaaaagagaaactg 

    2521          2530      2540      2550      2560      2570        

    2521 taagactttcgactcgacctttcttggtttctccttttcgttctcaattttctctttgac 

           <<<MORC4_r4<<< 2583 to 2600 

     861 K  E  T  E  T  H  L  E  M  L  Q  K  A  Q  G  F  G  K  A  Y   

    2581 aaggaaacagagacacacctggaaatgctgcagaaggctcagggctttggcaaagcttac 
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    2581          2590      2600      2610      2620      2630        

    2581 ttcctttgtctctgtgtggacctttacgacgtcttccgagtcccgaaaccgtttcgaatg 

                                                   <<<MORC4_r3<<< 2683 to 

2700 

     881 A  A  T  Y  P  R  Q  L  S  P  Y  F  C  P  P  S  L  G  A  S   

    2641 gcggctacgtatccacgtcagctatctccttacttctgtcctccctcacttggagcttcg 

    2641          2650      2660      2670      2680      2690        

    2641 cgccgatgcataggtgcagtcgatagaggaatgaagacaggagggagtgaacctcgaagc 

     901 *  

    2701 tga 

 

 

MORC4 XM_011531027.2 

 
       1 M  I  I  T  E  D  S  L  P  S  L  E  A  I  L  N  Y  S  I  F   

       1 atgattattaccgaggattcattgcccagcctagaagccatcttgaactattccattttc 

       1          10        20        30        40        50          

       1 tactaataatggctcctaagtaacgggtcggatcttcggtagaacttgataaggtaaaag 

      21 N  R  E  N  D  L  L  A  Q  F  D  A  I  P  G  K  K  G  T  R   

      61 aaccgtgaaaatgacctgctggcccagtttgatgccatcccaggcaaaaaaggcactcgt 

      61          70        80        90        100       110         

      61 ttggcacttttactggacgaccgggtcaaactacggtagggtccgttttttccgtgagca 

                                          <<<MORC4_r1<<< 154 to 171 

      41 V  L  I  W  N  I  R  R  N  K  N  G  K  S  E  L  D  F  D  T   

     121 gttctcatttggaacatccgcagaaataaaaatggaaaatctgagttggactttgataca 

     121          130       140       150       160       170         

     121 caagagtaaaccttgtaggcgtctttatttttaccttttagactcaacctgaaactatgt 

      61 D  Q  Y  D  I  L  V  S  D  F  D  T  E  E  K  M  T  G  G  V   

     181 gatcaatatgacatcctggtatcagactttgacacagaagaaaaaatgactggcggtgtt 

     181          190       200       210       220       230         

     181 ctagttatactgtaggaccatagtctgaaactgtgtcttcttttttactgaccgccacaa 

      81 T  S  E  L  P  E  T  E  Y  S  L  R  A  F  C  G  I  L  Y  M   

     241 acctctgagctaccagaaacagaatattctttaagggcattttgtggtattctatacatg 

     241          250       260       270       280       290         

     241 tggagactcgatggtctttgtcttataagaaattcccgtaaaacaccataagatatgtac 

     101 K  P  R  M  K  I  F  L  R  Q  K  K  V  T  T  Q  M  I  A  K   

     301 aagccacgcatgaaaatttttctgcgtcaaaagaaggtgactacccagatgattgccaag 

     301          310       320       330       340       350         

     301 ttcggtgcgtacttttaaaaagacgcagttttcttccactgatgggtctactaacggttc 

     121 S  L  A  N  V  E  Y  D  T  Y  K  P  T  F  T  N  K  Q  V  R   

     361 agcctggccaatgtagaatatgatacatataaacctaccttcacaaataagcaggtgaga 

     361          370       380       390       400       410         

     361 tcggaccggttacatcttatactatgtatatttggatggaagtgtttattcgtccactct 

     141 I  T  F  G  F  S  C  K  N  S  N  Q  F  G  I  M  M  Y  H  N   

     421 atcacctttgggttctcttgcaagaatagtaaccagtttggaataatgatgtatcataac 

     421          430       440       450       460       470         

     421 tagtggaaacccaagagaacgttcttatcattggtcaaaccttattactacatagtattg 

     161 N  R  L  I  K  S  F  E  K  V  G  C  Q  V  K  P  T  R  G  E   

     481 aaccgactcataaaatcttttgagaaggtggggtgccaggtgaagccaactcgtggagaa 

     481          490       500       510       520       530         

     481 ttggctgagtattttagaaaactcttccaccccacggtccacttcggttgagcacctctt 

     181 G  V  G  V  I  G  V  I  E  C  N  F  L  K  P  A  Y  N  K  Q   

     541 ggtgtaggagtaattggagtcattgagtgcaatttcctaaaacctgcctacaacaaacaa 

     541          550       560       570       580       590         

     541 ccacatcctcattaacctcagtaactcacgttaaaggattttggacggatgttgtttgtt 

     201 D  F  E  Y  T  K  E  Y  R  L  T  I  N  A  L  A  Q  K  L  N   

     601 gactttgagtataccaaggagtaccggctaacaataaatgcccttgcccagaagctcaat 

     601          610       620       630       640       650         

     601 ctgaaactcatatggttcctcatggccgattgttatttacgggaacgggtcttcgagtta 

     221 A  Y  W  K  E  K  T  S  Q  D  N  F  E  T  S  T  V  A  R  P   
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     661 gcttactggaaggaaaaaacatctcaagataattttgagacctcaactgtagccaggcca 

     661          670       680       690       700       710         

     661 cgaatgaccttccttttttgtagagttctattaaaactctggagttgacatcggtccggt 

     241 I  P  K  V  P  D  Q  T  W  V  Q  C  D  E  C  L  K  W  R  K   

     721 ataccgaaggttcctgaccagacatgggttcagtgtgatgagtgtcttaaatggagaaag 

     721          730       740       750       760       770         

     721 tatggcttccaaggactggtctgtacccaagtcacactactcacagaatttacctctttc 

     261 L  P  G  K  I  D  P  S  M  L  P  A  R  W  F  C  Y  Y  N  S   

     781 cttcctgggaagattgatccatccatgttacctgcaagatggttttgttattataattcc 

     781          790       800       810       820       830         

     781 gaaggacccttctaactaggtaggtacaatggacgttctaccaaaacaataatattaagg 

     281 H  P  K  Y  R  R  C  S  V  P  E  E  Q  E  L  T  D  E  D  L   

     841 catccaaagtacaggagatgctctgttccagaggaacaagaactcactgatgaagacctg 

     841          850       860       870       880       890         

     841 gtaggtttcatgtcctctacgagacaaggtctccttgttcttgagtgactacttctggac 

     301 C  L  S  K  A  K  K  Q  E  Q  T  V  E  E  K  K  K  M  P  M   

     901 tgcttgagcaaagctaagaaacaagaacaaactgttgaggagaagaagaagatgcctatg 

     901          910       920       930       940       950         

     901 acgaactcgtttcgattctttgttcttgtttgacaactcctcttcttcttctacggatac 

     321 E  N  E  N  H  Q  V  F  S  N  P  P  K  I  L  T  V  Q  E  M   

     961 gaaaatgagaaccaccaggtattcagtaatccaccaaagatccttactgttcaagaaatg 

     961          970       980       990       1000      1010        

     961 cttttactcttggtggtccataagtcattaggtggtttctaggaatgacaagttctttac 

     341 A  G  L  N  N  K  T  I  G  Y  E  G  I  H  S  P  S  V  L  P   

    1021 gctggattgaataacaagacaattggatatgagggaattcatagccctagtgtgcttcct 

    1021          1030      1040      1050      1060      1070        

    1021 cgacctaacttattgttctgttaacctatactcccttaagtatcgggatcacacgaagga 

     361 S  G  G  E  E  S  R  S  P  S  L  Q  L  K  P  L  D  S  S  V   

    1081 tctggtggagaagaaagcagatcaccatctcttcaacttaagcctctggattccagtgtt 

    1081          1090      1100      1110      1120      1130        

    1081 agaccacctcttctttcgtctagtggtagagaagttgaattcggagacctaaggtcacaa 

     381 L  Q  F  S  S  K  Y  K  W  I  L  G  E  E  P  V  E  K  R  R   

    1141 ttacagttttccagtaagtacaaatggatcctaggtgaagaaccggtggagaaacgaaga 

    1141          1150      1160      1170      1180      1190        

    1141 aatgtcaaaaggtcattcatgtttacctaggatccacttcttggccacctctttgcttct 

     401 R  L  Q  N  E  M  T  T  P  S  L  D  Y  S  M  P  A  P  Y  R   

    1201 aggctccagaatgagatgacaacaccttctctagattattccatgcctgctccttacagg 

    1201          1210      1220      1230      1240      1250        

    1201 tccgaggtcttactctactgttgtggaagagatctaataaggtacggacgaggaatgtcc 

     421 R  V  E  A  P  V  A  Y  P  E  G  E  N  S  H  D  K  S  S  S   

    1261 agggtagaagcacctgttgcctacccagaaggggagaacagccatgataaatcgagttct 

    1261          1270      1280      1290      1300      1310        

    1261 tcccatcttcgtggacaacggatgggtcttcccctcttgtcggtactatttagctcaaga 

     441 E  R  S  T  P  P  Y  L  F  P  E  Y  P  E  A  S  K  N  T  G   

    1321 gagagaagtacaccaccataccttttcccagaatacccagaagcaagcaagaatacaggt 

    1321          1330      1340      1350      1360      1370        

    1321 ctctcttcatgtggtggtatggaaaagggtcttatgggtcttcgttcgttcttatgtcca 

     461 Q  N  R  E  V  S  I  L  Y  P  G  A  K  D  Q  R  Q  G  S  L   

    1381 cagaatagggaggtttcaattctgtatccaggggccaaagaccaacgccaggggtccctg 

    1381          1390      1400      1410      1420      1430        

    1381 gtcttatccctccaaagttaagacataggtccccggtttctggttgcggtccccagggac 

     481 L  P  E  E  L  E  D  Q  M  P  R  L  V  A  E  E  S  N  R  G   

    1441 cttcctgaagaattagaagatcagatgccaagattggtggcagaagaatctaacagaggt 

    1441          1450      1460      1470      1480      1490        

    1441 gaaggacttcttaatcttctagtctacggttctaaccaccgtcttcttagattgtctcca 

     501 S  T  T  I  N  K  E  E  V  N  K  G  P  F  V  A  V  V  G  V   

    1501 agcacaaccataaacaaagaagaagtcaacaagggaccttttgtagctgttgtgggtgtt 

    1501          1510      1520      1530      1540      1550        

    1501 tcgtgttggtatttgtttcttcttcagttgttccctggaaaacatcgacaacacccacaa 

                    >>>MORC4_f2>>> 1572 to 1589 

     521 A  K  G  V  R  D  S  G  A  P  I  Q  L  I  P  F  N  R  E  E   
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    1561 gccaaaggtgttagagattcaggagctcccattcagctgatcccttttaacagagaggag 

    1561          1570      1580      1590      1600      1610        

    1561 cggtttccacaatctctaagtcctcgagggtaagtcgactagggaaaattgtctctcctc 

     541 L  A  E  R  R  K  A  V  E  S  W  N  P  V  P  Y  S  V  A  S   

    1621 cttgctgagagacgaaaagcagttgaatcctggaacccagtgccttattctgtggcctct 

    1621          1630      1640      1650      1660      1670        

    1621 gaacgactctctgcttttcgtcaacttaggaccttgggtcacggaataagacaccggaga 

     561 A  A  I  P  A  A  A  I  G  E  K  A  R  G  Y  E  E  S  E  G   

    1681 gctgcaatccctgctgcagccattggggagaaagcaagaggctatgaggagagcgaaggt 

    1681          1690      1700      1710      1720      1730        

    1681 cgacgttagggacgacgtcggtaacccctctttcgttctccgatactcctctcgcttcca 

     581 H  N  T  P  K  L  K  N  Q  R  E  L  E  E  L  K  R  T  T  E   

    1741 cataatacaccaaagttgaagaaccagagagagctggaagaattgaagagaaccacagaa 

    1741          1750      1760      1770      1780      1790        

    1741 gtattatgtggtttcaacttcttggtctctctcgaccttcttaacttctcttggtgtctt 

     601 K  L  E  R  V  L  A  E  R  N  L  F  Q  Q  K  V  E  E  L  E   

    1801 aaattggaacgtgttttggctgaaaggaatttgttccagcaaaaggtggaggagctggaa 

    1801          1810      1820      1830      1840      1850        

    1801 tttaaccttgcacaaaaccgactttccttaaacaaggtcgttttccacctcctcgacctt 

     621 Q  E  R  N  H  W  Q  S  E  F  K  K  V  Q  H  E  L  V  I  Y   

    1861 caggagaggaatcactggcagtctgaattcaagaaagtccaacatgaattggtgatctac 

    1861          1870      1880      1890      1900      1910        

    1861 gtcctctccttagtgaccgtcagacttaagttctttcaggttgtacttaaccactagatg 

     641 S  T  Q  E  A  E  G  L  Y  W  S  K  K  H  M  G  Y  R  Q  A   

    1921 agtacccaggaggcggaaggcttgtactggagcaagaaacacatgggttatcgccaagct 

    1921          1930      1940      1950      1960      1970        

    1921 tcatgggtcctccgccttccgaacatgacctcgttctttgtgtacccaatagcggttcga 

     661 E  F  Q  I  L  K  A  E  L  E  R  T  K  E  E  K  Q  E  L  K   

    1981 gaattccagattctgaaagctgagctggaaagaaccaaagaggaaaagcaagagttaaaa 

    1981          1990      2000      2010      2020      2030        

    1981 cttaaggtctaagactttcgactcgacctttcttggtttctccttttcgttctcaatttt 

                    <<<MORC4_r4<<< 2052 to 2069 

     681 E  K  L  K  E  T  E  T  H  L  E  M  L  Q  K  A  Q  V  S  Y   

    2041 gagaaactgaaggaaacagagacacacctggaaatgctgcagaaggctcaggtctcctac 

    2041          2050      2060      2070      2080      2090        

    2041 ctctttgacttcctttgtctctgtgtggacctttacgacgtcttccgagtccagaggatg 

     701 R  T  P  E  G  D  D  L  E  R  A  L  A  K  L  T  R  L  R  I   

    2101 cggaccccagagggagatgacctagaaagggctttggcaaagcttacgcggctacgtatc 

    2101          2110      2120      2130      2140      2150        

    2101 gcctggggtctccctctactggatctttcccgaaaccgtttcgaatgcgccgatgcatag 

                                      <<<MORC4_r3<<< 2190 to 2207 

     721 H  V  S  Y  L  L  T  S  V  L  P  H  L  E  L  R  E  I  G  Y   

    2161 cacgtcagctatctccttacttctgtcctccctcacttggagcttcgtgagatcgggtat 

    2161          2170      2180      2190      2200      2210        

    2161 gtgcagtcgatagaggaatgaagacaggagggagtgaacctcgaagcactctagcccata 

                                                   <<<MORC4_r2<<< 2263 to 

2280 

     741 D  S  E  Q  V  D  G  I  L  Y  T  V  L  E  A  N  H  I  L  D   

    2221 gactcagaacaagtggatgggatcctgtacacggtgctggaggcaaatcacatactggat 

    2221          2230      2240      2250      2260      2270        

    2221 ctgagtcttgttcacctaccctaggacatgtgccacgacctccgtttagtgtatgaccta 

     761 *  

    2281 tga 

 

MORC4 XM_017029844.1 

 
       1 M  T  P  H  K  L  H  R  M  L  S  F  G  F  T  D  K  V  I  K   

       1 atgacacctcataaactacaccgaatgctcagctttggctttacagataaagtaataaag 

       1          10        20        30        40        50          

       1 tactgtggagtatttgatgtggcttacgagtcgaaaccgaaatgtctatttcattatttc 
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      21 K  S  Q  C  P  I  G  V  F  G  N  G  F  K  S  G  S  M  R  L   

      61 aagagccagtgtcccattggggtctttggtaatggtttcaagtcaggctccatgcggcta 

      61          70        80        90        100       110         

      61 ttctcggtcacagggtaaccccagaaaccattaccaaagttcagtccgaggtacgccgat 

      41 G  K  D  A  L  V  F  T  K  N  G  G  T  L  T  V  G  L  L  S   

     121 ggaaaggacgcccttgtcttcaccaagaatgggggtactctcactgttggacttctatca 

     121          130       140       150       160       170         

     121 cctttcctgcgggaacagaagtggttcttacccccatgagagtgacaacctgaagatagt 

      61 Q  T  Y  L  E  C  V  Q  A  Q  A  V  I  V  P  I  V  P  F  N   

     181 cagacctatctggaatgtgtccaggcccaggcagttattgtaccaattgttccattcaac 

     181          190       200       210       220       230         

     181 gtctggatagaccttacacaggtccgggtccgtcaataacatggttaacaaggtaagttg 

      81 Q  Q  N  K  K  M  I  I  T  E  D  S  L  P  S  L  E  A  I  L   

     241 cagcaaaacaaaaaaatgattattaccgaggattcattgcccagcctagaagccatcttg 

     241          250       260       270       280       290         

     241 gtcgttttgtttttttactaataatggctcctaagtaacgggtcggatcttcggtagaac 

     101 N  Y  S  I  F  N  R  E  N  D  L  L  A  Q  F  D  A  I  P  G   

     301 aactattccattttcaaccgtgaaaatgacctgctggcccagtttgatgccatcccaggc 

     301          310       320       330       340       350         

     301 ttgataaggtaaaagttggcacttttactggacgaccgggtcaaactacggtagggtccg 

                                                         <<<MORC4_r1<<< 409 

to 426 

     121 K  K  G  T  R  V  L  I  W  N  I  R  R  N  K  N  G  K  S  E   

     361 aaaaaaggcactcgtgttctcatttggaacatccgcagaaataaaaatggaaaatctgag 

     361          370       380       390       400       410         

     361 ttttttccgtgagcacaagagtaaaccttgtaggcgtctttatttttaccttttagactc 

     141 L  D  F  D  T  D  Q  Y  D  I  L  V  S  D  F  D  T  E  E  K   

     421 ttggactttgatacagatcaatatgacatcctggtatcagactttgacacagaagaaaaa 

     421          430       440       450       460       470         

     421 aacctgaaactatgtctagttatactgtaggaccatagtctgaaactgtgtcttcttttt 

     161 M  T  G  G  V  T  S  E  L  P  E  T  E  Y  S  L  R  A  F  C   

     481 atgactggcggtgttacctctgagctaccagaaacagaatattctttaagggcattttgt 

     481          490       500       510       520       530         

     481 tactgaccgccacaatggagactcgatggtctttgtcttataagaaattcccgtaaaaca 

     181 G  I  L  Y  M  K  P  R  M  K  I  F  L  R  Q  K  K  V  T  T   

     541 ggtattctatacatgaagccacgcatgaaaatttttctgcgtcaaaagaaggtgactacc 

     541          550       560       570       580       590         

     541 ccataagatatgtacttcggtgcgtacttttaaaaagacgcagttttcttccactgatgg 

     201 Q  M  I  A  K  S  L  A  N  V  E  Y  D  T  Y  K  P  T  F  T   

     601 cagatgattgccaagagcctggccaatgtagaatatgatacatataaacctaccttcaca 

     601          610       620       630       640       650         

     601 gtctactaacggttctcggaccggttacatcttatactatgtatatttggatggaagtgt 

     221 N  K  Q  V  R  I  T  F  G  F  S  C  K  N  S  N  Q  F  G  I   

     661 aataagcaggtgagaatcacctttgggttctcttgcaagaatagtaaccagtttggaata 

     661          670       680       690       700       710         

     661 ttattcgtccactcttagtggaaacccaagagaacgttcttatcattggtcaaaccttat 

     241 M  M  Y  H  N  N  R  L  I  K  S  F  E  K  V  G  C  Q  V  K   

     721 atgatgtatcataacaaccgactcataaaatcttttgagaaggtggggtgccaggtgaag 

     721          730       740       750       760       770         

     721 tactacatagtattgttggctgagtattttagaaaactcttccaccccacggtccacttc 

     261 P  T  R  G  E  G  V  G  V  I  G  V  I  E  C  N  F  L  K  P   

     781 ccaactcgtggagaaggtgtaggagtaattggagtcattgagtgcaatttcctaaaacct 

     781          790       800       810       820       830         

     781 ggttgagcacctcttccacatcctcattaacctcagtaactcacgttaaaggattttgga 

     281 A  Y  N  K  Q  D  F  E  Y  T  K  E  Y  R  L  T  I  N  A  L   

     841 gcctacaacaaacaagactttgagtataccaaggagtaccggctaacaataaatgccctt 

     841          850       860       870       880       890         

     841 cggatgttgtttgttctgaaactcatatggttcctcatggccgattgttatttacgggaa 

     301 A  Q  K  L  N  A  Y  W  K  E  K  T  S  Q  D  N  F  E  T  S   

     901 gcccagaagctcaatgcttactggaaggaaaaaacatctcaagataattttgagacctca 

     901          910       920       930       940       950         
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     901 cgggtcttcgagttacgaatgaccttccttttttgtagagttctattaaaactctggagt 

     321 T  V  A  R  P  I  P  K  V  P  D  Q  T  W  V  Q  C  D  E  C   

     961 actgtagccaggccaataccgaaggttcctgaccagacatgggttcagtgtgatgagtgt 

     961          970       980       990       1000      1010        

     961 tgacatcggtccggttatggcttccaaggactggtctgtacccaagtcacactactcaca 

     341 L  K  W  R  K  L  P  G  K  I  D  P  S  M  L  P  A  R  W  F   

    1021 cttaaatggagaaagcttcctgggaagattgatccatccatgttacctgcaagatggttt 

    1021          1030      1040      1050      1060      1070        

    1021 gaatttacctctttcgaaggacccttctaactaggtaggtacaatggacgttctaccaaa 

     361 C  Y  Y  N  S  H  P  K  Y  R  R  C  S  V  P  E  E  Q  E  L   

    1081 tgttattataattcccatccaaagtacaggagatgctctgttccagaggaacaagaactc 

    1081          1090      1100      1110      1120      1130        

    1081 acaataatattaagggtaggtttcatgtcctctacgagacaaggtctccttgttcttgag 

     381 T  D  E  D  L  C  L  S  K  A  K  K  Q  E  Q  T  V  E  E  K   

    1141 actgatgaagacctgtgcttgagcaaagctaagaaacaagaacaaactgttgaggagaag 

    1141          1150      1160      1170      1180      1190        

    1141 tgactacttctggacacgaactcgtttcgattctttgttcttgtttgacaactcctcttc 

     401 K  K  M  P  M  E  N  E  N  H  Q  V  F  S  N  P  P  K  I  L   

    1201 aagaagatgcctatggaaaatgagaaccaccaggtattcagtaatccaccaaagatcctt 

    1201          1210      1220      1230      1240      1250        

    1201 ttcttctacggataccttttactcttggtggtccataagtcattaggtggtttctaggaa 

     421 T  V  Q  E  M  A  G  L  N  N  K  T  I  G  Y  E  G  I  H  S   

    1261 actgttcaagaaatggctggattgaataacaagacaattggatatgagggaattcatagc 

    1261          1270      1280      1290      1300      1310        

    1261 tgacaagttctttaccgacctaacttattgttctgttaacctatactcccttaagtatcg 

     441 P  S  V  L  P  S  G  G  E  E  S  R  S  P  S  L  Q  L  K  P   

    1321 cctagtgtgcttccttctggtggagaagaaagcagatcaccatctcttcaacttaagcct 

    1321          1330      1340      1350      1360      1370        

    1321 ggatcacacgaaggaagaccacctcttctttcgtctagtggtagagaagttgaattcgga 

     461 L  D  S  S  V  L  Q  F  S  S  K  Y  K  W  I  L  G  E  E  P   

    1381 ctggattccagtgttttacagttttccagtaagtacaaatggatcctaggtgaagaaccg 

    1381          1390      1400      1410      1420      1430        

    1381 gacctaaggtcacaaaatgtcaaaaggtcattcatgtttacctaggatccacttcttggc 

     481 V  E  K  R  R  R  L  Q  N  E  M  T  T  P  S  L  D  Y  S  M   

    1441 gtggagaaacgaagaaggctccagaatgagatgacaacaccttctctagattattccatg 

    1441          1450      1460      1470      1480      1490        

    1441 cacctctttgcttcttccgaggtcttactctactgttgtggaagagatctaataaggtac 

     501 P  A  P  Y  R  R  V  E  A  P  V  A  Y  P  E  G  E  N  S  H   

    1501 cctgctccttacaggagggtagaagcacctgttgcctacccagaaggggagaacagccat 

    1501          1510      1520      1530      1540      1550        

    1501 ggacgaggaatgtcctcccatcttcgtggacaacggatgggtcttcccctcttgtcggta 

     521 D  K  S  S  S  E  R  S  T  P  P  Y  L  F  P  E  Y  P  E  A   

    1561 gataaatcgagttctgagagaagtacaccaccataccttttcccagaatacccagaagca 

    1561          1570      1580      1590      1600      1610        

    1561 ctatttagctcaagactctcttcatgtggtggtatggaaaagggtcttatgggtcttcgt 

     541 S  K  N  T  G  Q  N  R  E  V  S  I  L  Y  P  G  A  K  D  Q   

    1621 agcaagaatacaggtcagaatagggaggtttcaattctgtatccaggggccaaagaccaa 

    1621          1630      1640      1650      1660      1670        

    1621 tcgttcttatgtccagtcttatccctccaaagttaagacataggtccccggtttctggtt 

     561 R  Q  G  S  L  L  P  E  E  L  E  D  Q  M  P  R  L  V  A  E   

    1681 cgccaggggtccctgcttcctgaagaattagaagatcagatgccaagattggtggcagaa 

    1681          1690      1700      1710      1720      1730        

    1681 gcggtccccagggacgaaggacttcttaatcttctagtctacggttctaaccaccgtctt 

     581 E  S  N  R  G  S  T  T  I  N  K  E  E  V  N  K  G  P  F  V   

    1741 gaatctaacagaggtagcacaaccataaacaaagaagaagtcaacaagggaccttttgta 

    1741          1750      1760      1770      1780      1790        

    1741 cttagattgtctccatcgtgttggtatttgtttcttcttcagttgttccctggaaaacat 

                                   >>>MORC4_f2>>> 1827 to 1844 

     601 A  V  V  G  V  A  K  G  V  R  D  S  G  A  P  I  Q  L  I  P   

    1801 gctgttgtgggtgttgccaaaggtgttagagattcaggagctcccattcagctgatccct 

    1801          1810      1820      1830      1840      1850        
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    1801 cgacaacacccacaacggtttccacaatctctaagtcctcgagggtaagtcgactaggga 

     621 F  N  R  E  E  L  A  E  R  R  K  A  V  E  S  W  N  P  V  P   

    1861 tttaacagagaggagcttgctgagagacgaaaagcagttgaatcctggaacccagtgcct 

    1861          1870      1880      1890      1900      1910        

    1861 aaattgtctctcctcgaacgactctctgcttttcgtcaacttaggaccttgggtcacgga 

     641 Y  S  V  A  S  A  A  I  P  A  A  A  I  G  E  K  A  R  G  Y   

    1921 tattctgtggcctctgctgcaatccctgctgcagccattggggagaaagcaagaggctat 

    1921          1930      1940      1950      1960      1970        

    1921 ataagacaccggagacgacgttagggacgacgtcggtaacccctctttcgttctccgata 

     661 E  E  S  E  G  H  N  T  P  K  L  K  N  Q  R  E  L  E  E  L   

    1981 gaggagagcgaaggtcataatacaccaaagttgaagaaccagagagagctggaagaattg 

    1981          1990      2000      2010      2020      2030        

    1981 ctcctctcgcttccagtattatgtggtttcaacttcttggtctctctcgaccttcttaac 

     681 K  R  T  T  E  K  L  E  R  V  L  A  E  R  N  L  F  Q  Q  K   

    2041 aagagaaccacagaaaaattggaacgtgttttggctgaaaggaatttgttccagcaaaag 

    2041          2050      2060      2070      2080      2090        

    2041 ttctcttggtgtctttttaaccttgcacaaaaccgactttccttaaacaaggtcgttttc 

     701 V  E  E  L  E  Q  E  R  N  H  W  Q  S  E  F  K  K  V  Q  H   

    2101 gtggaggagctggaacaggagaggaatcactggcagtctgaattcaagaaagtccaacat 

    2101          2110      2120      2130      2140      2150        

    2101 cacctcctcgaccttgtcctctccttagtgaccgtcagacttaagttctttcaggttgta 

     721 E  L  V  I  Y  S  T  Q  E  A  E  G  L  Y  W  S  K  K  H  M   

    2161 gaattggtgatctacagtacccaggaggcggaaggcttgtactggagcaagaaacacatg 

    2161          2170      2180      2190      2200      2210        

    2161 cttaaccactagatgtcatgggtcctccgccttccgaacatgacctcgttctttgtgtac 

     741 G  Y  R  Q  A  E  F  Q  I  L  K  A  E  L  E  R  T  K  E  E   

    2221 ggttatcgccaagctgaattccagattctgaaagctgagctggaaagaaccaaagaggaa 

    2221          2230      2240      2250      2260      2270        

    2221 ccaatagcggttcgacttaaggtctaagactttcgactcgacctttcttggtttctcctt 

                                   <<<MORC4_r4<<< 2307 to 2324 

     761 K  Q  E  L  K  E  K  L  K  E  T  E  T  H  L  E  M  L  Q  K   

    2281 aagcaagagttaaaagagaaactgaaggaaacagagacacacctggaaatgctgcagaag 

    2281          2290      2300      2310      2320      2330        

    2281 ttcgttctcaattttctctttgacttcctttgtctctgtgtggacctttacgacgtcttc 

     781 A  Q  G  F  G  K  A  Y  A  A  T  Y  P  R  Q  L  S  P  Y  F   

    2341 gctcagggctttggcaaagcttacgcggctacgtatccacgtcagctatctccttacttc 

    2341          2350      2360      2370      2380      2390        

    2341 cgagtcccgaaaccgtttcgaatgcgccgatgcataggtgcagtcgatagaggaatgaag 

               <<<MORC4_r3<<< 2407 to 2424 

     801 C  P  P  S  L  G  A  S  *  

    2401 tgtcctccctcacttggagcttcgtga 

 

 

 
MORC4 XM_006724691.2 

 
       1 M  L  L  Y  R  G  A  P  A  G  P  G  A  P  G  C  G  L  A  R   

       1 atgctcctgtaccgaggggcccccgccggccctggcgcgccgggctgcgggctggcccgg 

       1          10        20        30        40        50          

       1 tacgaggacatggctccccgggggcggccgggaccgcgcggcccgacgcccgaccgggcc 

                              >>>MORC4_f1>>> 82 to 99 

      21 P  G  G  G  P  Q  A  F  G  I  R  L  S  T  M  S  P  R  Y  L   

      61 cccggcggcggcccgcaggccttcgggatccgcctgagcacgatgagcccccgctacctc 

      61          70        80        90        100       110         

      61 gggccgccgccgggcgtccggaagccctaggcggactcgtgctactcgggggcgatggag 

      41 Q  S  N  S  S  S  H  T  R  P  F  S  A  I  A  E  L  L  D  N   

     121 cagagcaactccagcagccacacgcgacccttcagtgccatcgcggagctgctagataat 

     121          130       140       150       160       170         

     121 gtctcgttgaggtcgtcggtgtgcgctgggaagtcacggtagcgcctcgacgatctatta 

      61 A  V  D  P  D  V  S  A  R  T  V  F  I  D  V  E  E  V  K  N   
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     181 gctgtagatccagatgtatctgccaggacggtctttatagatgttgaggaggtcaagaat 

     181          190       200       210       220       230         

     181 cgacatctaggtctacatagacggtcctgccagaaatatctacaactcctccagttctta 

      81 K  S  C  L  T  F  T  D  D  G  C  G  M  T  P  H  K  L  H  R   

     241 aaatcttgtttgacctttaccgatgatggatgtgggatgacacctcataaactacaccga 

     241          250       260       270       280       290         

     241 tttagaacaaactggaaatggctactacctacaccctactgtggagtatttgatgtggct 

                           <<<MORC4_r1<<< 319 to 336 

     101 M  L  R  N  K  N  G  K  S  E  L  D  F  D  T  D  Q  Y  D  I   

     301 atgctcagaaataaaaatggaaaatctgagttggactttgatacagatcaatatgacatc 

     301          310       320       330       340       350         

     301 tacgagtctttatttttaccttttagactcaacctgaaactatgtctagttatactgtag 

     121 L  V  S  D  F  D  T  E  E  K  M  T  G  G  V  T  S  E  L  P   

     361 ctggtatcagactttgacacagaagaaaaaatgactggcggtgttacctctgagctacca 

     361          370       380       390       400       410         

     361 gaccatagtctgaaactgtgtcttcttttttactgaccgccacaatggagactcgatggt 

     141 E  T  E  Y  S  L  R  A  F  C  G  I  L  Y  M  K  P  R  M  K   

     421 gaaacagaatattctttaagggcattttgtggtattctatacatgaagccacgcatgaaa 

     421          430       440       450       460       470         

     421 ctttgtcttataagaaattcccgtaaaacaccataagatatgtacttcggtgcgtacttt 

     161 I  F  L  R  Q  K  K  V  T  T  Q  M  I  A  K  S  L  A  N  V   

     481 atttttctgcgtcaaaagaaggtgactacccagatgattgccaagagcctggccaatgta 

     481          490       500       510       520       530         

     481 taaaaagacgcagttttcttccactgatgggtctactaacggttctcggaccggttacat 

     181 E  Y  D  T  Y  K  P  T  F  T  N  K  Q  V  R  I  T  F  G  F   

     541 gaatatgatacatataaacctaccttcacaaataagcaggtgagaatcacctttgggttc 

     541          550       560       570       580       590         

     541 cttatactatgtatatttggatggaagtgtttattcgtccactcttagtggaaacccaag 

     201 S  C  K  N  S  N  Q  F  G  I  M  M  Y  H  N  N  R  L  I  K   

     601 tcttgcaagaatagtaaccagtttggaataatgatgtatcataacaaccgactcataaaa 

     601          610       620       630       640       650         

     601 agaacgttcttatcattggtcaaaccttattactacatagtattgttggctgagtatttt 

     221 S  F  E  K  V  G  C  Q  V  K  P  T  R  G  E  G  V  G  V  I   

     661 tcttttgagaaggtggggtgccaggtgaagccaactcgtggagaaggtgtaggagtaatt 

     661          670       680       690       700       710         

     661 agaaaactcttccaccccacggtccacttcggttgagcacctcttccacatcctcattaa 

     241 G  V  I  E  C  N  F  L  K  P  A  Y  N  K  Q  D  F  E  Y  T   

     721 ggagtcattgagtgcaatttcctaaaacctgcctacaacaaacaagactttgagtatacc 

     721          730       740       750       760       770         

     721 cctcagtaactcacgttaaaggattttggacggatgttgtttgttctgaaactcatatgg 

     261 K  E  Y  R  L  T  I  N  A  L  A  Q  K  L  N  A  Y  W  K  E   

     781 aaggagtaccggctaacaataaatgcccttgcccagaagctcaatgcttactggaaggaa 

     781          790       800       810       820       830         

     781 ttcctcatggccgattgttatttacgggaacgggtcttcgagttacgaatgaccttcctt 

     281 K  T  S  Q  D  N  F  E  T  S  T  V  A  R  P  I  P  K  V  P   

     841 aaaacatctcaagataattttgagacctcaactgtagccaggccaataccgaaggttcct 

     841          850       860       870       880       890         

     841 ttttgtagagttctattaaaactctggagttgacatcggtccggttatggcttccaagga 

     301 D  Q  T  W  V  Q  C  D  E  C  L  K  W  R  K  L  P  G  K  I   

     901 gaccagacatgggttcagtgtgatgagtgtcttaaatggagaaagcttcctgggaagatt 

     901          910       920       930       940       950         

     901 ctggtctgtacccaagtcacactactcacagaatttacctctttcgaaggacccttctaa 

     321 D  P  S  M  L  P  A  R  W  F  C  Y  Y  N  S  H  P  K  Y  R   

     961 gatccatccatgttacctgcaagatggttttgttattataattcccatccaaagtacagg 

     961          970       980       990       1000      1010        

     961 ctaggtaggtacaatggacgttctaccaaaacaataatattaagggtaggtttcatgtcc 

     341 R  C  S  V  P  E  E  Q  E  L  T  D  E  D  L  C  L  S  K  A   

    1021 agatgctctgttccagaggaacaagaactcactgatgaagacctgtgcttgagcaaagct 

    1021          1030      1040      1050      1060      1070        

    1021 tctacgagacaaggtctccttgttcttgagtgactacttctggacacgaactcgtttcga 

     361 K  K  Q  E  Q  T  V  E  E  K  K  K  M  P  M  E  N  E  N  H   
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    1081 aagaaacaagaacaaactgttgaggagaagaagaagatgcctatggaaaatgagaaccac 

    1081          1090      1100      1110      1120      1130        

    1081 ttctttgttcttgtttgacaactcctcttcttcttctacggataccttttactcttggtg 

     381 Q  V  F  S  N  P  P  K  I  L  T  V  Q  E  M  A  G  L  N  N   

    1141 caggtattcagtaatccaccaaagatccttactgttcaagaaatggctggattgaataac 

    1141          1150      1160      1170      1180      1190        

    1141 gtccataagtcattaggtggtttctaggaatgacaagttctttaccgacctaacttattg 

     401 K  T  I  G  Y  E  G  I  H  S  P  S  V  L  P  S  G  G  E  E   

    1201 aagacaattggatatgagggaattcatagccctagtgtgcttccttctggtggagaagaa 

    1201          1210      1220      1230      1240      1250        

    1201 ttctgttaacctatactcccttaagtatcgggatcacacgaaggaagaccacctcttctt 

     421 S  R  S  P  S  L  Q  L  K  P  L  D  S  S  V  L  Q  F  S  S   

    1261 agcagatcaccatctcttcaacttaagcctctggattccagtgttttacagttttccagt 

    1261          1270      1280      1290      1300      1310        

    1261 tcgtctagtggtagagaagttgaattcggagacctaaggtcacaaaatgtcaaaaggtca 

     441 K  Y  K  W  I  L  G  E  E  P  V  E  K  R  R  R  L  Q  N  E   

    1321 aagtacaaatggatcctaggtgaagaaccggtggagaaacgaagaaggctccagaatgag 

    1321          1330      1340      1350      1360      1370        

    1321 ttcatgtttacctaggatccacttcttggccacctctttgcttcttccgaggtcttactc 

     461 M  T  T  P  S  L  D  Y  S  M  P  A  P  Y  R  R  V  E  A  P   

    1381 atgacaacaccttctctagattattccatgcctgctccttacaggagggtagaagcacct 

    1381          1390      1400      1410      1420      1430        

    1381 tactgttgtggaagagatctaataaggtacggacgaggaatgtcctcccatcttcgtgga 

     481 V  A  Y  P  E  G  E  N  S  H  D  K  S  S  S  E  R  S  T  P   

    1441 gttgcctacccagaaggggagaacagccatgataaatcgagttctgagagaagtacacca 

    1441          1450      1460      1470      1480      1490        

    1441 caacggatgggtcttcccctcttgtcggtactatttagctcaagactctcttcatgtggt 

     501 P  Y  L  F  P  E  Y  P  E  A  S  K  N  T  G  Q  N  R  E  V   

    1501 ccataccttttcccagaatacccagaagcaagcaagaatacaggtcagaatagggaggtt 

    1501          1510      1520      1530      1540      1550        

    1501 ggtatggaaaagggtcttatgggtcttcgttcgttcttatgtccagtcttatccctccaa 

     521 S  I  L  Y  P  G  A  K  D  Q  R  Q  G  S  L  L  P  E  E  L   

    1561 tcaattctgtatccaggggccaaagaccaacgccaggggtccctgcttcctgaagaatta 

    1561          1570      1580      1590      1600      1610        

    1561 agttaagacataggtccccggtttctggttgcggtccccagggacgaaggacttcttaat 

     541 E  D  Q  M  P  R  L  V  A  E  E  S  N  R  G  S  T  T  I  N   

    1621 gaagatcagatgccaagattggtggcagaagaatctaacagaggtagcacaaccataaac 

    1621          1630      1640      1650      1660      1670        

    1621 cttctagtctacggttctaaccaccgtcttcttagattgtctccatcgtgttggtatttg 

                                                                 

>>>MORC4_f2>>> 1737 to 1754 

     561 K  E  E  V  N  K  G  P  F  V  A  V  V  G  V  A  K  G  V  R   

    1681 aaagaagaagtcaacaagggaccttttgtagctgttgtgggtgttgccaaaggtgttaga 

    1681          1690      1700      1710      1720      1730        

    1681 tttcttcttcagttgttccctggaaaacatcgacaacacccacaacggtttccacaatct 

     581 D  S  G  A  P  I  Q  L  I  P  F  N  R  E  E  L  A  E  R  R   

    1741 gattcaggagctcccattcagctgatcccttttaacagagaggagcttgctgagagacga 

    1741          1750      1760      1770      1780      1790        

    1741 ctaagtcctcgagggtaagtcgactagggaaaattgtctctcctcgaacgactctctgct 

     601 K  A  V  E  S  W  N  P  V  P  Y  S  V  A  S  A  A  I  P  A   

    1801 aaagcagttgaatcctggaacccagtgccttattctgtggcctctgctgcaatccctgct 

    1801          1810      1820      1830      1840      1850        

    1801 tttcgtcaacttaggaccttgggtcacggaataagacaccggagacgacgttagggacga 

     621 A  A  I  G  E  K  A  R  G  Y  E  E  S  E  G  H  N  T  P  K   

    1861 gcagccattggggagaaagcaagaggctatgaggagagcgaaggtcataatacaccaaag 

    1861          1870      1880      1890      1900      1910        

    1861 cgtcggtaacccctctttcgttctccgatactcctctcgcttccagtattatgtggtttc 

     641 L  K  N  Q  R  E  L  E  E  L  K  R  T  T  E  K  L  E  R  V   

    1921 ttgaagaaccagagagagctggaagaattgaagagaaccacagaaaaattggaacgtgtt 

    1921          1930      1940      1950      1960      1970        

    1921 aacttcttggtctctctcgaccttcttaacttctcttggtgtctttttaaccttgcacaa 
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     661 L  A  E  R  N  L  F  Q  Q  K  V  E  E  L  E  Q  E  R  N  H   

    1981 ttggctgaaaggaatttgttccagcaaaaggtggaggagctggaacaggagaggaatcac 

    1981          1990      2000      2010      2020      2030        

    1981 aaccgactttccttaaacaaggtcgttttccacctcctcgaccttgtcctctccttagtg 

     681 W  Q  S  E  F  K  K  V  Q  H  E  L  V  I  Y  S  T  Q  E  A   

    2041 tggcagtctgaattcaagaaagtccaacatgaattggtgatctacagtacccaggaggcg 

    2041          2050      2060      2070      2080      2090        

    2041 accgtcagacttaagttctttcaggttgtacttaaccactagatgtcatgggtcctccgc 

     701 E  G  L  Y  W  S  K  K  H  M  G  Y  R  Q  A  E  F  Q  I  L   

    2101 gaaggcttgtactggagcaagaaacacatgggttatcgccaagctgaattccagattctg 

    2101          2110      2120      2130      2140      2150        

    2101 cttccgaacatgacctcgttctttgtgtacccaatagcggttcgacttaaggtctaagac 

                                                                 

<<<MORC4_r4<<< 2217 to 2234 

     721 K  A  E  L  E  R  T  K  E  E  K  Q  E  L  K  E  K  L  K  E   

    2161 aaagctgagctggaaagaaccaaagaggaaaagcaagagttaaaagagaaactgaaggaa 

    2161          2170      2180      2190      2200      2210        

    2161 tttcgactcgacctttcttggtttctccttttcgttctcaattttctctttgacttcctt 

     741 T  E  T  H  L  E  M  L  Q  K  A  Q  V  S  Y  R  T  P  E  G   

    2221 acagagacacacctggaaatgctgcagaaggctcaggtctcctaccggaccccagaggga 

    2221          2230      2240      2250      2260      2270        

    2221 tgtctctgtgtggacctttacgacgtcttccgagtccagaggatggcctggggtctccct 

     761 D  D  L  E  R  A  L  A  K  L  T  R  L  R  I  H  V  S  Y  L   

    2281 gatgacctagaaagggctttggcaaagcttacgcggctacgtatccacgtcagctatctc 

    2281          2290      2300      2310      2320      2330        

    2281 ctactggatctttcccgaaaccgtttcgaatgcgccgatgcataggtgcagtcgatagag 

                       <<<MORC4_r3<<< 2355 to 2372 

     781 L  T  S  V  L  P  H  L  E  L  R  E  I  G  Y  D  S  E  Q  V   

    2341 cttacttctgtcctccctcacttggagcttcgtgagatcgggtatgactcagaacaagtg 

    2341          2350      2360      2370      2380      2390        

    2341 gaatgaagacaggagggagtgaacctcgaagcactctagcccatactgagtcttgttcac 

                                    <<<MORC4_r2<<< 2428 to 2445 

     801 D  G  I  L  Y  T  V  L  E  A  N  H  I  L  D  *  

    2401 gatgggatcctgtacacggtgctggaggcaaatcacatactggattga 

 

 
MORC4 XM_005262190.3 

 
       1 M  T  P  H  K  L  H  R  M  L  S  F  G  F  T  D  K  V  I  K   

       1 atgacacctcataaactacaccgaatgctcagctttggctttacagataaagtaataaag 

       1          10        20        30        40        50          

       1 tactgtggagtatttgatgtggcttacgagtcgaaaccgaaatgtctatttcattatttc 

      21 K  S  Q  C  P  I  G  V  F  G  N  G  F  K  S  G  S  M  R  L   

      61 aagagccagtgtcccattggggtctttggtaatggtttcaagtcaggctccatgcggcta 

      61          70        80        90        100       110         

      61 ttctcggtcacagggtaaccccagaaaccattaccaaagttcagtccgaggtacgccgat 

      41 G  K  D  A  L  V  F  T  K  N  G  G  T  L  T  V  G  L  L  S   

     121 ggaaaggacgcccttgtcttcaccaagaatgggggtactctcactgttggacttctatca 

     121          130       140       150       160       170         

     121 cctttcctgcgggaacagaagtggttcttacccccatgagagtgacaacctgaagatagt 

      61 Q  T  Y  L  E  C  V  Q  A  Q  A  V  I  V  P  I  V  P  F  N   

     181 cagacctatctggaatgtgtccaggcccaggcagttattgtaccaattgttccattcaac 

     181          190       200       210       220       230         

     181 gtctggatagaccttacacaggtccgggtccgtcaataacatggttaacaaggtaagttg 

      81 Q  Q  N  K  K  M  I  I  T  E  D  S  L  P  S  L  E  A  I  L   

     241 cagcaaaacaaaaaaatgattattaccgaggattcattgcccagcctagaagccatcttg 

     241          250       260       270       280       290         

     241 gtcgttttgtttttttactaataatggctcctaagtaacgggtcggatcttcggtagaac 

     101 N  Y  S  I  F  N  R  E  N  D  L  L  A  Q  F  D  A  I  P  G   

     301 aactattccattttcaaccgtgaaaatgacctgctggcccagtttgatgccatcccaggc 
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     301          310       320       330       340       350         

     301 ttgataaggtaaaagttggcacttttactggacgaccgggtcaaactacggtagggtccg 

                                                         <<<MORC4_r1<<< 409 

to 426 

     121 K  K  G  T  R  V  L  I  W  N  I  R  R  N  K  N  G  K  S  E   

     361 aaaaaaggcactcgtgttctcatttggaacatccgcagaaataaaaatggaaaatctgag 

     361          370       380       390       400       410         

     361 ttttttccgtgagcacaagagtaaaccttgtaggcgtctttatttttaccttttagactc 

     141 L  D  F  D  T  D  Q  Y  D  I  L  V  S  D  F  D  T  E  E  K   

     421 ttggactttgatacagatcaatatgacatcctggtatcagactttgacacagaagaaaaa 

     421          430       440       450       460       470         

     421 aacctgaaactatgtctagttatactgtaggaccatagtctgaaactgtgtcttcttttt 

     161 M  T  G  G  V  T  S  E  L  P  E  T  E  Y  S  L  R  A  F  C   

     481 atgactggcggtgttacctctgagctaccagaaacagaatattctttaagggcattttgt 

     481          490       500       510       520       530         

     481 tactgaccgccacaatggagactcgatggtctttgtcttataagaaattcccgtaaaaca 

     181 G  I  L  Y  M  K  P  R  M  K  I  F  L  R  Q  K  K  V  T  T   

     541 ggtattctatacatgaagccacgcatgaaaatttttctgcgtcaaaagaaggtgactacc 

     541          550       560       570       580       590         

     541 ccataagatatgtacttcggtgcgtacttttaaaaagacgcagttttcttccactgatgg 

     201 Q  M  I  A  K  S  L  A  N  V  E  Y  D  T  Y  K  P  T  F  T   

     601 cagatgattgccaagagcctggccaatgtagaatatgatacatataaacctaccttcaca 

     601          610       620       630       640       650         

     601 gtctactaacggttctcggaccggttacatcttatactatgtatatttggatggaagtgt 

     221 N  K  Q  V  R  I  T  F  G  F  S  C  K  N  S  N  Q  F  G  I   

     661 aataagcaggtgagaatcacctttgggttctcttgcaagaatagtaaccagtttggaata 

     661          670       680       690       700       710         

     661 ttattcgtccactcttagtggaaacccaagagaacgttcttatcattggtcaaaccttat 

     241 M  M  Y  H  N  N  R  L  I  K  S  F  E  K  V  G  C  Q  V  K   

     721 atgatgtatcataacaaccgactcataaaatcttttgagaaggtggggtgccaggtgaag 

     721          730       740       750       760       770         

     721 tactacatagtattgttggctgagtattttagaaaactcttccaccccacggtccacttc 

     261 P  T  R  G  E  G  V  G  V  I  G  V  I  E  C  N  F  L  K  P   

     781 ccaactcgtggagaaggtgtaggagtaattggagtcattgagtgcaatttcctaaaacct 

     781          790       800       810       820       830         

     781 ggttgagcacctcttccacatcctcattaacctcagtaactcacgttaaaggattttgga 

     281 A  Y  N  K  Q  D  F  E  Y  T  K  E  Y  R  L  T  I  N  A  L   

     841 gcctacaacaaacaagactttgagtataccaaggagtaccggctaacaataaatgccctt 

     841          850       860       870       880       890         

     841 cggatgttgtttgttctgaaactcatatggttcctcatggccgattgttatttacgggaa 

     301 A  Q  K  L  N  A  Y  W  K  E  K  T  S  Q  D  N  F  E  T  S   

     901 gcccagaagctcaatgcttactggaaggaaaaaacatctcaagataattttgagacctca 

     901          910       920       930       940       950         

     901 cgggtcttcgagttacgaatgaccttccttttttgtagagttctattaaaactctggagt 

     321 T  V  A  R  P  I  P  K  V  P  D  Q  T  W  V  Q  C  D  E  C   

     961 actgtagccaggccaataccgaaggttcctgaccagacatgggttcagtgtgatgagtgt 

     961          970       980       990       1000      1010        

     961 tgacatcggtccggttatggcttccaaggactggtctgtacccaagtcacactactcaca 

     341 L  K  W  R  K  L  P  G  K  I  D  P  S  M  L  P  A  R  W  F   

    1021 cttaaatggagaaagcttcctgggaagattgatccatccatgttacctgcaagatggttt 

    1021          1030      1040      1050      1060      1070        

    1021 gaatttacctctttcgaaggacccttctaactaggtaggtacaatggacgttctaccaaa 

     361 C  Y  Y  N  S  H  P  K  Y  R  R  C  S  V  P  E  E  Q  E  L   

    1081 tgttattataattcccatccaaagtacaggagatgctctgttccagaggaacaagaactc 

    1081          1090      1100      1110      1120      1130        

    1081 acaataatattaagggtaggtttcatgtcctctacgagacaaggtctccttgttcttgag 

     381 T  D  E  D  L  C  L  S  K  A  K  K  Q  E  Q  T  V  E  E  K   

    1141 actgatgaagacctgtgcttgagcaaagctaagaaacaagaacaaactgttgaggagaag 

    1141          1150      1160      1170      1180      1190        

    1141 tgactacttctggacacgaactcgtttcgattctttgttcttgtttgacaactcctcttc 

     401 K  K  M  P  M  E  N  E  N  H  Q  V  F  S  N  P  P  K  I  L   
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    1201 aagaagatgcctatggaaaatgagaaccaccaggtattcagtaatccaccaaagatcctt 

    1201          1210      1220      1230      1240      1250        

    1201 ttcttctacggataccttttactcttggtggtccataagtcattaggtggtttctaggaa 

     421 T  V  Q  E  M  A  G  L  N  N  K  T  I  G  Y  E  G  I  H  S   

    1261 actgttcaagaaatggctggattgaataacaagacaattggatatgagggaattcatagc 

    1261          1270      1280      1290      1300      1310        

    1261 tgacaagttctttaccgacctaacttattgttctgttaacctatactcccttaagtatcg 

     441 P  S  V  L  P  S  G  G  E  E  S  R  S  P  S  L  Q  L  K  P   

    1321 cctagtgtgcttccttctggtggagaagaaagcagatcaccatctcttcaacttaagcct 

    1321          1330      1340      1350      1360      1370        

    1321 ggatcacacgaaggaagaccacctcttctttcgtctagtggtagagaagttgaattcgga 

     461 L  D  S  S  V  L  Q  F  S  S  K  Y  K  W  I  L  G  E  E  P   

    1381 ctggattccagtgttttacagttttccagtaagtacaaatggatcctaggtgaagaaccg 

    1381          1390      1400      1410      1420      1430        

    1381 gacctaaggtcacaaaatgtcaaaaggtcattcatgtttacctaggatccacttcttggc 

     481 V  E  K  R  R  R  L  Q  N  E  M  T  T  P  S  L  D  Y  S  M   

    1441 gtggagaaacgaagaaggctccagaatgagatgacaacaccttctctagattattccatg 

    1441          1450      1460      1470      1480      1490        

    1441 cacctctttgcttcttccgaggtcttactctactgttgtggaagagatctaataaggtac 

     501 P  A  P  Y  R  R  V  E  A  P  V  A  Y  P  E  G  E  N  S  H   

    1501 cctgctccttacaggagggtagaagcacctgttgcctacccagaaggggagaacagccat 

    1501          1510      1520      1530      1540      1550        

    1501 ggacgaggaatgtcctcccatcttcgtggacaacggatgggtcttcccctcttgtcggta 

     521 D  K  S  S  S  E  R  S  T  P  P  Y  L  F  P  E  Y  P  E  A   

    1561 gataaatcgagttctgagagaagtacaccaccataccttttcccagaatacccagaagca 

    1561          1570      1580      1590      1600      1610        

    1561 ctatttagctcaagactctcttcatgtggtggtatggaaaagggtcttatgggtcttcgt 

     541 S  K  N  T  G  Q  N  R  E  V  S  I  L  Y  P  G  A  K  D  Q   

    1621 agcaagaatacaggtcagaatagggaggtttcaattctgtatccaggggccaaagaccaa 

    1621          1630      1640      1650      1660      1670        

    1621 tcgttcttatgtccagtcttatccctccaaagttaagacataggtccccggtttctggtt 

     561 R  Q  G  S  L  L  P  E  E  L  E  D  Q  M  P  R  L  V  A  E   

    1681 cgccaggggtccctgcttcctgaagaattagaagatcagatgccaagattggtggcagaa 

    1681          1690      1700      1710      1720      1730        

    1681 gcggtccccagggacgaaggacttcttaatcttctagtctacggttctaaccaccgtctt 

     581 E  S  N  R  G  S  T  T  I  N  K  E  E  V  N  K  G  P  F  V   

    1741 gaatctaacagaggtagcacaaccataaacaaagaagaagtcaacaagggaccttttgta 

    1741          1750      1760      1770      1780      1790        

    1741 cttagattgtctccatcgtgttggtatttgtttcttcttcagttgttccctggaaaacat 

                                   >>>MORC4_f2>>> 1827 to 1844 

     601 A  V  V  G  V  A  K  G  V  R  D  S  G  A  P  I  Q  L  I  P   

    1801 gctgttgtgggtgttgccaaaggtgttagagattcaggagctcccattcagctgatccct 

    1801          1810      1820      1830      1840      1850        

    1801 cgacaacacccacaacggtttccacaatctctaagtcctcgagggtaagtcgactaggga 

     621 F  N  R  E  E  L  A  E  R  R  K  A  V  E  S  W  N  P  V  P   

    1861 tttaacagagaggagcttgctgagagacgaaaagcagttgaatcctggaacccagtgcct 

    1861          1870      1880      1890      1900      1910        

    1861 aaattgtctctcctcgaacgactctctgcttttcgtcaacttaggaccttgggtcacgga 

     641 Y  S  V  A  S  A  A  I  P  A  A  A  I  G  E  K  A  R  G  Y   

    1921 tattctgtggcctctgctgcaatccctgctgcagccattggggagaaagcaagaggctat 

    1921          1930      1940      1950      1960      1970        

    1921 ataagacaccggagacgacgttagggacgacgtcggtaacccctctttcgttctccgata 

     661 E  E  S  E  G  H  N  T  P  K  L  K  N  Q  R  E  L  E  E  L   

    1981 gaggagagcgaaggtcataatacaccaaagttgaagaaccagagagagctggaagaattg 

    1981          1990      2000      2010      2020      2030        

    1981 ctcctctcgcttccagtattatgtggtttcaacttcttggtctctctcgaccttcttaac 

     681 K  R  T  T  E  K  L  E  R  V  L  A  E  R  N  L  F  Q  Q  K   

    2041 aagagaaccacagaaaaattggaacgtgttttggctgaaaggaatttgttccagcaaaag 

    2041          2050      2060      2070      2080      2090        

    2041 ttctcttggtgtctttttaaccttgcacaaaaccgactttccttaaacaaggtcgttttc 

     701 V  E  E  L  E  Q  E  R  N  H  W  Q  S  E  F  K  K  V  Q  H   
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    2101 gtggaggagctggaacaggagaggaatcactggcagtctgaattcaagaaagtccaacat 

    2101          2110      2120      2130      2140      2150        

    2101 cacctcctcgaccttgtcctctccttagtgaccgtcagacttaagttctttcaggttgta 

     721 E  L  V  I  Y  S  T  Q  E  A  E  G  L  Y  W  S  K  K  H  M   

    2161 gaattggtgatctacagtacccaggaggcggaaggcttgtactggagcaagaaacacatg 

    2161          2170      2180      2190      2200      2210        

    2161 cttaaccactagatgtcatgggtcctccgccttccgaacatgacctcgttctttgtgtac 

     741 G  Y  R  Q  A  E  F  Q  I  L  K  A  E  L  E  R  T  K  E  E   

    2221 ggttatcgccaagctgaattccagattctgaaagctgagctggaaagaaccaaagaggaa 

    2221          2230      2240      2250      2260      2270        

    2221 ccaatagcggttcgacttaaggtctaagactttcgactcgacctttcttggtttctcctt 

                                   <<<MORC4_r4<<< 2307 to 2324 

     761 K  Q  E  L  K  E  K  L  K  E  T  E  T  H  L  E  M  L  Q  K   

    2281 aagcaagagttaaaagagaaactgaaggaaacagagacacacctggaaatgctgcagaag 

    2281          2290      2300      2310      2320      2330        

    2281 ttcgttctcaattttctctttgacttcctttgtctctgtgtggacctttacgacgtcttc 

     781 A  Q  V  S  Y  R  T  P  E  G  D  D  L  E  R  A  L  A  K  L   

    2341 gctcaggtctcctaccggaccccagagggagatgacctagaaagggctttggcaaagctt 

    2341          2350      2360      2370      2380      2390        

    2341 cgagtccagaggatggcctggggtctccctctactggatctttcccgaaaccgtttcgaa 

                                                     <<<MORC4_r3<<< 2445 to 

2462 

     801 T  R  L  R  I  H  V  S  Y  L  L  T  S  V  L  P  H  L  E  L   

    2401 acgcggctacgtatccacgtcagctatctccttacttctgtcctccctcacttggagctt 

    2401          2410      2420      2430      2440      2450        

    2401 tgcgccgatgcataggtgcagtcgatagaggaatgaagacaggagggagtgaacctcgaa 

                                                                  

<<<MORC4_r2<<< 2518 to 2535 

     821 R  E  I  G  Y  D  S  E  Q  V  D  G  I  L  Y  T  V  L  E  A   

    2461 cgtgagatcgggtatgactcagaacaagtggatgggatcctgtacacggtgctggaggca 

    2461          2470      2480      2490      2500      2510        

    2461 gcactctagcccatactgagtcttgttcacctaccctaggacatgtgccacgacctccgt 

     841 N  H  I  L  D  *  

    2521 aatcacatactggattga 
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Appendix 8.21: Concentrations and quality assessment of RNA preparation of cell lines 

utilised throughout this study.  

 

Cell line Disease 
RNA (ng/µL) 260/280 (nm) 

1 2 1 2 

OCI-Ly3 ABC DLBCL 687.6 696.8 2.02 2.02 

RIVA ABC DLBCL 665.8 676.1 2.03 2.04 

SU-DHL-2 ABC DLBCL 1170.8 1177.9 2.02 2.02 

HBL-1 ABC DLBCL 563.9 564.4 2.03 2.03 

HLY-1 ABC DLBCL 1189.2 1211.6 2.02 2.03 

SUD-HL6 GCB DLBCL 830.5 843.3 2.03 2.03 

SUD-HL10 GCB DLBCL 795.9 799.2 2.04 2.04 

DB GCB DLBCL 610.5 609.1 2.01 2.01 

MIEU GCB DLBCL 1110.0 1103.3 2.03 2.03 

LIB DLBCL 639.6 640.2 2.03 2.03 

Daudi Burkitts 546.7 514.2 2.00 1.93 

Raji Burkitts 989.9 957.6 2.04 2.04 

NCI H929 Myeloma 804.7 967.3 2.06 2.07 

JJN.3 Myeloma 1114.7 1092.4 2.04 2.03 

RPMI8226 Myeloma 879.8 842.7 2.02 2.03 

Jurkat T-ALL 600.6 599.7 2.02 2.00 

DU528 T-ALL 560.3 559.3 2.00 2.02 

RPMI8402 T-ALL 557.5 532.9 2.01 2.03 

Hut78 CTCL-SS 916.2 916.3 2.04 2.04 

HCT29 Colorectal adenocarcinoma 918.5 877.4 2.05 2.06 

HCT116+/+ Colorectal adenocarcinoma 1423.2 1505.6 2.04 2.04 

SW48 Colorectal adenocarcinoma 734.4 732.1 2.05 2.04 

HeLa Cervical carcinoma 891.8 933.0 2.08 2.03 

U2OS Osteosarcoma 415.9 424.1 2.02 2.01 

HEK293FT Transformed human embryonic kidney 1162.2 1169.8 2.03 2.02 

SK-N-BE(2c) NB (MYCN+) 954.5 953.4 2.05 2.05 

IMR32 NB (MYCN+) 980.0 969.2 2.04 2.03 

Kelly NB (MYCN+) 1063.0 1072.2 2.04 2.03 

NB19 NB (MYCN+) 684.1 694.1 2.04 2.04 

SH-SY5Y NB (MYCN-) 587.8 582.4 2.02 2.06 

SK-N-SH NB (MYCN-) 933.7 938.3 2.02 2.02 

SK-N-AS NB (MYCN-) 921.6 936.2 2.07 2.06 

SHEP NB 853.6 858.0 2.05 2.04 

PSN1 Pancreatic adenocarcinoma 775.1 777.3 2.05 2.04 

Mia-Pa-Ca-2 Pancreatic carcinoma 702.0 704.6 2.06 2.04 

MCF7 Breast adenocarcinoma (ER+) 389.5 393.5 2.02 2.02 

MDA-MB-231 Breast adenocarcinoma (ER-) 474.8 484.1 2.04 2.04 

MDA-MB-468 Breast adenocarcinoma (ER-) 694.6 704.8 2.04 2.05 
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Appendix 8.22: Vector maps of mammalian expression vectors used in LIC. A pcDNA3-

N-FLAG-LIC B pCDNA3-N-HA-LIC. Both mammalian expression vectors were made at the 

Structural Genomics Consortium, Oxford, United Kingdom. Vector maps Created by author 

using SnapGene software.  
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Appendix 8.23: Fluorescence detection western blotting of transfected full length MORCs 

into U2OS cell line. HEK293FT cells were transfected with full length FLAG-tagged MORC 

DNA, harvested, sonicated and cell lysates were resolved on a 10% SDS-PAGE gel for 

fluorescence detection western blotting to determine protein expression. Membranes were 

probed with FLAG and β-actin (1:20,000 dilutions) primary antibodies in 5% milk and TBS-

T. A FLAG-tagged MORC1 and MORC2. B FLAG-tagged MORC3 and MORC4. Membranes 

were detected using a Li-COR Odyssey imagining system. β-actin loading control and FLAG 

were imaged using the green channel (800nm) and the marker was imaged using the red 

channel (700nm).  
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Appendix 8.24: Fluorescence detection western blotting of transfected full length MORCs 

into HeLa cell line. HEK293FT cells were transfected with full length FLAG-tagged MORC 

DNA, harvested, sonicated and cell lysates were resolved on a 10% SDS-PAGE gel for 

fluorescence detection western blotting to determine protein expression. Membranes were 

probed with FLAG and β-actin (1:20,000 dilutions) primary antibodies in 5% milk and TBS-

T. A FLAG-tagged MORC1 and MORC2. B FLAG-tagged MORC3 and MORC4. Membranes 

were detected using a Li-COR Odyssey imagining system. β-actin loading control and FLAG 

were imaged using the green channel (800nm) and the marker was imaged using the red 

channel (700nm).  
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Appendix 8.25: Fluorescence detection western blotting of transfected full length MORCs 

into COS-1 cell line. HEK293FT cells were transfected with full length MORC DNA, 

harvested, sonicated and cell lysates were resolved on a 10% SDS-PAGE gel for fluorescence 

detection western blotting to determine protein expression. Membranes were probed with 

FLAG and β-actin (1:20,000 dilutions) primary antibodies in 5% milk and TBS-T. A FLAG-

tagged MORC1 and MORC2. B FLAG-tagged MORC3 and MORC4. C HA-tagged MORC1 

and MORC2. D HA-tagged MORC3 and MORC4. Membranes were detected using a Li-COR 

Odyssey imagining system. β-actin loading control was imaged using the green channel 

(800nmand the marker, FLAG and HA were imaged using the red channel (700nm). 

kDa

250 –

150 –

50 –

37 –

FLAG

Li
po

 3
µ
L

MORC1

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

B
la

nk
 C

el
ls

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA

Li
po

 3
µ
L

MORC2

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA

B
la

nk
 C

el
ls

β-actin

250 –

150 –

Li
po

 3
µ
L

MORC3

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

B
la

nk
 C

el
ls

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA

Li
po

 3
µ
L

MORC4

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

B
la

nk
 C

el
ls

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA

50 –

37 –

FLAG

β-actin

kDa

250 –

150 –

50 –

37 –

HA

β-actin

Li
po

 3
µ
L

MORC1

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

B
la

nk
 C

el
ls

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA

Li
po

 3
µ
L

MORC2

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA
B
la

nk
 C

el
ls

kDa

250 –

150 –

Li
po

 3
µ
L

MORC3

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

B
la

nk
 C

el
ls

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA

Li
po

 3
µ
L

MORC4

2.5µg DNA

Li
po

 1
.5
µ
L

Li
po

 3
µ
L

Li
po

 1
.5
µ
L

1.5µg DNA

B
la

nk
 C

el
ls

Li
po

 3
µ
L

C
H

D
1L

1.5µg 

DNA

HA

β-actin
50 –

37 –

A

B

C

D



 

 

 


