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1 Introduction  

1.1 Epidemiology and tumorigenesis of colorectal carcinoma 

Colorectal carcinoma (CRC) is a common and lethal disease, ranking the third most commonly 

diagnosed cancer in males and the second in females worldwide1. Currently number of newly 

diagnosed CRC cases is increasing progressively, and CRC remains to be the fourth most lethal 

cancer worldwide, leading to almost 900 000 deaths annually 1,2. 

 

Figure 1 Molecular pathways and development of targeted therapies of CRC. (A) Potential drug-target 

sites in molecular pathways for targeted therapies. (EGF/EGFR: epidermal growth factor/epidermal 

growth factor receptor; HGF: hepatocyte growth factor; c-MET: mesen-chymal–epithelial transition 

factor; IGF/IGF-1R: insulin-like growth factor/ insulin-like growth factor 1receptor; TGF: transform-

ing growth factor); (B) Landscape of United States of America Food and Drug Administration (FDA)-

approved molecularly targeted drugs in CRC. (VEGF/VEGFR: vascular endothelial growth factor/vas-

cular endothelial growth factor receptor) 2. 

 

Although recent treatment of CRC has been significantly improved, the overall survival (OS) 

for advanced disease is only 3 years, and patients suffering from metastatic CRC (mCRC) still 

have the lowest survival rates 1. Treatment for CRC largely depends on the stage of cancer. 

Currently, treatments for mCRC mainly include cytotoxic chemotherapy and targeted therapies 

in combination with surgical excision for locoregional and metastatic lesions 1,3. Chemothera-

pies are the main choices when cancer has spread and surgery is limited (https://www.can-

cer.org/cancer/colon-rectal-cancer/treating/by-stage-colon.html). Systemic cytotoxic chemo-

therapy given at maximum tolerated doses (MTD) has shown efficiency for treatment of mCRC, 

with 5-fluorouracil (5-Fu) widely used 4. However, this type of therapy management exhibits 

certain limitations, including systemic toxicity, drug resistance, low tumor-specific selectivity, 

https://www.cancer.org/cancer/colon-rectal-cancer/treating/by-stage-colon.html
https://www.cancer.org/cancer/colon-rectal-cancer/treating/by-stage-colon.html
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and abundant economic costs 2. Based on this consideration, concept of molecular targeted ther-

apy has flourished in the recent decades, working specifically on both carcinoma cells and tu-

mor microenvironment (TME), including cell proliferation, migration, blood vessels and im-

mune cells (Fig. 1) 2. It involves targeting of abundant pathway of signaling cascade amplifica-

tion to affect tumor progression, such as the RAS/RAF/MEK/ERK pathway, and gene muta-

tions related pathways.  

 

Table 1 Classification of colon cancer cell lines by signaling pathways (CIN, MSI and CIMP), and 

mutational status of critical cancer genes. Mutation status in KRAS; BRAF; PIK3CA; PTEN and TP53 

are displayed. (CIN:chromosomal instability; MSI: microsatellite instability; MSS; microsatellite stable; 

CIMP: CpG island methylator phenotype; wt: wild type) 5. 

 

However, mCRC often shows resistance to targeted therapy. For instance, RAS and BRAF 

genes mutation inhibit the efficiency of anti-epidermal growth factor receptor (EGFR) antibod-

ies. In recent years, metronomic chemotherapy, defined as frequent administration of chemo-

therapeutic agents at a non-toxic dose without extended rest periods, seems to be a potential 

option for palliative management of patients with mCRC. In consistent with this, a phase III 

study, performed by Simkens and his college, showed improved prognosis in a patient cohort 

treated with metronomic chemotherapy, combining capecitabine with bevacizumab, comparing 

with standard MTD chemotherapy 4. However, currently we still lack the clinical data on met-

ronomic chemotherapy for mCRC. In this respect, it is necessary to deeply understand the un-

derlying mechanisms and key processes of tumor resistance during treatment with chemother-

apeutic agents as this will help to find specific targets to reduce the mortality of CRC 6.  



3 

 

It is well described that sequential accumulation of genetic and epigenetic alterations could 

drive the progression from colorectal adenoma to carcinoma 7. Carcinogenesis of sporadic CRC 

(approximately 65% of CRC cases) is mainly implicated in three independent molecular path-

ways: chromosomal instability (CIN), microsatellite instability (MSI) and CpG island methyl-

ator phenotype (Table 1) 5,8,9. Nearly 15-20% of sporadic cases exhibited high-frequency MSI  

 

Figure 2 Features of chromosomal instability (CIN). CIN is characterized by aberrations in chromo-

some segregation and classified as numerical CIN or structural CIN. Numerical CIN results from gain 

or loss of the whole chromosomes, while structural CIN results is determined by gain or loss of chro-

mosomal fragments 10. 

 

phenotypes, a consequence of a defective DNA mismatch repair (MMR) system, while 80-85% 

of them shows CIN, with alterations in chromosome number and structure (Fig. 2) 9,11. CIN is 

a hallmark of cancer and defined as the ongoing rates of chromosome mis-segregation 11. Alt-

hough CIN includes numerical and structural changes, robust evidence supported that numeri-

cal aberrations occurred much more frequently (~60-fold) in CIN+ cells 12. CIN occurs when 

chromosomal “shuffling” is repeated during each cell division, and this continuous genomic 

alteration is generally associated with poor prognosis because of the rapid adaptation of tumor 

cells to the anticancer therapies (Fig. 3) 11,13. However, when the CIN rate exceeds a certain 
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threshold, cell death will occur (Fig. 3) 11. There is only a small subtype of human CRC having 

normal or almost normal chromosome numbers and little chromosomal differences between 

cells. Nevertheless, Bolhaqueiro et al. revealed that CIN is ongoing and widespread in patient-

derived organoids (PDOs) and this phenomenon was observed regardless of changes in genetic 

background, including MSI 14. Various present studies suggested that potential molecular  

 

Figure 3 Schematic of tumor features associated with chromosomal instability (CIN) severity in Can-

cer. Within a critical CIN threshold, increased CIN levels enhances the key tumor characteristics, in-

cluding intratumoral heterogeneity (ITH), adaptability, drug resistance, metastatic potential and chro-

mosomal changes. Once the level of CIN upon the threshold, cell death would be induced. The critical 

CIN threshold indicated by the black dotted line. +: positive; −: negative 11. 

 

causes for the CIN phenotype includes multipolar spindles, anaphase lagging chromosomes or 

chromatin bridges, and the most common among them are lagging chromosomes 12,15,16. These 

chromosomes lagging in anaphase are mainly caused by improper activity of spindle microtu-

bules, known as merotelic attachments (see section 1.2 for more details). Whereas researches 

from Kops group indicated different results by 3D live-cell imaging of patient-derived organ-

oids (PDOs), and they revealed that the most commonly observed chromosomal abnormalities 
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were chromatin bridges instead of laggards 14. These DNA bridges are actually sister DNA 

inter-linkage structures, resulting from fused chromosomes (Fig. 4, Fig. 7B) 14. In order to com-

plete cell-division processes, cleavage of chromatin bridge is required during anaphase/telo-

phase and this process involves poleward transport force from spindle MTs (see details in sec-

tion 1.2) 17. Hence, chromosomal mis-segregation, mainly resulted from anaphase chromatin 

bridges (in 3D cell culture systems) or lagging chromosomes (in 2D monolayer), plays a crucial  

 

Figure 4 Tracking chromosomal abnormalities in patient-derived organoids (PDOs). Human colorec-

tal carcinoma cells were cultured in a 3D cell culture system, termed as PDOs. Labelling the cells with 

a fluorescent tag enabled the chromosomes (green) to be observed during cell division using microscopy. 

Chromosomal abnormalities were thus tracked and imaged. The most common chromosomal alterations 

were chromatin bridges (insert), structures formed by fused DNA from sister chromosomes 14.  

 

role in the generation of CIN in CRC. Furthermore, this abnormalities of chromosome segre-

gation are associated with dysfunction of spindle MTs. 

1.2 Role of dysfunction of spindle MTs in CIN 

In section 1.1, it is mentioned that chromatin bridges were observed most frequently in tumor 

PDOs, however, karyo typing analysis of cells cultured in standard 2D culture showed different 

results. They indicated that instead of errors occurring in pre-mitotic cells (acentric fragments 

and chromatin bridges), defects resulting from mitosis (lagging chromosomes) are the primary 

cause of numerical alteration 12,18,19. In addition, numerical chromosomal aberrations make up 
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the majority of CIN (see more details in section 1.1), and these abnormalities result from chro-

mosomal mis-segregation 12. It is well established that accurate chromosome segregation re-

quires proper activity of spindle MTs, termed kinetochore fibers, including faithful attachments 

between kinetochores and spindle fibers, and the power of chromosome movement generated 

by the dynamics of spindle MTs 20,21. In conclusion, spindle MTs play a pivotal role in CIN, 

especially in numerical chromosomes aberration arising from lagging chromosomes during mi-

tosis. 

 

Figure 5 Role of spindle MTs in cell division. (a) Distribution of different types of microtubules bundles 

in meta-, ana- and telophase. Spindle MTs are extended from two spindle poles, and consist of kineto-

chore, interpolar and astral microtubule. (b) Movement of cellular MTs were imaged from meta- to 

anaphase. Attached chromosomes were transported by spindle MTs toward opposite spindle poles. Mi-

crotubules and centrosome are shown in green; kinetochore is shown in red; chromosomes are shown 

in blue, contractile ring and midbody are shown in yellow. 22 

 

During normal cell division, accurate chromosome separation requires a normal mitotic spindle 

apparatus. This apparatus is formed by microtubules, and consists of kinetochore microtubule 

(KT-MTs) bundles, astral microtubules and interpolar microtubules (Fig. 5) 22. We 

acknowledge that KT-MTs capture each chromosome and make all of them aligned at the spin-

dle equator, assisted by astral and interpolar MTs during metaphase. Before proceeding to an-

aphase, two kinetochores of each chromosome should be properly attached and then aligned to 

avoid chromosome gains or losses 23. This process is controlled by the spindle assembly check-

point (SAC). The SAC can restrain cells from entering anaphase until all the sister chromatids  
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achieve bioriented attachment to spindle MTs by generating cytoplasmic mitotic checkpoint 

complex (MCC), leading to the inhibition of the Anaphase Promoting Complex/Cyclosome 

(APC/C). Activation of SAC could prolong the mitotic state or cause mitotic catastrophe and 

even cell death 24,25. Upon anaphase onset, spindle MTs bound to kinetochores can assemble at 

the interface of KT-MTs and disassemble at the centrosome by regulating its dynamics (Fig. 6) 

26. By this process, kinetochore fibers become short and transport attached sister chromatid  

 

Figure 6 The dynamic properties of spindle MTs. Sister chromosomes are attached to kinetochore MTs 

(known as K fibers) in the outer layer of kinetochore. Chromosome alignment and segregation were 

achieved by the assembly/disassembly of spindle MT. The minus ends (less dynamic) of MTs are firmly 

anchored at the centrosomes, served as microtubule organizing center, while the more dynamic plus 

ends extend toward the spindle equator and cell periphery. Microtubules are shown in gray; centro-

somes are shown in green, kinetochores are shown in red; chromosomes are shown in blue. Positions 

of MT minus (−) ends versus plus (+) ends are indicated 26.  

 

towards the spindle poles. It is apparent that chromosome segregation requires faithful KT-MT 

attachment to kinetochores, and kinetochore microtubules should be sufficiently stabilized. 

Those attachments, on the other hand, must be dynamic enough to achieve biorientation, per-

mitting correction of malorientations, and then separate chromosomes 19. Hence, precise control 

of the balance of spindle MTs activity is essential to chromosome segregation.  
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The persistence of improper kinetochore attachment is the primary mechanism of CIN. Types 

of erroneous KT-MT attachments are shown in figure 7A. Sister kinetochores are physiologi-

cally attached to microtubules extending from opposite spindle poles. Interestingly, Kineto-

chore fibers could also attach to one (monotelic attachment) and/or both sister chromatids 

(syntelic attachment) from the same spindle pole, leading to chromosomal gain or loss.  

 

Figure 7 Errors in kinetochore–microtubule attachments and chromosome segregation. (A) Types of 

kinetochore–microtubule attachment at metaphase, and subsequent consequences at anaphase and in-

terphase. These KT-MT attachments includes amphitelic attachment, syntelic attachment, monotelic at-

tachment and merotelic attachment. (B) Errors in chromosome segregation. Lagging centric chromo-

somes are identified as the whole chromosomes, while acentric chromosomes are chromosomal frag-

ments without centromeres. Chromatid bridge is formed by the fusion of telomeres of sister chromatids, 

resulting in structural rearrangements of chromosomes. Centromeres are shown in red, microtubules 

are shown in green and chromatids are shown in blue. Modified from cartoons of McClelland, and 

Degrassi et al.27,28. 
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Kinetochores could also be attached by microtubules from opposite poles, known as merotelic 

attachment, leading to lagging chromosomes (Fig. 7A) 28. While lagging chromosomes mainly 

arise from errors in mitosis, acentric chromosome arms (known as chromosomes without cen-

tromeres), as well as chromatid bridges, are caused by pre-mitotic defects and are associated 

with structural chromosome rearrangements (Fig. 7B) 12. Many studies suggested that the mer-

otelic attachment, frequently occurring during early mitosis, is a more widespread cause of an-

euploidy and can escape SAC detection 29,30. As a consequence, lagging of anaphase chromo-

somes will occur, resulting in aneuploidy or micronuclei formation in daughter cells (Fig. 7A). 

These micronuclei could subsequently collapse and release DNA into cytoplasm.  

Temporal regulation of spindle microtubule dynamics is essential to maintain genome stability 

19. With respect to this, two molecular mechanisms are coordinated to ensure precise chromo-

some segregation. Apart from the inherent centromere geometry against improper KT-MT at-

tachment, another mechanism is that these previous persistent improper attachments are re-

leased by regulating activities of Kif2b and MCAK (Fig. 8). Aurora B kinase activity alteration,  

 

Figure 8 Model for temporal regulation of spindle microtubule dynamics by inter-kinetochore tension. 
KT-MTs achieve gradual stabilization along following increased inter-kinetochore tension from pro-

metaphase to metaphase. At pro-metaphase, low tension regulates the Aurora B kinase activity gradient 

to recruit active Kif2b and then inactivate the MCAK, thereby destabilizing spindle MTs for the correc-

tion of improper kinetochore attachments. Upon metaphase, generation of high tension by bi-orientation 

attachments, exceeding the extent limit of the Aurora B kinase activity gradient, could release the Kif2b 

from kinetochores. In the meantime, a subgroup of MCAK is activated and localizes to centromere, 

correcting the remaining attachment errors. Kinetochores are shown in grey, microtubules are shown 

in green, active Kif2b is shown in blue, inactive MCAK is shown in yellow, active MCAK is shown in 

orange and activity gradient of Aurora B is shown in red. Kif2b: kinesin family member 2b; MCAK/ 

Kif2c: mitotic centromere associated kinesin 19. 
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mediated by tension between sister kinetochores, could regulate KT-MT dynamics temporally 

to correct the maloriented KT-MT attachments regardless of the original attachments 30. Low 

centromeric tension could promote microtubule destabilization to ensure sufficient correction 

for improper attachment till the high tension is generated upon bi-orientation at metaphase 19.  

During anaphase, the microtubules responsible for appropriate chromosome attachments, are 

predicted to be less dynamic than the microtubule fibers moving chromosomes, ensuring fidel-

ity of chromosome segregation 31. Hence, kinetochore microtubules become progressively sta-

bilized, and this is mediated by properly increased tension during pro-metaphase to metaphase 

progression 30. In summary, maloriented attachment of chromosomes to spindle MTs and/or 

even subtile changes in spindle MT dynamics during mitosis may lead to chromosome mis-

segregation, CIN and aneuploidy. 

1.3 Microtubule-targeted drugs in CRC treatment considering genomic di-

versity 

Since cell mitosis is essential for cellular function and survival, mitotic spindle has already been 

a valuable target to treat a range of human cancers. Paclitaxel (PTX), a microtubule-targeted 

drug, could prevent MT depolymerization, thereby inducing a mitotic arrest through the activa-

tion of SAC. This type of mitotic catastrophe following spindle disruption probably is essential 

to initiate cellular apoptosis 32. Nevertheless,  taxane (PTX or docetaxel)-treatment of patients 

in early phase I-II CRC clinical trials, with CIN-positive cohort, failed to achieve a satisfied 

clinical benefit 33. Interestingly, a minority group of CRCs in MSI+/CIN- cases, is suggested to 

response to PTX-therapy. This minority of CRCs may exhibit a different process of mitosis 

compared to CRC with CIN phenotype (CIN+) 32. This assumption is consistent with a previous 

finding, showing that HCT-116 cell line (MSI+/CIN-) showed a potent mitotic arrest in re-

sponse to paclitaxel treatment followed by apoptosis. In contrast, HT-29 cell line ((MSI+/CIN-) 

did not respond to PTX treatment 34. Therefore, the resistance to taxane-based chemotherapies 

in CRC could be explained by the fact that most CRC cases are CIN+ tumors, and the mitotic 

spindle is an efficient target for the microtubule inhibitors (MTI) mediated cell cytotoxicity.  

As mentioned above, cytotoxic chemotherapy resistance of CRC is associated with CIN+ phe-

notype. This issue could be promoted by generation of genomic and phenotypic diversity me-

diated via three possible pathways, that is innate, adaptive and acquired chemo-resistance path-

ways (Fig. 9) 27. Comparing to adaptive resistance, in the presence of high intrinsic genomic 
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variation, acquired resistance is due to the generation of genetic diversity via CIN during chem-

otherapy treatment. Therefore, a sub-clone exhibiting resistance to chemotherapeutic agents 

will probably be promoted by this mutated phenotype in cancer cells 27. We have described the  

 

Figure 9 Schematic diagram of three major pathways to chemotherapy resistance. Innate resistance 

is the inherency of tumor cells to tolerate chromosomal instability and probably even the chemotherapy 

agents, allowing tumor growth and progression. Due to high initial chromosomal diversity prior to 

chemical agents, a subgroup of cells intrinsically carrying the drug resistance are very likely to achieve 

the adaptive resistance, continuing to grow in the presence of chemotherapeutic agents. Acquired re-

sistance occurs when a subset of cells achieving the drug resistance are generated during cancer treat-

ments, and this resistance does not exist prior to treatments. This process may be promoted by a mutant 

phenotype that can generate genetic diversity mediated via genome mutation or rearrangements, such 

as CIN. Chemotherapy-resistant tumor cells are shown in red; chemotherapy-sensitive tumor cells are 

shown in brown; CIN+ cells with potential resistance are shown in blue. 27 

 

association of spindle MT dynamics with CIN in section 1.2, as well as a correlation between 

CIN phenotype and taxanes resistance in CRC. Taken together, spindle MT could be a potent 

therapeutic target in reducing genomic diversity in both intrinsic and extrinsic way. During 

mitosis, spindle MTs could become progressively stabilized as described in section 1.2, and this 

dynamic is regulated by a series of microtubule-associated proteins (MAPs), with kinesin-re-

lated molecular motors well-studied 35. The assembly/disassembly behavior of microtubules is 
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known as dynamic instability, driven by GTP hydrolysis (Fig. 10), and the growing and shrink-

ing microtubules could co-exist in the same cell area 25,35. In addition, this dynamic instability 

could result in chromosomal diversity, and even tumor tolerance against cytotoxic chemother-

apies as mentioned in last paragraph. Since MAPs could regulate the dynamics of spindle MTs, 

they probably also account for the type of KT-MTs attachment or the speed of kinetochore fiber 

movement. Hence, signaling activities and/or expression levels of MAPs are likely associated 

with occurrence of CIN, and even chemotherapy sensitivity. Considering the facts that spindle  

 

Figure 10 Cartoon of MT dynamic instability driven by GTP hydrolysis. (a) Conformational switch of 

αβ-heterodimers accompanying by cycles of GTP hydrolysis. In the GDP state, the interface of αβ-

tubulin dimer achieves a slight curvature (indicated with curved arrow) from the straight status in the 

GTP state. (b) The transitions between MTs assembly and disassembly at the plus ends. Physiologically, 

GTP-tubulin dimers (shown in green) assemble on the MT plus ends along with GTP hydrolysis, and 

this process is termed rescue event. In the catastrophe phase, GDP-tubulin dimers (shown in blue) curl 

and peel off the plus ends, starting the MT shrinkage. 25 

 

MTs have already been used as targets for many chemotherapeutic drugs, continued investiga-

tion of proteins, specifically regulating spindle MTs dynamic, will be promising targets for 

cancer therapies. 
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1.4 Cellular roles of DIAPH1  

Mammalian Diaphanous (mDias)-related formins are encoded by the DIAPH1/DRF (diapha-

nous-related formin) genes and are directly stimulated by Rho GTPases 36. These Rho proteins 

are Ras-related GTP-binding proteins, switching between inactive/active GDP/GTP-bound cy-

cles. 37. DIAPHs are dimeric multi-domain proteins with characteristic of highly conserved C-

terminal homology 2 domain (FH2) and include three subtypes: DIAPH1 (DFR1 or mDia1), 

DIAPH2 (DRF2 or mDia3) and DIAPH3 (DRF3 or mDia2) 36,38. By regulating the dynamics 

of cytoskeleton, they participate in abundant cellular functions, and exhibit activities of actin 

filament nucleation and microtubule stabilization. These effects were achieved by the activities 

of two conserved regions of homology, FH1 and FH2 (Fig. 11) 39. 

 

Figure 11 Scheme of DIAPH domains in regulating actin nucleation. Dia-inhibitory-domain (DID) 

and diaphanous autoregulatory domain (DAD) interact and prevent binding of profilin/actin to the FH1 

and binding of F-actin to FH2 domains. After binding of GTPases of the Rho family, the interaction of 

the DID and DAD domain is disrupted and the FH1/FH2 domains are released 38. 

 

Without activated signaling, diaph proteins are in an auto-inhibited form, as a result of the in-

teractions of Dia-inhibitory domain (DID) and diaphanous auto-regulatory domain (DAD). This 

inactive conformation could be released, mediated by ionic repulsion and steric clashes, in pres-

ence of Rho GTPases 37. In this case, the FH1 domain binds and recruits actin monomers (glob-

ular actin or G-actin), to uncapped F-actin, and thereby facilitate actin nucleation (Fig. 11) 38. 
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Although DAD-DID interactions can be abrogated by binding of Rho to the Rho-binding do-

main (RBD), under certain conditions, cells require extra cellular factors for the activation of 

formins 38. 

In addition, these formins play a vital role in the regulation of MT-dynamics. Palazzo et al. 

revealed that DIAPH3 localized to stabilized MTs, and its active conformation exhibited an 

effect of stabilizing MTs in fibroblasts 40. Furthermore, this MT-stabilizing effect was inde-

pendent of its effect of actin polymerization 41. In some cell lines, like Hela cells, DIAPH1-

mediated nucleation of MTs  and F-actin is spatially coordinated 42. DIAPH proteins are also 

associated with the regulation of mitotic spindle dynamics. It is well studied that DIAPH2 reg-

ulated the dynamics of spindle MTs through binding of its FH2 domain to centromere protein 

A (CENP-A) in a cdc42 manner 43. This activity was essential to align chromosomes at the 

spindle equator 43,44. In consistent with this, our previous research showed that the activity of 

DIAPH2 is essentially involved in the control of  chromosomal alignment by regulating spindle 

MT dynamics in colorectal cells 45. In summary, DIAPH formins control MT dynamics in both 

interphase and in mitosis. 

 

Figure 12 Reduced metastasis in SCID mice injected with HCT-116 DIAPH1 depleted cells. In SCID 

mice injected with luciferase-over-expressing HCT-116 DIAPH1-depleted (D5) cells, histological ex-

aminations did not show any metastatic cells at different potential metastatic locations, such as lungs 

and livers. In contrast, the bioluminescence imaging (BLI) analysis showed strong signals at different 

distant locations in the mice injected with HCT-116 control cells. Moreover, the histological examina-

tions of corresponding tissues showed abundant CRC cells (indicated as “M”) in both lungs (upper 

panel) and livers (lower panel) respectively 46. 
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Under physiological conditions, DIAPH formins are mainly expressed in immune cells, in 

which they are crucially associated with the formation of filopodia, invadopodia and pseudo-

pods 47,48. Interestingly, expression levels of DIAPH formins were upregulated in tumor cells 

and they exhibited clinical relevance for various cancer types, including oral squamous cell 

carcinoma, CRC, ovarian cancer, head and neck/laryngeal squamous cell carcinoma 46,49–51.  

Among these three members of diaphanous proteins, DIAPH1 has been well investigated by 

our group. Lin et al. found that DIAPH1 is up-regulated in CRC, and depletion of DIAPH1 

nearly completely blocked metastasis from neck to lung and liver in SCID mice (Fig. 12). It has  

 

 

Figure 13 Scheme of DIAPH1 domains and its binding to microtubules. (A) Scheme of DIAPH1 do-

mains. GBD: GTPase binding domain, DID: Diaphanous Inhibitory Domain domain, DD: Dimerization 

Domain. CC: Coiled Coiled, FH1: Formin homology do-main 1, FH2: Formin homology domain 2, 

DAD: Diaphanous Autoregulatory; (B) DIAPH1 promotes cellular adhesion by stabilizing MTs. The 

DIAPH1 could bind to MTs via the FH2 domain, and facilitate MT stabilization even in absence of 

RhoGTPases. This activity enhances the transport of integrin beta containing vesicles to the plasma 

membrane, which is essential for the tumor cell adhesion to the extracellular matrix (ECM) 52. 

 

been also shown that depletion of DIAPH1 reduced adhesion, migration and transmigration in 

CRC cells 46. Furthermore, it was found that DIAPH1 promoted cellular adhesion by stabilizing 

A 

B 
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interphase MTs, most likely by direct binding of the FH2 domain to MTs (Fig. 13B) 52. Scheme 

of DIAPH1 domains is shown in Figure 13A. 

1.5 Aim of the project 

Our previous data indicated that DIAPH1 is essential to regulate the dynamics of interphase 

MTs in HCT-116 cells 45, hence it was interesting to analyze whether DIAPH1 may also control 

spindle MT dynamics and thereby CIN in CRCs. Based on this consideration, aim of this project 

was to elucidate the role of DIAPH1 in spindle MT-dynamics and CIN in chromosomally stable 

HCT-116 and unstable HT-29 cells.  
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2 Material 

2.1  Plasmids 

Table 2 used plasmids 

Plasmid name Bacterial resistance 

pGem Teasy Ampicillin 

pGEX-6P-2A DIAPH1 Ampicillin 

pGEX-6P-2A DIAPH1 FH2  Ampicillin 

pGEX-6P-2A DIAPH1 dFH2  Ampicillin 

pSF421_10× His_GFP_DIAPH1 Ampicillin 

pSF421_10× His_GFP_DIAPH1 FH2  Ampicillin 

 

2.2 Primers 

Table 3 used primers  

Primer name Binding location Primer sequence 

pSF421_DIAPH1 FW GFP-DIAPH1 gene 

(forward primer) 

gctgatggaatctttattttcagggcca- 

ttcaatggagccgcccggc 

pSF421_DIAPH1 RV GFP-DIAPH1 gene 

(reverse primer) 

caacagagtccaagctcgctaattaag- 

cttagcttgcacggcc 

pSF421_FH2 FW GFP-DIAPH1 FH2 gene 

(forward primer) 

gatgagaatctttattttcagggccattca- 

atgcctccacctcccccatttg 

pSF421_FH2 RV GFP-DIAPH1 FH2 gene 

(reverse primer) 

caacaggagtccaagctcagctaattaa- 

gcttgctctctcttctgctgcttctctagc 

Primer 2071 FW pSF421_10× His_GFP gene 

(forward primer) 

gcttaattagctgagcttggactc 

Primer 3855 RV pSF421_10× His_GFP gene 

(reverse primer) 

atggccctgaaaataaagattctc 

DIAPH1 dFH2 FW GST-DIAPH1 dFH2 gene 

(forward primer) 

ctcatagacatgaatgcagagggcg 

DIAPH1 dFH2 RV GST-DIAPH1 dFH2 gene 

(reverse primer) 

acccattccgggtggaggtg 

 



18 

 

2.3 Antibodies 

Table 4 used antibodies 

Primary antibodies 

Antibody Dilution Fixation Supplier 

Rb pAb to Detyro-

sinated alpha Tubulin 

1:200 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

cold methanol Abcam/ ab 48389 

Polyglutamylation 

Modification mAb 

(GT335) mouse IgG 

1:200 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

cold methanol AG-20B-

0020C00 

Beta Tubulin Polyclo-

nal Antibody  (Rabbit) 

1:200 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

4% PFA/4% Sucrose Invitrogen (USA)/ 

PA5-16863 

Monoclonal Anti-ß-

Tubulin 

1:200 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

4% PFA/4% Sucrose SIGMA/T4026 

Rb pAb to DIAPH1 1:200 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

4% PFA/4% Sucrose Abcam/ ab11173 

Ms mAb to CENPA 1:200 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

4% PFA/4% Sucrose 

and cold methanol 

Abcam/ ab13939 

Secondary antibodies 

Antibody Dilution Fixation Supplier 

Alexa Fluor® 568 goat 

anti-mouse (H+L) 

1:2000 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

- A11031 

Alexa Fluor® 488 

donkey anti-mouse 

(H+L) 

1:2000 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

- A21202 

Alexa Fluor® 568 goat 

anti-rabbit IgG (H+L) 

1:2000 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

- ab 175471 

Alexa Fluor® 488 goat 

anti-rabbit IgG (H+L) 

1:2000 in 1.25% 

BSA/0.03% Triton X-

100/PBS (IF) 

- ab 150077 
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2.4 Media 

All media were prepared using Millipore water and autoclaved. For preparation of plates 1.5% 

(w/v) DifcoTM Agar (BD) was given to the medium 

Table 5 Used media 

Medium Ingredients 

LB Medium 2.5% (w/v) LB Broth (Luria/Miller) (Roth)  

Medium for transfection of HEK-293 cells OPTI-MEM®I (1×) Reduced Serum Medium 

(gibco)  

[+] HEPES 

[+] 2.4 g/L Sodium Bicarbonate 

[+] L-Glutamine 

Medium for HEK-293 cells and HCT-

116/HT-29 wt cells 

10% FBS  

in DMEM (Gibco by LifeTechnologies) 

Medium for HCT-116/HT-29 genome edit-

ing cells 

10% FBS  

1% Penicillin/Streptomycin  

Puromycin 2.0 µg/ml 

in DMEM (Gibco by LifeTechnologies) 

 

2.5 Buffers, gels and other solutions 

Table 6 Used buffer, gels and other solutions 

Solution Ingredients 

1× Western transfer buffer 38.6 mM Glycine  

47.9 mM Tris  

1.3 mM SDS  

20% (v/v) Methanol 

1× SDS-PAGE running buffer 25 mM Tris  

250 mM Glycin  

3.5 mM SDS 

1× PBS 137 mM NaCl  

2.68 mM KCl  

10 mM Na2HPO4  

1.76 mM KH2PO4  

PH to 7.4 with HCl 

6× DNA loading dye 0.25% Bromphenol blue  

0.25% Xylene Cyanol FF  

30% Glycerol in water 
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4× SDS-PAGE loading buffer (Laemmli) 313 mM M Tris HCl (pH 6.8)  

10% (w/v) SDS  

0.05% (w/v) Bromphenol blue  

50% Glycerol  

500 mM DTT (add before usage) 

Hyper Ladder I  

DNA ladder (1 kb or 100 bp) 

10 μl 1kb or 100 bp DNA ladder stock (Bi-

oLabs)  

20 μl 6× DNA loading dye  

90 μl H2O 

Fairbanks Solutions for Coomassie Staining  

 

Fairbanks Solution A (requires filtering)  

 

 

 

Fairbanks Solution B  

 

 

 

Fairbanks Solution C  

 

Fairbanks Solution D 

 

 

0.05% Coomassie (500 mg/L)  

10% acetic acid  

25% isopropanol  

 

0.005% Coomassie (50 mg/L)  

10% acetic acid  

10% isopropanol  

 

0.002% Coomassie (20 mg/L)  

10% acetic acid  

 

10% acetic acid 

SDS-PAGE gel  

 

10% Gel  

 

 

 

 

 

 

8% Gel  

 

 

 

 

 

 

Stacking gel 

Volume for 2-3 gels  

 

4.8 ml H2O  

2.5 ml 40% acrylamide mix  

2.5 ml 1.5 M Tris pH 8.8  

0.1 ml 10% SDS  

0.1 ml 10% APS  

4 μl TEMED  

 

5.3 ml H2O  

2.0 ml 40% acrylamide mix  

2.5 ml 1.5 M Tris pH 8.8  

0.1 ml 10% SDS  

0.1 ml 10% APS  

4 μl TEMED  

 

2.5 ml H2O  

0.375 ml 40% acrylamide mix  

0.375 ml 1.5 M Tris pH 8.8  
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30 μl 10% SDS  

30 μl 10% APS  

3 μl TEMED 

1.0% Agarose gel 1.0% (w/v) agarose in 1× TAE buffer  

1.0 μl ethidium bromide per 50 ml gel 

1.25% BSA/0.03% Triton/PBS   12 ml 5% BSA:3 ml 

10% Triton: 36 µl       

1×PBS: 9ml 

0.05% Tween/PBS   40 ml 0:05% Tween: 20 µl          

1× PBS: 40 ml 

2.5% BSA/0.5% Triton/PBS   6 ml 5% BSA: 3 ml     

0.5% Triton: 300 µl     

PBS: 3 ml 

Lysis Buffer    500 ml, pH 8.0 

 

1× PBS                                                         

10% glycerol (not for NGC)                      

1 mM EDTA                    

1 mM DTT (before usage)                         

 

 

50 ml 10× PBS 

50 ml of pure glycerol 

1 mM EDTA  

500 µl 1 M DTT 

Gefi running Buffer  500 ml, pH 8.0 

 

20 mM HEPES                                       

150 mM KCl                                           

10% glycerol (not for NCG)        

1 mM DTT (before usage)                                 

 

 

10 ml 1 M HEPES 

75 ml 1 M KCl 

50 ml of pure glycerol 

500 µl 1 M DTT 

Elution Buffer  10 ml,  pH 8.0 

 

1× PBS                                                         

10% glycerol   

1 mM EDTA                    

1 mM DTT (before usage)  

30 mM GSH                        

 

 

50 ml 10× PBS 

50 ml of pure glycerol 

1 mM EDTA  

500 µl 1 M DTT 

0.09 g GSH powder 

Buffer A 500 ml (for NGC system) 

 

20 mM HEPES                                       

150 mM KCl                                           

35 µl ß-Mercaptoethanol  (before usage)                               

 

 

10 ml 1 M HEPES 

75 ml 1 M KCl 

35 µl ß-Mercaptoethanol   

Buffer B 500 ml (for NGC system) 

 

20 mM HEPES                                       

150 mM KCl                                           

500 mM Imidazol                                  

 

 

10 ml 1 M HEPES 

75 ml 1 M KCl 

100 ml 2.5 M Imidazol 
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35 µl ß-Mercaptoethanol  (before use)                                                              35 µl ß-Mercaptoethanol   

Dialysis Buffer  3 L 

 

20 mM HEPES                                       

150 mM KCl                                           

210 µl ß-Mercaptoethanol   

 

 

60 ml 1 M HEPES 

450 ml 1 M KCl 

210 µl ß-Mercaptoethanol   
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3 Methods 

3.1 Biochemical methods 

3.1.1 Cell culture 

The cell line HCT-116 was obtained from the Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (Braunschweig, Germany). HCT-116 cells were cultured in Dulbecco´s modified 

Eagle´s medium (DMEM, Gibco), supplemented with 10% (v/v) fetal calf serum (FCS) in the 

presence of streptomycin (100 μg/ml) and penicillin (100 units/ml). HT-29 DIAPH1 depleted 

cells were ready to use 50. Cells stably expressing scrambled shRNA served as control. All in 

vitro data shown here were reproduced with two DIAPH1 shRNAs, the corresponding cell lines 

were termed D4 (DIAPH1 shRNA 4 knockdown) and D5 (DIAPH1 shRNA 5 knockdown). 

The DIAPH1 knockdown D4 and D5, and scrambled cell lines were additionally treated with 

2.0 µg/ml puromycin for selection. Cells were cultured at 37°C in a humidified incubator with 

5% CO2. 

3.1.2 Generation of HCT-116 DIAPH1 stably depleted cells 

For the transfection of adherent cells, here 2.0 × 105 HCT-116 wild type (wt) cells, target cells 

were seeded into a single well of a 6-well cell culture plate in 2 ml DMEM complete medium 

and incubated at 37°C, 5% CO2 overnight. The shRNA 4 and shRNA 5 (pLKO.1 shRNA) from 

Sigma, coding for shRNA against DIAPH1 were already tested as effective lentiviral vectors 

46. Viral particles (DIAPH1 shRNA 4 knockdown, DIAPH1 shRNA 5 knockdown, DIAPH1 

scrambled shRNA) stored at -80℃ and were thawed at room temperature (RT). The medium 

was aspirated from each well and replaced daily with 1 ml fresh medium containing 2 ml cor-

responding virus supernatant and 8 μg/ml Sequabrene for three days. Meanwhile, medium in 

control cells was also replaced with an equal amount of fresh and virus-free medium. The 

shRNA vector (pLKO.1-puro) has a puromycin-resistant gene, therefore the DIAPH1 knock-

down D4 and D5, and scrambled cell lines were additionally treated with puromycin (2.0 µg/ 

ml) for selection, and the selection was started at 72 h after infection. Untransfected HCT-116 

cells were taken as negative control. Stable cell lines were established after two weeks of se-

lection and were continuously grown in 2.0 µg/ml of puromycin afterwards. 
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3.1.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)  

For protein analysis, polyacrylamide gel-based separation method is commonly used, known 

as Sodium-Dodecyl-Sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE is 

used to separate denatured and reduced proteins from cell lysates primarily by their molecular 

weights within an electric field.  

The SDS-PAGE gel can be divided into stacking and separating gel. To obtain optimal resolu-

tion of proteins, a stacking gel was cast over the top of the separating gel, and a gel comb was 

inserted into the stacking gel. The acrylamide percentage in SDS-PAGE gel was inversely re-

lated to the size of the pores and dependent on the size of the target protein in the sample (for 

instance, 8-10% acrylamide for DIAPH1 mixtures). Stacking and separating gel preparation 

(see the ingredients in table 6) were polymerized successively at RT for 30 min. Gels were then 

wrapped in wet tissue and stored at 4 ̊C.  

Afterwards, a lysate volume (section 3.1.5) containing 10-50 µg protein was transferred into a 

1.5 ml tube. The required volume of 4× SDS-PAGE loading dye was added to the lysate, and 

then the mixture was boiled at 95°C for at least 5 min. Samples were then centrifuged at 2 000 

rpm, 4 ̊C for 5 min and allowed to cooled down prior to transferring into the pockets of SDS-

PAGE gels. To facilitate protein identification, 10 µl of a protein ladder (PageRuler TM Un-

stained High Range Protein Ladder Commassie dye (Themo Scientific, product#26637) was 

loaded as a protein marker. Ice cold SDS gel running buffer was filled up in both inner and 

outer chamber of the electrophoresis apparatus. SDS gels were subsequently run at 100 V for 

stacking gel (around 20 min) and 140 V for separating gel (around 1.5 h). 

3.1.4 Bradford protein assay 

The Bradford assay is a quick and accurate spectroscopic analytical procedure used to measure 

the concentration of proteins in a solution. The principle of this assay is the binding of protein 

molecules to Coomassie dye reagent (Bio-Rad Cat, LOT 5000006) under acidic conditions re-

sults in a color change from brown to blue.  

Cells were gently harvested by trypsinization and rinsed once with 1× PBS. Subsequently, cells 

were pelleted by centrifugation (5 min, 4°C, 700 g) and lysed by 60-100 μl mammalian protein 

extraction reagent (M-Per, ThermoFisher, LOT 78501) with PI (Protease Inhibitor) and PS 

(Phosphatase Stop). The cell lysates were rapidly frozen at -80°C for 5 min and then thawed 

slowly on ice. The proteins were thereby extracted by centrifugation at 13 000 g for 15 min at 
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4°C. Protein standard were made through serial dilution using 0.1 mg/ml BSA solution, yielding 

BSA solutions of the following concentrations: 0.005 mg/ml, 0.01 mg/ml, 0.02 mg/ml, 0.03 

mg/ml, 0.04 mg/ml and 0.06 mg/ml. Meanwhile, proteins were also prepared in a dilution of 

1:200, and 50 μl of each sample was also pipetted in duplicate into the 96-well plate. 200 μl of 

coomassie dye reagent (1:50; Bio-Rad) were then added to protein standards and protein sam-

ples, and protein-dye mixtures were incubated for 5 min at RT to allow color to develop. Af-

terwards the absorbance in the preparations was measured at 595 nm using TECAN (infinite 

M200) to obtain the standard protein curve and the concentration of each protein sample. 

3.1.5 Western blot analysis 

Western Blot was used for the electrophoretic transfer of proteins from the SDS-PAGE gel onto 

nitrocellulose membrane and target proteins were visualized by decoration with specific anti-

bodies. The gel/membrane sandwiches were assembled in the right order (sponge, filter paper-

gel-membrane-filter paper, sponge), and then electrophoretic transfer took place in a transfer 

tank filled with cold transfer buffer (see the ingredients in table 6) under constant voltage (35 

V), 2 h at 4℃, adding a magnetic stirring bar to ensure a gentle and effective mixing. 

Afterwards the nitrocellulose membrane was blocked with 5% milk/0.1% TBS-Tween for 45 

min at RT. After removal of the blocking solution, the primary antibody solution (diluted in 

0.1% TBST with 5% milk, 1:1000-5000) was subsequently added to the membrane and incu-

bated overnight at 4℃ on the platform rocking shaker. Following primary antibody incubation, 

the membrane was rinsed 3 times for 10 min with TBST on the shaker. Afterwards, correspond-

ing secondary antibody solution (horseradish peroxidase (HRP)-linked, 1:5000) was added to 

the membrane and incubated for 1 h at RT with gentle agitation. The same washing steps took 

place as after incubation with first antibody solution. Subsequently, the whole nitrocellulose 

membrane was incubated with enhanced chemiluminescence (Amersham ECL Western Blot-

ting Detection Reagent) for detection of HRP for 5 min.  

Finally, the target protein on the membrane was detected as ECL signal (LAS 4000, FujiFilm, 

Raytest, Straubenhardt, Germany) and digital images of the autoradiograph were acquired with 

the protein marker. The band intensities representing target protein expression level were quan-

titated with reference to loading control bands (e.g. the heat-shock cognate 70) using the Fiji 

software. 
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3.1.6 Cell synchronization with double Thymidine Block 

To enrich mitotic cells, cells were synchronized at G1/S boundary from distinct cell cycle stage 

using double thymidine block. For this purpose, 3.0 × 104 cells per 200 μl were seeded into 

single well of ibidi 8-well chambers (ibidi ®). After 8 h of growth, adherent cells were incubated 

for 16 h in the medium containing 2 mM thymidine (T1895-1G, Sigma-Aldrich) in humidity 

incubator. Thereafter, the replication block was removed by releasing the cells into fresh pre-

warmed complete medium for 8 h. Cells were then again treated with 2 mM thymidine for 

another 16 h. Following the release into fresh medium for 7-7.5 h or 7.5-8 h, many cells were 

in metaphase or anaphase based on the purpose of research. 

3.1.7 Cell fixation and immunostaining 

To visualize chromosomal alignment, the cells were synchronized with a double thymidine 

block (see 5.1.6) and fixed with 4% paraformaldehyde/4% sucrose/PBS for 10 min at 37°C. 

After incubation with 0.3% Triton X-100/PBS at RT for 5 min, fixed cells were blocked in 2.5% 

BSA/PBS for 20 min at 37 °C. Without any washing step, primary antibodies against ß-tubulin 

(Sigma-Aldrich Cat# T4026) were applied to fixed cells in a dilution of 1:200 in 1.25% 

BSA/0.03% Triton X-100/PBS and incubated at 4°C overnight. On the following day cells were 

rinsed 3 times with 1x PBS and the primary antibody was coupled with an Alexa-fluor-conju-

gated 568 antibody (Jackson ImmunoResearch) in a dilution of 1:1000 in 1.25% BSA/0.03% 

Triton X-100/PBS (for 1 h at 37°C) in the dark. Cells were then rinsed 3 times in 500 µl 1x 

PBS for 10 min under gentle shaking followed by DAPI staining (4,6-Diamidin-2-phenylindol, 

ab11173 Abcam) in a dilution of 1:2000 in 1.25% BSA/0.03% Triton X-100/PBS for 10 min at 

37°C in the dark. 

For immunofluorescence analysis of cellular DIAPH1 colocalization in metaphase cells, cells 

were induced to mitotic arrest by a double thymidine block (see 5.1.6) and then fixed with 4% 

paraformaldehyde/4% sucrose/PBS, and subsequently stained with antibodies against ß-tubulin 

and DAPI as described above. On the following day cells were stained with DIAPH1 primary 

antibodies (ab11173, Abcam) (1 h, RT), coupled with an Alexa-fluor-conjugated 488 antibody 

(mouse, Alexa Fluor® 488 donkey anti-mouse IgG (H+L), A21202). 

For fluorescence intensity analysis of cellular detyrosinated and glutamylated microtubules in 

metaphase cells, cells were synchronized by double thymidine block and then fixed with ice-

cold methanol at -20°C for 5 minutes, followed by BSA-block (2.5% BSA/0.05% Triton-X-
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100/PBS) for 1 h at 37°C. Firstly, the methanol-fixed cells were stained with antibodies against 

detyrosinated alpha-tubulin (ab48389, Abcam) or Polyglutamylation Modification mAb (GT 

335, mouse IgG 1×, AdipoGen® Life Science AG-20B-0020-C100), then with antibod-ies 

against β-tubulin and DAPI as previously described for chromosome alignment analysis. The 

primary antibodies against detyrosinated or glutamylated tubulin should not be derived from 

the same species as that against ß-tubulin to reduce the non-specific background.  

For analysis of chromosomes segregation, cells were synchronized in anaphase and fixed with 

4% paraformaldehyde/4% sucrose/PBS for 10 min at RT, followed with cold methanol at -20°C 

for 20 min, and then with PBS-Tween (0.05% v/v) for 5 min at RT. Afterwards fixed cells were 

blocked to avoid non-specific binding by 2.5% BSA/0.5% Triton X-100/PBS for 20 min at 

37°C. Anti-CENPA primary antibody (ab13939, Abcam, mouse) was applied to fixed cells in 

a dilution of 1:200 in 1.25% BSA/0.03% Triton X-100/PBS overnight at 4 °C. On the next day 

cells were incubated with anti-mouse secondary antibody (Alex-fluor-conjugated 488) in a di-

lution of 1:2000, followed by staining with beta Tubulin Polyclonal Antibody (Invitrogen PA5-

16863) and DAPI as described above. Between each staining step cells were washed 3 times 

with PBS-Tween (0.05% v/v) for 10 min with gentle agitation. 

To compare the F-actin fluorescence intensities of DIAPH1 scrambled and DIAPH1 knock-

down cell lines, cells underwent double thymidine block and fixed with 4% PFA/4%Su-

crose/PBS. Thereafter cell membrane permeability was increased with 0.3% Triton X-100 and 

unspecific binding was blocked by 2.5% BSA/PBS. Afterwards, staining of fixed cells with ß-

tubulin primary antibody was performed as above. The next day, cells were rinsed 3 times with 

1× PBS and stained with phalloidin (Alexa-Flour®488) in a dilution of 1:2000 with 1x PBS for 

30 min at RT.  

Prior to imaging or storage, a final 3 times wash steps for 3 to 5 minutes in 1× PBS should 

follow. The stained cells were analyzed with the Keyence Microscope (Biorevo, BZ-9000), and 

fluorescence signals (microtubules, chromosomes, DIAPH1, detyrosinated microtubules, glu-

tamylated microtubules and CENP-A, phalloidin) of samples in corresponding emission chan-

nels were detected and documented based on corresponding assay requirements. After subtract-

ing the background, fluorescence intensities of F-actin were quantified by ImageJ (Fiji) and 

comparable F-actin intensities were controlled with reference to nucleus intensities. 
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3.1.8 Chromosome preparation and staining 

As soon as cells were detached from the culture flask, 2 ml of the cell suspension were seeded 

in 10 cm dish and kept in a humidified incubator at 37°C with 5% CO2 for 6 h. Afterwards cells 

were incubated with 0.06 µg/ml colchicine overnight to induce metaphase arrest. On the next 

day, the treated cells were harvested with trypsin and resuspended in medium, engorged slowly 

with cold 75 mM potassium chloride (KCl) hypotonic solution and then incubated on ice for 10 

min. After centrifugation for 5 min at 1 200 rpm at 4°C and removal of supernatants, engorged 

cells were fixed slowly with cold Carnoy’s fluid fixation (cold methanol and acetic acid mixture 

(3:1)) twice. Microscope slides (not HistoBond® slides) were pre-coated with a thin layer of 

distill water. Fixed cells (20-50 μl) were dropped onto the slide from a height of 30 cm, and 

then cells were swelled and burst open because of lower extracellular osmotic pressure. When 

the slides were completely air dried, chromosomes on the slides were stained with cold Giemsa 

solution (Sigma-ALDRICH) in a dilution of 1:5 with cold PBS for 15 min, washed once with 

tap water and thoroughly dried again. Alternatively, chromosomes were mounted using the 

DAPI-containing mounting medium (VECTASHIELD®Antifade Mounting Medium). The 

slides containing stained chromosomes were then placed on the stage of digital microscope 

(Keyence, Biorevo, BZ-9000) and fluorescence images were documented. 

3.1.9 Micronucleus Test  

After cell harvesting with trypsin-EDTA solution, 2 ml of the cell suspension were placed in a 

10 cm dish and incubated overnight. Then cells were harvested and fixed as described in the 

section of chromosome preparation. Instead of dropping down from high distance, 30-50 μl 

fixed cells were smeared directly over the pre-cleaned and uncoated microscope slides with a 

pipet tip (100 μl ClearLine Tip). When the slides were completely air dried, chromosomes on 

the slides were stained and imaged as mention in the chromosome preparation section. Cells 

with micronucleus were recorded. 2 000 cells per cell line for one experiment were analyzed 

and two different experiments were done. 

3.1.10 Proliferation and MTS assay 

Proliferation was examined by image analysis, measuring the cell confluence, and using the 

software IncuCyte Zoom 2016B (Essen BioScience). 100 μl of cells suspension/well (HCT-116 

DIAPH1 cell lines: 5 000 cells; HT-29 DIAPH1 cell lines: 2 500 cells) were seed with a multi-
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channel pipette (Finnpipette® Labsystems E84170, 50-300 µl) in 96-well flat-bottom transpar-

ent microplates (Greiner, CELLSTAR® 655180) and kept at 37°C in the 5% CO2 humidified 

incubator overnight. On the following day, related parameters of the software program were set 

up beforehand and the 96-well plate was placed into the device when the scanning sys-tem did 

not start to scan for the next 30 min. The interval of time between cells seeding and scan of the 

system in different assay should be kept similar. Cell proliferation curves were automatically 

plotted by the software, reflecting the corresponding confluence of the cells at different time 

points (24 h, 48 h, 72 h, 96 h). The adjustment of the confluence mask for the cell lines in 

different assays should be kept the same. 

MTS(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te-

trazolium) assay is a colorimetric assay for assessing cell metabolic activity by producing a 

formazan product, reduced by NAD(P)H-dependent oxidoreductase enzyme in mitochondria in 

living cells. Cells were seeded in triplicate into 96-well microplates at a density of 2.5 × 103 

cells per well in 100 μl, and media were added to one well per plate as blank sample. Cells were 

cultured overnight at 37°C in an atmosphere of 5% CO2. On the following day, 20 μl of the 

MTS Reagent (CellTiter96® A Queous One Solution Cell Proliferation Assay, Promega, G3580) 

were pipetted into each well of the 96-well assay plate, air bubbles should be avoided. After 1.5 

h incubation at 37°C, the absorbance of the treated cells was measured at 490 nm using absorb-

ance-based plate reader (TECAN, infinite M200). Cells viability was assessed by the scatter 

diagram consisting with serial plots of the absorbance in corresponding time points. 

3.1.11 Live cell imaging for spindle MT-dynamics 

To compare spindle MT-dynamics between control and DIAPH1 knockdown cell lines using 

live cell imaging, cells were seeded at 3.0×104 cells/well in 8-well chamber slide (ibidi ®) and 

synchronized with a double thymidine block as described in 3.1.6. Following the release from 

the second thymidine block, the cell culture medium was replaced with 200 μl pre-warmed 

fresh medium containing 0.5 µM SiR-tubulin (SCOO2; SiR-tubulin kit)), and synchronized 

cells were incubated for 4 h in standard cell culture incubator. Afterwards, the cells were stained 

with 50 ng/ml Hoechst to stain nuclei and kept in the dark. The spindle MT-dynamics was 

evaluated by the speed of the spindle microtubules movement (μm/h) using the Vision Spin-

ning-disk confocal microscopy (confocal 640), which is an imaging technique and provides 

high-resolution imaging by combing the out-of-focus light rejection of confocal microscopy 

with the high sensitivity of wide-field microscopy. The spindle MT-dynamics between different 
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cell lines were compared at the same time points, and the com-mon intermediate time point was 

at the metaphase to anaphase transition. 

3.1.12 Measurement of caspase 3/7 activities 

To measure the cell apoptosis, 2 ×104 cells/well were seeded on a Corning® 96 well white mi-

croplate (tissue culture treated, LOT 09020056) in 100 µl. Cells were seeded in triples for each 

measurement, with a blank control group (containing completed medium) and positive control 

group (containing paclitaxel), and incubated at 37°C in a humidified incubator with 5% CO2. 

On the following day, Caspase-Glo® 3/7 Reagent (mixtures of Caspase-Glo® 3/7 Buffer and 

Caspase-Glo® 3/7 Substrate, Promega, G8091), as well as the white plate, was equilibrated to 

RT. Afterwards, cell culture medium was aspirated and replaced by 100 µl reagent (in a twofold 

dilution using growth medium). The plate was then put onto the plate shaker, wrapped in silver 

paper, and cells were incubated for 30 min with 350 rpm shaking at RT. The signals of lumi-

nescence, which is ex-pressed as relative light units (RLUs), were measured by TECAN reader 

(as mentioned in section 3.1.10). With respect to the positive control, HCT-116 cells were 

treated with 10 nM paclitaxel (Sigma-Aldrich, T7402), while HT-29 cells were exposed to 5 

µM paclitaxel. Cells were added with Caspase-Glo® 3/7 Reagent and the measurements of 

RLUs were repeated at 24 h, 48 h and 72 h after treatment with paclitaxel. To achieve the real 

RLUs values of each cell line, the RLUs blank was subtracted. To compare the differences of 

RLUs values between DIAPH1 scrambled and knockdown cells, the RLUs data at different 

time points were normalized to the RLUs values at 24 h after paclitaxel treatment for corre-

sponding cell line. 

3.1.13 Paclitaxel treatment of CRC cells 

To compare the sensitivities of CRC cells to paclitaxel, cells were seeded on 96-well transparent 

microplates at a density of 2 ×104 cells per well in 100 µl complete growth medium. Following 

overnight incubation, the optical density (OD) values were measured using MTS assay as de-

scribed in section 3.1.10. Afterwards, cells were treated with a range concentrations of 

paclitaxel. While HCT-116 cells were exposed to paclitaxel (0 nM, 0.5 nM, 1 nM, 5 nM, 7 nM, 

and 10 nM), HT-29 cells were treated with different concentrations of paclitaxel at 0 µM, 0.5 

µM, 1 µM, 2 µM, 5 µM and 10 µM. The absorbances of these treated cells were measured at 

24 h, 48 h and 72 h after adding the paclitaxel as described above. Before analyzing the OD 

values of each cell line, the values of growth medium should be subtracted. To compare the 

differences of OD data between DIAPH1 control and knockdown cells, the OD values of cells 
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without paclitaxel treatment should be subtracted. Then the OD values at different paclitaxel 

concentrations were normalized with the OD data of 24-hour paclitaxel treatment (0 nM). 

3.1.14 Quantification of mRNA levels for IFNs by RT-qPCR 

For quantification of mRNA levels, RNA was extracted from fresh cell lysates with the Nu-

cleoSpin RNA Kit (MACHEREY-NAGEL). Prior to RNA extraction, all working surfaces, 

pipettes, equipment must be routinely cleaned with RNase cleaning agent (RNase ZAPTM, 

SIGMA® Life Science® R2020), and spits were carefully avoided.  

Cells were harvested with trypsin, resuspended in used media and washed once with ice cold 

1× PBS. After centrifugation at 700 g, 5 min at 4 °C, cell pellets were lysed by the mixture of 

350 μl RAI (lysis buffer, LOT 79743) and 3.5 μl β-ME (ß-Mercaptoethanol) with enough vor-

ticity. Cell lysates were then filtered with purple filter (NucleoSpin® Filters, LOT SPI002340), 

and the collected flow-through was mixed with 350 μl 70% ethanol by gently pipetting up and 

down (5 times) to adjust the RNA binding condition. Following centrifugation at 11,000 g, 30 

s at 4°C, RNA was bound to the RNA affinity column (NucleoSpin® RNA Columns, LOT 

SPB002382), and 350 μl MDB (Membrane Desalting Buffer, LOT 79753) was added onto the 

column to desalt the silica membrane. To digest the DNA, 95 μl DNase (1:10 dilution with 

reaction buffer) were added directly to the desalted silica membrane and incubated for 15 min 

at RT. The silica membrane was then washed once with RAW2 buffer (wash buffer, LOT 79209) 

and twice with RA3 buffer (wash buffer, adding 48 ml ethanol before first use, LOT 79797). 

Subsequently, RNA on the membrane was eluted with 60 μl RNase-free H2O with a 5 min 

incubation time.  

The concentration of extracted RNA was determined photometrically using RNA program in 

Nanodrop (Peqlab), and RNA purified quality was evaluated by the ratio of the absorbance at 

260 nm and 280 nm (A260/280 should be around 2.0). 2 μg of total RNA were reverse tran-

scribed into DNA with 400 U SuperScript III Reverse Transcriptase (Invitrogen, Cat no. 18080-

093). The remaining RNA was stored in the -80°C freezer. The mixture of 2 μg RNA and 1 μl 

50 µM Primer/Oligo dT were diluted to 18.5 μl with nuclease-free H2O and incubated 10 min 

at 70°C. Afterwards, reverse transcription mixture (6 μl 5× buffer, 6.7 mM DTT, 0.5 mM 

dNTPs and 2 μl 200 U/µL superscript (SSIII)) were added to RNA mixture and incubated for 1 

h at 42°C. 
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Quantitative RT-PCR analysis was carried out on the QuantStudioTM 3 System (Applied Bio-

systems) using the Mastermix. Samples (cDNA of DIAPH1 scrambled and knockdown cells, 

nuclease-free water) were applied in triplicate and mixed with corresponding targets (interest-

ed mRNA primer and GAPDH primer). The reaction mixtures (5 μl buffer, 1.5 μl 3 nM for-

ward/reverse primer, 1 μl nuclease-free H2O and 1 μl cDNA) were applied into sterilized 96-

well microplate, 96-well plates were sealed tightly with plate sealer (MicroAmpTM Optical Ad-

hesive Film, applied biosystems® by Thermo Fisher Scientific, Abcam, 4311971) and spun 

down by centrifugation for 1 min at 1 100 rpm. Afterwards QuantStudioTM 3 System was started 

for running the qPCR reactions. Data were analyzed with the QuantStudioTM Design & Analysis 

software based on the comparative ΔΔCt method with the cDNA from DIAPH1 scramble cells 

as a reference sample, nuclease-free H2O serving as a negative control and mRNA levels of 

GAPDH serving as an internal reference. All designed qPCR primers were searched in data-

bases to amplify target mRNA between 90 and 200  bp. Exon-spanning primers were used to 

avoid intron amplification. 

3.1.15 Human Cytokine Array (Proteome ProfilerTM Array) 

Cells were harvested and lysed as previously described for western blot analysis in 3.1.5, and 

concentrations of protein mixtures were determined by Bradford assay as described in 3.1.4.  

Human Cytokine Array membrane were blocked with 2.0 ml Array Buffer 4 in 4-well Multi-

dish for 1 h at RT on a rocking platform shaker, the array number should be facing upward. 

Meanwhile, 1 ml cell lysates were diluted into 1.5 ml solution with Array Buffer 4 and then 

mixed with 15 μl reconstituted Human Cytokine Array Detection Antibody (reconstituted in 

100 μl distilled water), incubated for 1 h at RT on the shaker. After the removal of Array Buffer 

4 from the 4-well dish, the blocked nitrocellulose membranes were incubated with sample/an-

tibody mixtures in a plastic container on the rocking shaker overnight at 4 °C in the fridge. The 

mixtures of cytokine (from the cell lysates) and antibody would be bound by its cognate immo-

bilized capture antibodies, which were spotted in duplicate on the membrane. Following a total 

of 3 washing steps with 20 ml 1× wash buffer for 10 min per time, mem-branes were returned 

back to the 4-Well Multi-dish with flat-tip tweezers and then incubated with 2.0 ml Streptavi-

din-HRP (diluted with Array Buffer 5 in 1:5 000) for 30 min at RT on the rocking shaker. After 

3 times washing as described above, nitrocellulose membranes were incubated with 1 ml of the 

chemiluminescent detection reagents mixture for 1 min at RT. Chemi Reagent 1 and 2 should 

be mixed in equal volumes, protecting from light, within 15 minutes of use. Target cytokines 
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on the membrane were exposed to X-ray film for 1-10 minutes, and the expression levels of 

cytokines were detected as ECL signal (LAS 3000, FujiFilm, Raytest, Straubenhardt, Germany). 

Multiple exposure times were recommended. 

The average pixel density of the duplicate spots in the array was quantified with ImageJ (Fiji) 

by subtracting an averaged background signal (negative control spots). 

3.2 Microbiological and molecular biological methods  

3.2.1 Phusion PCR 

For the amplification of specific DNA sequences, Phusion PCR (Polymerase Chain Reaction) 

was used. The following components (table 7) were transferred into a 0.2 ml microcentrifuge 

tube, keeping on ice, and then thermocycled (table 8). 

Table 7 Components for Phusion PCR 

Volume Component 

10.0 μl 5× Q5 Reaction buffer 

10.0 μl 5× GC enhancer 

1.0 μl dNTPs (10 mM) 

1.0 μl Template DNA (10 ng/μl) 

1.0 μl Forward Primer (10 μM) 

1.0 μl Reverse Primer (10 μM) 

0.5 μl Q5 High-fidelity DNA Polymerase 

(1 kb/20-30 s), (2U/μl) 

Add nuclease-free water up to 50 μl. 

 

Table 8 Thermocycler program for Phusion PCR 

Step Time Temperature 

Initial Denaturation 30 s 98°C 

Denaturation 15 s 98°C 

Primer annealing 30 s 55-65°C 

Elongation 1 kb/20-30 s 72°C 

Final elongation 5 min 72°C 

Hold permanent 4°C 

 

30× 
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3.2.2 Agarose gel electrophoresis 

For separation of a mixed population of DNA fragments by length, agarose gel electrophoresis 

was supposed to be the most effective way. 10 µl DNA loading dye (6×, Thermo Scientific) 

was added to 2 µl DNA sample, and then the mixture was applied into the pocket of 0.8% (w/v) 

agarose gel, containing 0.2 μg/ml ethidium bromide. 10 µl Hyper Ladder I (Bioline) was used 

as marker. Afterwards, the electrophoresis tank was filled up with 1× Tris-Acetate-EDTA-

Buffer (TAE, SERVA; LOT 07026) and DNA fragments were run on the agarose gel at 80-100 

V for 1 h. DNA fragment bands were then detected using an ultraviolet (UV) transilluminator, 

and the fragment sizes were determined by comparing to known marker fragments. Under UV 

light detectable DNA bands were cut out from the gel and DNA was extracted using the Nucle-

oSpin® Gel and PCR Clean-up Kit (Macherey-Nagel) according to the manufacture’s instruc-

tion. 

3.2.3 SLIC reaction 

The method of sequence- and ligation-independent cloning (SLIC) uses an exonuclease, T4 

DNA polymerase, to generate single-stranded DNA overhangs in insert and vector sequences. 

These fragments are then assembled in vitro and transformed into Escherichia coli (E. Coli) to 

generate recombinant DNA of interest. 

For amplification of vector DNA and insert DNA, the PCR with phusion hot-start polymerase 

was performed as described above. Afterwards, the target DNA fragments were checked by 

running an agarose gel and purified by the PCR Clean-up kit (as described in section 3.2.2).  

To ligate the vector DNA into the insert DNA, following components were mixed in a 0.2 ml 

tube, keeping at RT, and T4 DNA polymerase was added in the last step. 

Table 9 Ingredients for SLIC reaction 

Volume Component (10 μl) 

1.0 μl 2.1 buffer NEB 

X μl Insert DNA 

Y μl Vector DNA 

0.5 μl T4 DNA ligase 

to 10 μl nuclease-free water 

Start the 2.5 min incubation at RT immediately, then put the mixture on 

ice for 10 min to stop the reaction. 
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The volume of linearized insert DNA and vector DNA used in the ligation was calculated based 

on the molar ratio of backbone to insert. (https://nebiocalculator.neb.com/#!/ligation) 

After the SLIC reaction, the insert DNA is physically ligated to the backbone, and the complete 

plasmid could be transformed into competent cells for propagation. 

The following work mapping described below shows how it works. 

 

Figure 14 Scheme of the process of one-step SLIC . Vector is firstly to be linearized by restriction 

enzyme of inverse PCR. In the meantime, inserts are prepared by PCR, with more than 15 base pairs 

(bps) homology to the vector ends. Afterwards, linearized vectors are mixed with prepared, and the 

mixtures are incubated at RT for 2.5 min, generating 3’ overhangs with T4 DNA polymerase. The ratio 

between vectors and inserts are calculated (Table 9). DNA mixtures are then incubated on ice for 10 

min and transformed into competent E.coli directly 53.  

 

3.2.4 KLD reaction 

KLD Enzyme Mix (Q5 Site-Directed Mutagenesis Kit), containing blend of Kinase, Ligase and 

DpnI enzymes, allows rapid and efficient incorporation of insertions, deletions and substitutions 

into double-stranded plasmid DNA at RT. 

The linearized target DNA sequences were prepared by phusion PCR (Table 8), and PCR prod-

ucts were checked and purified as described above. The following components were mixed in 

a 0.2 ml tube at RT. 
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Table 10 Components of KLD reaction 

Volume Component (10 μl) 

5.0 μl KLD reaction buffer (2×) 

1.0 μl PCR product 

3.0 μl nuclease-free water 

1.0 μl KLD enzyme mix 

Incubate for 1 h at 37°C 

 

The following work mapping described below shows how it works. 

 

Figure 15 Scheme of the process of KLD reaction. Exponential amplification of target DNA is per-

formed by phusion PCR as described in section 3.2.1. Afterwards, the DNA product is incubated with 

KLD enzyme mix for 1 h at 37°C. This enzyme mixture contains a kinase, a ligase and DpnI, allowing 

rapid PCR product ligation and template removal. DNA mixtures are then transformed into competent 

E.coli directly 54. 

 

After Kinase-Ligase-Dpnl (KLD) reaction, the site-specific mutagenesis of double-stranded 

plasmid DNA is finished in a single 5 min reaction step, and then the complete plasmid DNA 

was transformed into competent cells. 
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3.2.5 Transformation of plasmids into competent E. coli cells 

To transfer plasmids into competent E. coli cells, DNA solution (5-100 ng of plasmid DNA or 

5-10 µl ligation reaction) were added to 100 µl competent E. coli (XL-1 blue, BL21(DE3) 

pLysSpRep4, C41(DE3)) cell suspension (stored at -80°C, thawed on ice), swirling gently, and 

mixtures were then incubated on ice for 30 min. To improve the transformation success rate, 

cells were heat-shocked for 1 min at 42°C and then transferred to ice immediately for at least 1 

min. Following adding 900 μL luria broth (LB) medium, cell suspensions were incubated at 

500 rpm, 1 h at 37°C using the mixer incubator. Transformed cell suspension were then centri-

fuged at 5 000 rpm for 5 min. After removal of 800-900 μl supernatants, the residual 100-200 

μl of the cell suspension was plated onto a pre-warmed LB agar plate with appropriate selection 

antibiotic (Ampicillin, 100 µg/ml) and spread it using sterile glass beads. Following incubation 

in a 37℃ incubator overnight, the plates containing colonies were stored at 4℃ in the refriger-

ator. 

3.2.6 Preparation of XL-1 blue cells for plasmid purification 

In order to get high-quality plasmid DNA for molecular biology applications, plasmid DNA 

was purified from XL-1blue cells using QIAprep Miniprep Kits (Jena Bioscience). A single 

colony from a selective LB agar plate was picked by a pipette tip, placing the tip into 6 ml LB 

medium containing ampicillin (100 µg/ml), and the starter culture of bacterial cells was incu-

bated overnight at 37°C with vigorous shaking (approx. 180-200 rpm). On the following day 

the bacterial cells were harvested by centrifugation at 10 000 × g for 1 min in a standard bench-

top microcentrifuge. For subsequent Mini plasmid purification, the protocol “Isolation of high-

copy plasmid DNA from E.coli” from the Macherey-Nagel plasmid DNA purification user 

manual was used. (should be replaced by Miniprep protocol later) 

3.2.7 Recombinant expression of GST-DIAPH1 FL, GST-DIAPH1 FH2 and GST-DI-

APH1 dFH2 in bacteria 

The GST-DIAPH1full length (FL) in the pGEX-6P-2A vector was provided by Saskia Grüb 

(PhD student) and the FH2 domain was (aa 624–1049) provided by Jessica Nojszewski (PhD 

student). For the mutation of GST-DIAPH1 dFH2, the KLD reaction was performed as de-

scribed in 3.2.4.  

The DIAPH1 recombinant proteins with N-terminal GST-tag (GST-DIAPH1 FL, GST-DI-

APH1 FH2 and GST-DIAPH1 dFH2) were expressed in BL21(DE3) pLysS E. coli cells. A 
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single colony from the LB agar plate was picked, and the picked bacterial cells were incubated 

as described above. On the next day, pre-cultured cells were transferred into an Erlenmeyer 

flask (1L) with 400 ml LB medium containing 100 μg/ml of ampicillin and incubated in a shaker 

at 37 °C until OD600 reaching 0.8-1.0. At the desired OD600 the expression was induced with 

0.7  mM Isopropyl-β-D-thiogalactopyranosid (IPTG) and the bacteria were incubated over-

night at 20 °C with vigorous shaking (approx. 180-200 rpm). On the third day the bacterial cells 

were harvested by centrifugation at 5 000 rpm, 15 min at 4 °C (GSA Rotor) and the cell pellets 

were washed once with 1× PBS. Thereafter, the cell pellets were resuspended in 20 ml lysis 

buffer (1× PBS, 10% glycerol, 1 mM EDTA, 1 mM DTT, 5 mg/ml lysozyme, 0.5 mM PMSF 

and 0.2 mM protease inhibitor cocktail (PI, LOT 45842900, Sigma-Aldrich), pH 7.5) (see more 

details in table 8) and sonicated (75% power, interval 50%) on ice three times for 60 seconds 

each. After the centrifugation of lysates for 45 min at 4 °C (Sorvall SS-34 rotor, 20 000 rpm), 

the cell-free supernatants were cleared using a 0.45 µM pore filtropur syringe filter (Sarstedt). 

In the meantime, 1.0 ml of Glutathione sepharose-beads (GE Healthcare) were washed three 

times with running buffer (see the components in table 8) (20 mM HEPES, 150 mM KCl, 10% 

glycerol, 1.0 mM DTT). Afterwards, cell lysates and equal amounts of running buffer were 

applied to equilibrated beads and incubated overnight at 10℃ in a rotator in the cooling cabinet 

(Thermo Fisher Scientific Asheville LLC). On the next day agarose beads coupling to glutathi-

one, an efficient ligand for GST fusion proteins, were centrifuged at 500 g, 10 min at 4℃, and 

supernatants were stored in 50 ml Falcon in an icebox while beads were washed 3 times with 

running buffer. Afterwards the beads were incubated with 1 ml elution buffer (0.1 M PMSF, 

0.2 mM PI and 30 mM glutathione in running buffer, pH 8.0) on the rotating wheel for 10 min 

at RT and the supernatants were collected as elution fractions. The elution step was repeated 

twice and then eluted beads were incubated with lysates supernatants again as mentioned above, 

and proteins were eluted again the following day. The amount of proteins in elution fractions, 

lysate supernatants and eluted beads were quantified in SDS-Page using 0.5 µg/20 µl BSA as 

standard, stained with Roti Blue quick (Roth). Afterwards, the eluted beads and soluble proteins 

were stored on ice to maintain the activity of the proteins. Degradation of proteins should be 

checked weekly, especially before performing functional analysis experiment. 

3.2.8 Recombinant expression of GFP-DIAPH1 FL, GFP-DIAPH1 FH2 and GFP-DI-

APH1 dFH2 in bacteria 

The cDNA with a single-stranded overhang coding for DIAPH1 FL and DIAPH1 FH2 was 

mutated from fusion genes (GST-DIAPH1 FL gene in pGEX-4T vector) 45 by polymerase chain 
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reaction (PCR). The complementary overlaps between the mutated cDNA for coding (as de-

scribed in 4.2.7) DIAPH1 FL, DIAPH1 FH2 and the cDNA of pSF421_10× His_GFP tag were 

then proceeded and generated by the exonuclease activity of T4 DNA Polymerase (BioLabs® 

inc. M0203S). The cDNA coding for GFP-DIAPH1 dFH2 was mutated from GFP-DIAPH1 FL 

by KLD reaction (Kinase-Ligase-Dpnl, Q5 Site-Directed Mutagenesis Kit) as described in sec-

tion 3.2.4. Afterwards the GFP fusion genes were checked by 0.8-1.0% agarose gel electropho-

resis, transformed on LB agar with 100 µg/ml Ampicillin and purified using QIAprep Spin 

Miniprep Kit as described in section 3.2.5 and 3.2.6. 

The GFP-DIAPH1 recombinant protein (GFP-DIAPH1 FL, GFP-DIAPH1 FH2 or GFP-DI-

APH1 dFH2) were expressed in C41(DE3) E. coli. The process of protein expression from the 

pre-culture of bacterial cells to the sonication of the cell suspensions was the same as for GST 

fusion protein expression as in 3.2.6. 

Following centrifugation of lysates using SS-34 rotor (at 20 000 rpm, 45 min at 4°C), the su-

pernatants were added with 5% (25 mM) Imidazole, incubated for 5 min, and then centrifuged 

(at 20 000 rpm, at 4°C, sorvall SS-34 rotor) again for another 20 min. These supernatants were 

filtered with a 0.45 µM pore filtropur filter (Sarstedt). Afterwards proteins were purified with 

NGC Chromatography Systems with regenerated Nickle column (Bio-ScaleTM Mini Profini-

tyTM IMAC Cartridges, 5 ml). NGC system was flushed by Buffer A (20 mM HEPES, 150 

mM KCl, 0.1 mM β-Mercaptoethanol) and Buffer B (20 mM HEPES, 150 mM KCl, 0.1 mM 

β-Mercaptoethanol, 500 mM Imidazole). Fraction occurring during the peak of curve were col-

lected as elution fraction. All elution fractions were put together in SERVA® dialysis tubing 

(181080, MWCO 12 000-14 000), and imidazole was eliminated using the method of dialysis, 

placing the dialysis tubing in 3 L dialysis buffer (20 mM HEPES, 150 mM KCl, 0.1 mM β-

Mercaptoethanol) overnight at 10℃ with a magnetic stirring bar. The amount of protein in 

elution fractions was quantified by SDS-Page using 0.5 µg/20 µl BSA as standard, stained with 

coomassie blue staining solution (Roti®Blue quick). Soluble proteins were stored on ice to 

maintain the activity of the proteins. 

3.2.9 Determination of the binding ratio between DIAPH1 and tubulin 

To assess whether DIAPH1 is required to initiate tubulin polymerization via binding to tubulin 

dimer, the binding concentration ratio of DIAPH1 to tubulin is determined. For this purpose, 

the amount of DIAPH1 and tubulin was detected in HT-29 scrambled cells, using different 
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amount of GST-DIAPH1 and tubulin proteins as standards. While contents of tubulin (Cyto-

skeleton) were prepared based on the manufacturer datasheet, amounts of GST-DIAPH1 pro-

tein were estimated with reference to the BSA standard on the SDS-PAGE gel. We prepared a 

set of standards from GST-DIAPH1 (25 µg, 50 µg, 100 µg and 200 µg) and tubulin (50 µg, 100 

µg, 200 µg and 400 µg). On the other hand, HT-29 control cells were lysed with MPer protein 

extraction reagent, and 20 µg protein were prepared using Bradford protein assay (see more 

details in section 3.1.4). The cellular concentrations of DIAPH1 and tubulin were evaluated by 

comparing their band intensities to those of GST-DIAPH1 and tubulin proteins using ImageJ 

(Fiji). In addition, the band intensities were detected by imaging system after proteins coupling 

to the corresponding HRP (see more details in section 3.1.5). The mean value of those four 

calculated concentrations was taken, and then the ratio between cellular DIAPH1 and tubulin 

was analyzed. 

3.2.10 MT polymerization assay  

The light could be scattered at 340 nm by microtubules, indicating nucleation, growth and 

steady state equilibrium of microtubules. To analyze the effect of GST-DIAPH1 FL and GST-

DIAPH1 FH2 on MT-polymerization, the proteins dissolved in the running buffer were con-

centrated with Vivaspin 500 centrifugal concentrators (Sigma-Aldrich), and the running buffer 

was replaced with microtubule buffer (MT-buffer; 80 mM PIPES, 2 mM MgCl2, 0.5 mM EDTA, 

pH 6.9) and 1.0 mM GTP. The concentrations of prepared proteins were estimated using 0.5 

µg/20 µl BSA as standard by SDS-PAGE and the final concentration was adjusted with MT-

buffer based on the molecular ratio of GST-DIAPH1 FL to tubulin (1: 3) and of GST-DIAPH1 

FH2 to tubulin (1: 6.7) (see section 3.2.9). Components of 2 µM non-labeled tubulin and 0.67 

µM GST-DIAPH1 FL or 0.3 µM GST-DIAPH1 FH2 in 85 µl MT-Buffer were pipetted in du-

plicate into 96-well transparent plates (pre-warmed to 37°C) to a final volume of 100 µl. In 

parallel, 2 µM tubulin and 95 µl MT-Buffer in the control group were also added in duplicate 

into the 96-well plate. Tubulin was added at the last step and bubbles had been avoided. In the 

end polymerization of the microtubules was measured continually at the absorbance of 

OD340nm with the Tecan Infinite M200 plate reader for 7 h at 37°C. 

3.2.11 MT bundling assay 

To assess the effect of GST-DIAPH1 proteins on microtubules assembly, MT bundling assay 

was performed. Aliquoted labeled tubulin (0.125 mM, stored at -80℃) was thawed in hand 

quickly. 0.7 µl 100 µM Taxol was added to thawed tubulin, and the mixtures were incubated in 
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37°C water bath for 30 min. During this incubation period, MT buffer mixtures were prepared 

freshly, consisting of 0.5 ml MT-buffer (80 mM PIPES, 2 mM MgCl2, 0.5 mM EDTA, pH 6.9), 

20 µM Taxol and 1 mM GTP, and incubated in the 37 °C water bath for 10 min. After incubation, 

1 µl tubulin containing Taxol were added to 360 µl MTs buffer mixture in 1.5 ml brown reaction 

tubes, and the mixtures were incubated in 37°C water bath for 20 min. Afterwards, the samples 

were kept at RT overnight in the dark. On the following day Microtubule-Tubulin mixtures 

were incubated in a 37°C water bath for 20 min as before. In the meantime, an 8-well chamber 

slide (ibidi ®) was prepared, coating with 200 µl Poly-L-Lysine for 30 min, and then air dried. 

Poly-L-Lysine could be reused.  

The proteins of GST-DIAPH1 FL and GST-DIAPH1 FH2 were concentrated and the running 

buffer was replaced as described in section 3.2.7. The final concentration of GST-DIAPH1 FH2 

was prepared as 0.45 folds as that of FL using MTs buffer to make sure the molecular ratio and 

volume of tested proteins being the same. Afterwards, 10 µl of GST-DIAPH1 FL or GST-DI-

APH1 FH2 was added to 10 µl labeled MTs, and the mixtures were distributed equally on Poly-

L-Lysine coated chamber, then mounted with 40 µl SouthernBiotech mounting medium (Fluo-

romount G®) after 10 min of incubation. As a control group, 10 µl labeled MTs were mixed 

with 10 µl MTs buffer, pipetting into the chamber and mounting the medium as above. Finally, 

MTs signals were detected by Keyence Microscope at 658 nm. 

3.2.12 MT binding assay 

To analyze the extracellular colocalization of microtubules with the DIAPH1 proteins, labeled 

MTs, GFP-DIAPH1 proteins (GFP-DIAPH1 FL, GFP-DIAPH1 FH2) and Poly-L-lysine coated 

chamber slides were prepared as described in section 3.2.10 and 3.2.11. The volumes of MTs 

and GFP-DIAPH1 proteins were calculated as described in section 3.2.10 to keep the same 

number of molecules present of GFP-DIAPH1 FL and GFP-DIAPH1 FH2. To evaluate the 

capacity of GFP-DIAPH1 binding to MTs, the mixtures were imaged by Keyence Microscope 

after 10 min incubation, and the GFP-DIAPH1 proteins were detected at 488 nm (green channel) 

while the labeled MTs were detected at 658 nm (red channel). 

3.3 Statistical analysis 

The number of analyzed experiments is shown in the corresponding figures. Statistical analysis 

was performed using SigmaPlot 8.0. All data were shown as mean±SD (or SEM) or median

±SD. To calculated the statistical significance, the numerical and normally distributed data 
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were analyzed by unpaired Student’s t-test, while the categorical data with normal distribution 

were analyzed by One-Way Analysis of Variance (ANOVA). We considered P values < 0.05 

as statistically significant, shown as *p < 0.05, **p < 0.01 ***p < 0.001, while n.s. means not 

significant. 
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4 Results 

4.1 Cellular localization of DIAPH1 

Since Kato et al. revealed that DIAPH1 co-localizes with spindle MTs in HeLa cells 55, it was 

likely that, in addition to interphase MTs, DIAPH1 also accumulated at spindle MTs in meta-

phase cells. To address this assumption, localization of DIAPH1 in HCT-116 and HT-29 cells 

 

Figure 16 Cellular localization of DIAPH1. HT-29 (upper panel) and HCT-116 (lower panel) cells 

were synchronized in meta-phase by double thymidine block, fixed and stained for DIAPH1 (green) and 

MTs (red) using specific Alexa-Flour-488 or Alexa-Flour 568-coupled antibodies. Chromosomes were 

stained with DAPI (blue). The right images are merged from all three channels. Bar: 5μm. 

 

was analyzed using DIAPH1-specific Alexa-fluor488-conjugated (green) and β-tubulin-spe-

cific Alexa-fluor568-conjugated (red) antibodies. Indeed, it could be shown that DIAPH1 co-

localized with spindle MTs (Fig. 16). 

4.2 Depletion of DIAPH1 in colorectal carcinoma cells 

To investigate whether the role of DIAPH1 in colorectal carcinoma cells is associated with 

cancer-specific chromosomal instability, DIAPH1 mRNA was stably depleted in chromoso-

mally stable HCT-116 and chromosomally stable HT-29 cells, using the lentiviral shRNA trans-

duction approach. 

DIAPH1 was depleted by sh4 and sh5 vectors (see in section 3.1.2), and the success of this 

manipulation was checked by Western blotting (Figure 17). In HCT-116 cells, the expression 
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level of the DIAPH1 protein was decreased by 60% (sh4 = knockdown 4) and by 80% 

(sh5 = knockdown 5), as compared to HCT-116 scrambled shRNA control cells. While in  

 

Figure 17 Depletion of DIAPH1 in colorectal carcinoma cells. HCT-116 and HT-29 cells were trans-

duced with shRNA lentivirus against human DIAPH1 (sh4 and sh5), or with scrambled shRNA viral 

particles, and then selected with puromycin (2.0 µg/ml). Expression levels of DIAPH1 gene were exam-

ined by western blotting and quantified using ImageJ software. HSC70 served as loading control. Data 

were normalized to DIAPH1 controls and shown as mean ± SD from 3 independent experiments. ***P 

<0.001. 

 

HT-29 cells, the expression level of the DIAPH1 protein was decreased by 80% (sh4= knock-

down 4) and by 90% (sh5 = knockdown 5), comparing to HCT-116 scrambled shRNA control 

cells. For all further experiments, we compared scrambled control cells with DIAPH1 sh4 and 

sh5 cells. 

4.3 Effect of DIAPH1 in spindle MT dynamics during metaphase 

Localization of DIAPH1 to spindle MTs suggests a role of DIAPH1 in controlling the dynamics 

of spindle MTs. To validate this assumption, metaphase cells were treated with SiR-tubulin, 

that specially labels MTs in living cells. 
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Cells were imaged from meta- until early anaphase every 4 minutes and 3D-reconstructions 

were created to analyze speed (µm/h) of spindle MTs by the IMARIS software (Fig. 18A). This 

live cell imaging analysis revealed that spindle MTs in DIAPH1 scrambled cells moved toward 

 

Figure 18 Depletion of DIAPH1 reduces the speed of spindle MT movement in metaphase. HT-29 

and HCT-116 cells were incubated with SiR tubulin and spindle dynamics were imaged from meta- to 

anaphase by a spinning disk laser microscope. (A) Shown are three-dimensional (3D) reconstruction 

images created with the IMARIS software of HT-29 cells from metaphase to anaphase. (B) Spindle MT 

speed dynamics (µm/h) was calculated using IMARIS software at different time points. Upper panel: 

HT-29 cells, Lower panel: HCT-116 cells. (C) Shown are mean spindle MT speed of both HT-29 and 

HCT-116 cells at metaphase from time point 1-6. Data were calculated from at least 30 cells per cell 

line in two different experiments and represented as mean ± SD. *p<0.05. 

 

the spindle poles faster than those in DIAPH1 knock down cells during metaphase. In addition, 

the mean speed of spindle MTs was significantly higher in DIAPH1 control cells of both cell 

lines. In conclusion, DIAPH1 played an essential role in the control of spindle MT-dynamics. 
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4.4 Effect of DIAPH1 on MT-polymerization in vitro 

Based on our results that depletion of DIAPH1 reduced spindle speed, we next analyzed the 

effect of purified DIAPH1 on MT-polymerization in a cell-free in vitro assay.  

Before doing so, the tubulin to DIAPH1 ratio in HT-29 cells was determined by western-blot-

ting (Figure 19). We found a ratio of 3: 1 (tubulin: DIAPH1) which was used to test the effect 

of DIAPH1 on MT-polymerization. We also found a similar ratio in HCT-116 cells (data not 

shown). 

To test the effect of DIAPH1 on MT-dynamics, GST-DIAPH1 proteins and GFP-DIAPH1 pro-

teins were expressed in E.Coli and enriched by glutathione affinity and affinity column chro-

matography (ACC) and/or size exclusion chromatography (SEC) separately. Thereafter the 

concentrations of the elution fractions were estimated, using 0.5 µg BSA as standard in the 

SDS-PAGE (Fig. S 1). 

 

Figure 19 Determination of the cellular tubulin to DIAPH1 ratio. Different amount of protein stand-

ards (GST-DIAPH1and tubulin proteins) as well as 20 µg protein extracted from HT-29 cells were 

loaded to and separated by SDS-PAGE gel, and then blotted onto nitrocellulose membrane. The amount 

of cellular DIAPH1 and tubulin were analyzed by comparing their relative band intensities to those of 

GST-DIAPH1 and tubulin proteins. These band signals were detected by a chemiluminescence imaging 

system using specific peroxidase coupled antibodies. Mean values of those four intensities were calcu-

lated and the cellular binding ratio was then analyzed. (Tubulin: 15 ng/µg and DIAPH1: 5 ng/µg). 

 

After loading the elution fraction on SDS-PAGE, the bands of GST-DIAPH1 proteins were 

detected using coomassie staining solution with reference to high molecular weight (HMW) 

marker (GST-DIAPH1 full-length (FL): 168 kDa, GST-DIAPH1 FH2-domain (FH2): 76 kDa) 



47 

 

(Fig. S 7A-B). The bands corresponding to GST-DIAPH1 FH2 were thick, indicating high pro-

tein yields (Fig. S 7B). The analysis of GST-DIAPH1 proteins showed that concentrations of 

GST-DIAPH1 FH2 and GST-DIAPH1 dFH2 were similar, 1.3-fold higher than GST-DIAPH1 

FL at a concentration of 0.075 mg/ml, as estimated by BSA standards (Fig. S 7C). 

The effect of DIAPH1 on MT-polymerization was analyzed using a turbidity assay. Importantly 

there was no paclitaxel present when measuring the effect of DIAPH1 on MT-polymerization 

at the absorbance of OD340nm with the Tecan Infinite M200 plate reader. The DIAPH1 pro-

teins were concentrated with Vivaspin 500 centrifugal concentrators and the running buffer was 

replaced with MT-buffer to exclude the effect of HEPES buffer on the assay. The final concen-

trations were adjusted with MT-buffer based on the molecular ratio as described in 4.2.10. 

There seems to be no obvious protein degradation after concentrating and buffer exchange (Fig. 

20A). The result of this experiment showed that only the isolated FH2 domain increased MT-

polymerization while auto-inhibited full length (FL)-DIAPH1 had no effect on the assembly of  

 

Figure 20 Effect of DIAPH1 FL and DIAPH1 FH2 on MT-polymerization. The proteins were concen-

trated and running buffer was replaced with MT-buffer. Final concentrations of proteins were adjusted 

with MT-buffer based on the molecular ratio of GST-DIAPH1 FL to tubulin (1: 3) and of GST-DIAPH1 

FH2 to tubulin (1: 6.7). (A) Shown is the SDS-PAGE of proteins before, and after concentrating and 

buffer exchange (indicated by the red arrow). The concentration was estimated using 0.5 µg BSA as 

standard. (B)Tubulin was incubated in GTP-containing MT-buffer for 7 h at 37°C in presence of GST 

(control), FL or FH2 in a Tecan reader. 
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microtubules (Fig. 20B). The absorption line of DIAPH1 FH2 reached the plateau after 7 h and 

the maximum absorption was 3.0-fold higher compared to that of DIAPH1 FL and GST control 

(Fig. 20B). We excluded the dFH2 polymerization curve because of its unreasonable and 

strange trend (data did not show), therefore, dFH2 would not participate in following extracel-

lular assay in this project. 

4.5 DIAPH1 enhanced chromosomal stability 

Alterations in spindle MT dynamics can result in misalignment and in mis-segregation of chro-

mosomes, leading to unequal distribution of chromosomes into the daughter cells and finally to 

chromosomal instability (CIN). In order to address this assumption, modified HCT-116 cells 

and HT-29 cells were synchronized in metaphase and chromosomes, MTs and centromeres 

were stained with DAPI, using a β−tubulin specific antibody, and an antibody against CENP-

A respectively (Figure 21A). Thereafter, the number of metaphase cells with properly aligned 

or with misaligned chromosomes were counted and the percentage of cells with aligned chro-

mosomes was calculated with reference to control cells (Figure 21B).  

 

Figure 21 DIAPH1 controls chromosome alignment. DIAPH1 control and knock down cells (sh4 and 

sh5) were synchronized in metaphase by double thymidine block. (A) HT-29 and HCT-116 cells were 

synchronized in metaphase by double thymidine block, fixed and stained for MTs (red) or CENP-A 

(green) using specific Alexa Flour 568 or Alexa Flour 488-coupled antibodies. Chromosome were 

stained with DAPI (blue). Bar: 5 µm. Shown are two representative images of HT-29 cells. (B) The 

number of metaphase control and DIAPH1 sh4 and sh5 cells exhibiting aligned or misaligned chromo-

somes was counted and the percentage of each type was calculated. 120 cells from two independent 

measurements were evaluated and a statistical significance was analyzed by the chi square test. Data 

were shown as mean ± SD. ***p<0.001. 
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We found that depletion of DIAPH1 reduced the number of cells with aligned chromosomes by 

55% (k.d. 4) and 70% (k.d. 5) in HT-29 cells, in HCT-116 cells by 40% (k.d. 4) and 50% (k.d. 

5), indicating that DIAPH1 is indeed involved in controlling chromosome alignment in colo-

rectal carcinoma cells. It seems that the effect of DIAPH1 depletion on mis-segregated chro-

mosomes in HT-29 cells was stronger than that in HCT-116 cells, most likely due to stronger 

DIAPH1 knockdown in HT-29 cells (see in Figure 17). 

Bakhoum, et al. revealed that microtubule dynamics defects not only result in chromosomal 

misalignment but also in chromosomal mis-segregation 56. Based on this consideration, cells 

were synchronized in anaphase and chromosomes, MTs and centromeres were stained as shown 

in 3.1.7 (Fig. 22A). Thereafter, the number of anaphase cells with mis-segregated chromosomes 

was compared between DIAPH1 control cells and depleted cells. The analysis showed that the  

 

Figure 22 DIAPH1 controls chromosomal segregation. Control and DIAPH1-depleted cells (sh4 and 

sh5) were synchronized in anaphase by double thymidine block. (A) The cells were fixed and stained for 

MTs (red), chromosomes (blue) and centromere protein A (CENP-A, green). Shown are representative 

images of HT-29 cells with segregated (upper panel) and mis-segregated chromosomes (lower panel). 
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(B, C) The normalized percentage of anaphase cells with mis-segregated chromosomes to control levels 

is shown. At least 120 cells per cell line were analyzed and experiments were repeated twice. Data were 

shown as mean ± SD. *p<0.05, **p<0.01. 

 

number of cells having mis-segregated chromosomes in control cells was nearly 1.6 fold higher 

as that in knock down cells, both in HCT-116 cells and HT-29 cells (Fig. 22B-C). Interestingly, 

the number of cells with mis-segregated chromosomes was similar between HT-29 cells and 

HCT-116 cells, indicating similar effect of DIAPH1 depletion on chromosomal mis-segregation. 

 

 

Figure 23 Chromosome number of control and DIAPH1 depleted cells. Chromosomes were prepared 

from metaphase cells arrested by colchicine, and stained with Giemsa solution. (A) Upper panel: Shown 

is one representative preparation from control cells of each cell line. (B) Lower panel: The number of 

chromosomes from at least 180 control or DIAPH1-depleted cells was counted. Shown are median val-

ues of ± SD. ****p<0.0001; n.s. not significant. 
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In general, eukaryotic chromosomes have a single centromere that ensures their accurate seg-

regation during mitosis. Chromosomes that lack centromeres or have multiple centromeres will 

segregate randomly during mitosis 11. To show if mis-segregation resulted from an increase of 

acentric chromosomes, number of cells having mis-segregated chromosomes without centro-

mere was counted in both HCT-116 cells and HT-29 cells. The analyzed images were the same 

as that for cells with chromosomal mis-segregation. Cells were defined as acentric chromosome 

cells when one of the mis-segregation chromosomes appeared to be without centromeres. This 

analysis revealed that there was no significant difference between DIAPH1 control and DI-

APH1 depleted cells (Fig. S 3). 

Increased chromosomal misalignment and mis-segregation found in DIAPH1 depleted cells 

very likely resulted in altered number of chromosomes in daughter cells. To show this, chro-

mosomes were isolated from control and DIAPH1 depleted cells and stained with Giemsa so-

lution (Fig. 23A). Interestingly, only in the chromosomal stable cell line HCT-116 sh5 DIAPH1 

depletion significantly altered chromosome number, while in chromosomal unstable HT-29 

cells no effect was found (Fig. 23B). In nHCT-116 sh5 cells, the chromosome number was 44 

in average while the average chromosome number of control and sh4 cells was 46 (Fig. 23B). 

In HT-29 cells, the chromosome number was 68 in average and had high diversity between 

cells. This heterogeneity may explain why slight differences, possibly caused by DIAPH1 de-

pletion, were not detectable. 

Since averaged number of chromosomes in HCT-116 sh5 cells was reduced by two, karyotype 

analysis was performed. Chromosomes of mitotic cells were stained with Giemsa solution and 

regions of chromosomes that were rich in the base pairs Adenine (A) and Thymine (T) produc-

ing a dark band. Our results showed that in HCT-116 sh5 cells Y chromosome was lost, while 

chromosome 9 and chromosome 19 were triplet chromosomes in HCT-116 control cells (Fig. 

S4). This chromosome analysis was performed at the Institute of Human Genetics, University 

Medical Center Hamburg-Eppendorf (UKE). 

Most mis-segregated chromosomes derived from lagging chromosomes (see arrow in Figure 

19) or chromosomal fragments can develop to micronuclei 56,57. Based on this consideration, 

cells were fixed and stained as described in 4.1.7. Number of interphase cells with micronuclei 

was counted. Compared with control cells, the number of cells with micronuclei was doubled 
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Figure 24 DIAPH1 controls formation of micronuclei. Control and DIAPH1-depleted cells (sh4 and 

sh5) cells were fixed and stained for MTs (red), chromosomes (DAPI blue) and CENP-A (green). Mi-

cronucleus is indicated by the white arrow. (A) Shown is a representative image of micronuclei for-

mation of HT-29 cells. (B) The relative percentage of cells with micronuclei to control levels is shown. 

Data were analyzed from 4 000 cells per cell line and shown as mean ± SD. *p<0.05, **p<0.01. 

 

in DIAPH1 depleted cells in both HCT-116 cells and HT-29 cells (Fig. 24B). We also found 

that the frequency of increased micronucleus was similar in both cell lines (Fig. 24B). 

4.6 Effect of DIAPH1 on cell proliferation and apoptosis 

The observed effect of DIAPH1 depletion on misalignment at metaphase may activate the spin-

dle assembly checkpoint (SAC), and thereby reduces proliferation 58. To validate this assump-

tion, proliferation was measured by the IncuCyte Live Cell Analysis System. However, this 

analysis revealed that there was no significant difference in cell proliferation between HT-29 

control and DIAPH1 depletion cell lines and cells had a rapid growth at 96 h while late-stage 

slow growth at 144 h (Fig. S 5). 
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Figure 25 Effect of DIAPH1 on cell viability and caspase-3/7 activity. For analyzing cell viability, 2.5 

× 103 cells/well were seeded in triplicate, mixed with MTs reagent and the absorbance of the treated 

cells was measured at OD490 nm using absorbance-based plate reader. To compare the differences in 

cell apoptosis between control and DIAPH1 knock down cells, 2.0 × 104 cells per well were seeded in 

corning® 96-well white plates and apoptosis was analyzed by measuring the caspase-3/7 activities using 

TECAN microplate readers. (A) The viability of HCT-116 cells or HT-29 cells were analyzed using the 

MTs assay and the absorbance at OD490 nm were measured at 24 h, 48 h, 72 h and 96 h, normalizing 

by the absorbance values at 24 h. Shown are mean values of ± SD from two different assays. (B) Shown 

is the normalized relative light units (RLUs) for HCT-116 (left) and HT-29 cells (right) at 24 h, 48 h 

and 72 h, performed by luminescent assay. Shown are mean values ± SD from three independent assays. 

n.s. not significant. 

Due to some unsolved problems of the IncuCyte device, the proliferation assay for HCT-116 

cells was not able to perform. Therefore, MTS assay was performed instead, for both HCT-116 

and HT-29 cells, reflecting the cell’s metabolic activity. Again, we found that depletion of DI-

APH1 did not have an effect on cell viability on HCT-116 and HT-29 cells (Fig. 25A). Thus, it 

seems that depletion of DIAPH1 did not activate SAC. 

Thompson, et al. reviewed that high CIN levels could induce cell apoptosis 11. In case depletion 

of DIAPH1 affected apoptosis mediated by inducing high rates of CIN incidence, this pro-

grammed cell death should be increased. To show this, caspase-3/7 activities of control and k.d. 

cells were measured, using luminescent assay (Fig. 25B). Since DIAPH1 sh4 cells exhibited 
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stronger knockdown (data not shown), we performed this assay only for DIAPH1 controlled 

and sh4 cell lines. However, no significant differences were observed in luminescent signals, 

expressed as number of relative light units (RLUs), between DIAPH1 scrambled and depleted 

cells. 

In conclusion, depletion of DIAPH1 did not alter viability and apoptosis in HCT-116 and HT-

29 cells. 

4.7 Effect of DIAPH1 on chemotherapy treatments of colorectal carcinoma 

cells 

Colorectal carcinoma frequently shows low chemo-sensitivity during chemotherapy, which is 

associated with chromosomal instability 11. To show if depletion of DIAPH1 could decrease 

the effects of chemotherapy treatments for CRCs by enhancing CIN, the relative viability was 

analyzed by MTS-assay after paclitaxel treatment.  

 

Figure 26 Effect of DIAPH1 on paclitaxel treatment for HCT-116 and HT-29 cells. 1.0 × 104 

cells/well were seeded in 96-well microplates and cell viability were measured by MT-assay after treat-

ing with different concentrations of paclitaxel. Relative cell viability was normalized by the viability at 
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24 h. (A) Shown is the relative viability of HCT-116 cells at 24 h and 72 h. Cells were treated with 

paclitaxel with low concentrations (0 nM, 0.5 nM, 1.0 nM, 5.0 nM, 7.0 nM and 10 nM). (B) Shown is 

the relative viability of HT-29 cells after treating with high concentrations of paclitaxel (0 µM, 0.5 µM, 

1.0 µM, 2.0 µM, 5.0 µM and 10 µM) at 24 h and 72 h. Shown are mean values ± SEM from three 

different assays, *p <0.05, **p <0.01, n.s. not significant. 

 

The analysis revealed that the relative viability of HCT-116 DIAPH1 knock down cells was 

higher than HCT-116 control cells at 24 h (with 10 nM paclitaxel) and at 72 h (with various 

concentrations of paclitaxel ranging from 0.5 nM to 10 nM) (Fig. 23A). However, there was no 

significant difference in cell viability after paclitaxel treatment between HT-29 control and DI-

APH1 depleted cell lines, even after employing much higher concentrations of paclitaxel (rang-

ing from 0.5 µM to 10 µM) (Fig. 26B). 

In conclusion, DIAPH1 could increase sensitivity to paclitaxel in HCT-116 cells but not in HT-

29 cells. 

4.8 Cytokine expression in control and DIAPH1-depleted cells 

The increased number of micronuclei found in DIAPH1 depleted cells could result in altered 

cytokine expression because DNA in micronuclei could be released into the cytosol. This cyto-

solic DNA is recognized by the pattern recognition receptor cyclic GMP-AMP synthase (cGAS) 

that in turn mediates transcription of inflammatory genes 59. Accordingly, we analyzed the 

mRNA levels of IFN-α (IFNA2, IFNL1, IRF7) in control and sh5 cells and the mRNA levels  

 

Figure 27 Levels of cytokine expression in control and DIAPH1-depleted cells. Lysates from control 

and sh5 HCT-116 and HT-29 cells were analyzed for cytokines levels using the Human Cytokine Array 

Panel A from R&D Systems. (A) The spots of the upper and lower lay represent the reference signals. 
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The other dots representing the cytokines are listed under https://resources.rndsys-

tems.com/pdfs/datasheets/ary005b.pdf. The red arrow marks the signal for IL- 1ra. (B) Right panel: The 

human cytokine expression ratio of sh5 to control cells is shown. The expression levels were regarded 

as band intensities measured by ImageJ (Fiji) and the signals were detected using ImageQuant LAS 

4000 Imager by electrochemiluminescence (ECL) detection system. The black bar: HCT-116 sh5/con-

trol ratio; the gray bar: HT-29 sh5/control ratio. 

 

were quantified using RT-qPCR analysis. This analysis showed that in HCT-116 sh5 cells, the 

mRNA levels of IRF were increased approximately 1.5-fold compared to control cells, while 

decrease of IFNL1 and IFNA2 mRNA expression was detected (Fig. S 6). This three mRNA 

levels were all decreased in HT-29 sh5 cells, and IFNL1 mRNA expression was down-regulated 

by 37% (Fig. S 6). The IRF mRNA levels showed clearly opposite trends in DIIAPH1 knock-

down cells compared to control cells in both HCT-116 and HT-29 cell lines (Fig. S 6).   

Although the technique of RT-qPCR which involves measurement of cytokine mRNA tran-

script abundance, is relatively straightforward and quantitative, one of its major disadvantages 

is that the presence of RNA does not always accurately reflect protein levels 60. Considering 

this fact, we analyzed the protein level of 36 cytokines, using a western-blot based cytokine 

array (Fig. 27A). The dot-signals intensities were evaluated with subtracting negative control 

using the base package of ImageJ (Fiji) and the ratio of intensities of sh5 cells to control cells 

was calculated. This evaluation revealed that the interleukin-1 receptor antagonist (IL-1ra, see 

red arrow in Fig. 27A) was regulated highest in both cell lines. In HCT-116 sh5 cells its expres-

sion was reduced by 60% but in HT-29 sh5 cells only by 20% (Fig. 27B). 

4.9 Effect of DIAPH1 on MT-bundling assay 

To analyze potential effects of DIAPH1 proteins on MT-bundling, labeled MTs were incubated 

with DIAPH1 proteins. This analysis showed that neither cross-linking nor bundling phenom-

enon occurred in GST-DIAPH1 proteins compared to MTs control (Fig. 28).  

In summary these results show that the constrictively active FH2 domain of DIAH1 increased 

MT-polymerization, suggesting DIAPH1 controls spindle MT-dynamics by directly increasing 

MT-polymerization. 
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Figure 28 Effect of DIAPH1 FL and DIAPH1 FH2 on MT bundling assay. GST-DIAPH1 FL and 

GST-DIAPH1 FH2 were rebuffed and the final concentration of GST-DIAPH1 FH2 were prepared as 

0.45-fold as that of FL. Shown is the fluorescence images after coincubation of GST-DIAPH1 proteins 

with labeled MTs for 10 min, using fluorescence microscope. 

 

5 Discussion 

Colorectal carcinoma (CRC) is ranking the third most commonly diagnosed cancer in males 

and the second in females. Although in some countries like United States, the overall mortality 

is declining, it is still increasing even in younger adults and in many other countries with limited 

resources and health infrastructure (https://www.uptodate.com/contents/colorectal-cancer-epi-

demiology-risk-factors-and-protective-factors). For those patients suffering from CRC, the 

rapid evolution of resistance to chemotherapy and molecularly targeted therapies limits the ef-

ficiency of neoadjuvant and cytotoxic therapies. This resistance can be caused by pre-existing 

resistance-mediating factors, dominant resistance mutations as well as various therapy-induced 

adaptive responses occurring during cancer treatment. For instance, activation of the compen-

satory signaling pathways would promote tumor tolerance 61. Therapeutic agents targeting spin-

dle microtubules have already been shown efficiency in clinical applications, however, the big-

gest challenge of those chemicals is still drug resistance 62. Taxanes are one of the most widely 
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used microtubule-targeted agents, and have been shown to induce mitotic arrest 63. This mitotic 

arrest results from activation of SAC (spindle assembly checkpoint) and could ultimately in-

duce cell death (as described in section 1.3) 63. The mechanistic basis of this mitosis-blockage, 

leading to subsequent death, remains unexplored. However, we acknowledge that the acquisi-

tion of tumor resistance to the microtubule-targeted drugs is associated with chromosomal di-

versity, mediated by persistent chromosomal instability (CIN) in CRC 32,64. It is well studied 

that altered regulation of spindle MT dynamics has an essential role in the generation of CIN. 

Thus, cytoskeletal proteins, regulating dynamics of microtubules, become key targets for anti-

cancer therapy (see more details in section 1.3). Since CRC, especially mCRC, is commonly 

difficult to treat due to multi-drug resistances; orthogonal therapy that is able to attack the can-

cer through multiple independent pathways, may be a promising option 61. With reference to 

the drug resistance, proteins that perform non-redundant function in directly controlling the 

complex process of chromosome segregation, may be very interesting targets 50.  

5.1 DIAPH1 co-localized with spindle MTs and regulated MT- dynamics 

In this study, we analyzed the role of DIAPH1 in regulating spindle MT dynamics and CIN. 

Our results showed that DIAPH1 localized to the spindle apparatus, but not to the spindle pole 

centrosome (Fig. 16). In consistent with our results, Kato et al. revealed that DIAPH1 localized 

to the mitotic spindle of HeLa cells, independent of Rho mediated stimulation, and this locali-

zation was seen from prophase to telophase 55. However, it was unclear whether DIAPH1 lo-

calized to all of these three types of spindle microtubules (the kinetochore MTs, the interpolar 

MTs, and the astral MTs), due to the limited resolution of fluorescence microscopy. Thus, fur-

ther studies using high resolution microscope are necessary.  

Since DIAPH1 co-localized in mitotic MTs, it was possible that this protein also controls its 

dynamics. Based on this consideration, MT-dynamic assays were performed. The results of 

these experiments showed that depletion of DIAPH1 decreased the speed of spindle MT move-

ment (Fig. 18). Moreover, the differences of MT movement speed between HCT-116 control 

and knockdown cells were kept constantly from early metaphase until anaphase onset. In con-

trast, in chromosomal instable HT-29 cells, the differences between control and knockdown 

cells disappeared before anaphase onset (Fig. 18B). This result indicates that the effect of DI-

APH1 depletion on MT dynamics is more significant in euploid cells. 

It is important to mention that the analysis of spindle MT dynamics was performed in non-

stimulated cells. Since our previous studies revealed that the isoform 2 of DIAPH (DIAPH2) 
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controlled MT-dynamics even in its auto-inhibited form. It was also likely that was also true 

for DIAPH1 protein. To address this possibility, we performed a MT polymerization assay in 

vitro employing GST-DIAPH1 FL protein, and constitutively active GST-DIAPH1 FH2 protein 

as a positive control. Comparing with the function of FH2 domain on MT polymerization, auto-

inhibited GST-DIAPH1 FL had no effect (Fig. 20B). From these data we conclude that the 

effect of DIAPH1 on the speed of spindle MTs should depend on cellular stimulation, requiring 

the activation of small GTPase RhoA activation to convert the GST-DIAPH FL into the active 

conformation. However, future experiments are required to identify these, probably cell-cycle 

specific, cellular signals.  

5.2 Role of DIAPH1 in chromosomal instability 

Precise regulation of spindle MT dynamics could align the chromosomes at equatorial plates 

and distribute them equally into daughter cells, which is essential for normal cell division. Al-

tered MT dynamics could lead to chromosomal instability (CIN) due to improper kinetochore 

microtubule (KT-MT) attachment to chromosomes or insufficient power to separate chromo-

somes. In CIN tumor cells, the alignment of chromosomes is mostly impaired, leading to chro-

mosome segregation errors and finally to unequal distribution of chromosomes to daughter 

cells56,65. In order to find out whether DIAPH1-controlled spindle MT-dynamics may be in-

volved in regulation of CIN, number of cells with chromosome alignment and mis-segregation 

were compared between control and DIAPH1 depleted cells. Interestingly, our data shows that 

depletion of the DIAPH1 impaired chromosomal alignment (Fig. 21) and further increased the 

error rates of chromosomal mis-segregation (Fig. 22) in both HCT-116 cells and HT-29 cells. 

These results indicate a role of DIAPH1 in CIN by controlling spindle microtubule dynamics, 

which probably correlated with speed of spindle MTs movement (Fig. 18) and/or attachment of 

kinetochore microtubules (KT-MT) to kinetochores 45.  

During cell mitosis, each pair of sister kinetochores from opposing spindle poles is incorporated 

into the nascent spindle and driven by bipolar microtubule bundles in mitosis, mediating faithful 

chromosome capture and transport 22,66,66. Thus, precise kinetochore attachment to spindle MTs 

is essential for proper chromosomal alignment and segregation. In the studies of figuring out 

the role of Rho GTPases in nuclear division, Yasuda et al. found that mDia 3 played an im-

portant role in proper chromosome alignment and segregation by regulating bi-orientated MT 

attachment to kinetochores in a cell division control protein 42 homolog (cdc42) stimulation 

manner 43. However, they did not show the function of DIAPH1 in chromosome segregation 
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during mitotic cell division, and most researchers focused more on its role in cytoplasm of 

interphase cells or polar spindle microtubules 43,55,67. Although we are the first to show an es-

sential role of DIAPH1 in CIN, we did not compare the kinetochore attachments to chromo-

somes between control and DIAPH1-depleted cells, due to the limited microscopy resolution 

(see also section 5.1). To address this possibility, high resolution microscope like Stimulated 

Emission Depletion (STED), is needed to identify the KT-MT attachment in mitosis. Alter-

nately, co-localization of DIAPH1 with Mad-2, a mitotic spindle-checkpoint protein 2, and/or 

with CENP-A could be analyzed. Reduced spindle MT-speed in DIAPH1-depleted cells con-

tribute to explain the strong effect of DIAPH1 on chromosome alignment and segregation (Fig. 

18, 21-22). Reduced spindle MT speed causes the delay of chromosome alignment, leading to 

increased error rate of chromosome segregation and further chromosomal instability 68. This 

was due to insufficient time to establish chromosome bi-orientation in the spindle equator 68.  

Generally, when all kinetochores (KTs) become stably attached to the KT microtubules and 

chromosomes are aligned at the spindle plate, cell cycle progression could step to anaphase. 

Otherwise, the spindle assembly checkpoint (SAC) would be activated to stop this process 23. 

This physiology behavior could guarantee accurate chromosome segregation, maintaining ge-

nomic stability 23. We found mis-aligned chromosomes developing to mis-segregated chromo-

somes (Fig. 21-22), indicating SAC did not work correctly in HCT-116 and in HT-29 cells. To 

examined if improper chromosome alignment and segregation results in M-phase arrest, cellu-

lar viability was measured in HCT-116 and HT-29 control and DIAPH1-depleted cells. Inter-

estingly, our results show that there was no difference between DIAPH1 knockdown cells and 

control cells regarding cell growth rate (Fig. 25A). This result strongly indicates that DIAPH1 

depletion-induced misalignment of chromosomes did not activate SAC. Thus, metaphase cells 

with misaligned chromosomes had escaped surveillance, keeping the errors of unattached KTs 

and proceeding to anaphase. One explanation of this observation is that most of the chromo-

somes attaching the same kinetochore fiber extending from two opposite spindle pole, and this 

attachment could escape the SAC surveillance 29,30. On the other hand, our previous study re-

vealed that DIAPH2 depletion reduced proliferation of HT-29 cells, due to M-phase delay, 

which was required to repair defective attachment of spindle fibers to the chromosomes 45. The 

fact that the failures in spindle-MT homeostasis induced by knockdown of DIAPH2 could be 

repaired, indicated that the impact of DIAPH2 is weaker than that of DIAPH1. However, further 

research is necessary to prove this assumption.  
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Our analysis of chromosome number showed that there were two chromosomes lost in chro-

mosomal stable HCT-116 sh5 cells, while no significant differences were found in chromoso-

mal unstable HT-29 cells. The lost chromosome was arguably the Y chromosome (Fig. 23, S4). 

Interestingly, we did not observe this in HCT-116 sh4 cell line, exhibiting a lower DIAPH1 

down-regulation. Thus, sufficiently reduced levels of DIAPH1 seem to be required to affect 

chromosome distribution. Moreover, number of cells having acentric chromosomes was similar 

in both DIAPH1 depleted cells and control cells (Fig. S 3), indicating that most of the CIN 

phenotypes are arising from the alteration of numerical chromosomes. This assumption is con-

firmed by researches of Lengauer et al. and Bakhoum et al. 18,19 Due to the technology limitation, 

we were not able to detect structural CIN in detail, like gene translocation or point mutation. 

An association of loss of Y chromosome (LOY) has already been reported in both hematologi-

cal cancers and solid tumors, like leukemias, hepatocellular carcinoma. Since LOY probably is 

involved in the oncogenic process of males, it could serve as a marker for cancer classification 

and clinical prognosis 69,70. 

In summary, we conclude that DIAPH1 depletion could increase the rate of chromosomal mis-

alignment and mis-segregation of CRC, thereby contributing to CIN by regulating spindle MT 

dynamics.  

5.3 Effect of DIAPH1 on cytokines expression 

Our analysis reveals that DIAPH1 depletion increased the number of cells having micronuclei 

(MNi) formation (see Figure 24). These MNi arise from lagging chromosomes (see the white 

arrow in Figure 22A) that are not incorporated into the nuclei but are enveloped by an own 

leaky membrane 56. In most cases, these MNi collapse and thereby release free DNA into the 

cytosol 56, inducing expression of pro-inflammatory cytokines 56,71,72. To evaluate whether in-

creased number of MNi were found in DIAPH1 depleted cells, altered cytokine expression, 

protein levels of 36 cytokines were analyzed by using a western-blot based cytokine array. This 

analysis revealed that IL-1ra was the only protein whose expression was substantially altered 

in DIAPH1-depleted cells. In HCT-116 sh5 cells, its expression was decreased by 60% and in 

HT-29 sh5 cells by 20%.  

Since IL-1ra blocks IL-1R signaling in monocytes/ macrophages 73, it is very likely that reduc-

tion of IL-1ra expression in the cell supernatants will enhance the activation of monocytes/ 

macrophages cells. Blood monocytes then will show stronger cytotoxic activity against tumor 

cells, breaking the “cancer-induced tolerance” by increasing expression of Interleukin-1 74. This 
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kind of tolerance occurs when tumor cells deactivate or suppress the anti-cancer activity of 

tumor-infiltrating macrophages (TIMs) in the tumor microenvironments (TME) 75,76. It is 

known that IL-1 has different physiological and biological effects regarding both pro- and anti- 

tumorigenic effects. These effects depend on tumor type, stage of tumor progression and 

TME77,78. To get deeper insight into the role of IL-1ra in DIAPH1 depleted cells, the immune 

response in these cells should be investigated in detail. In case future results will show that 

DIAPH1 depletion increases immune cell response, a combination therapy of DIAPH1 inhibi-

tion and immune therapy could be developed (for details, see below).  

5.4 Potential role of DIAPH1 in colorectal carcinoma treatment 

Eighty-five percent of colorectal carcinoma patients are highly chromosomally instable, and it 

is well-examined that CIN correlates with poor prognosis because of high aggressiveness and 

drug-resistant of tumors 11. Furthermore, CIN cells are often tolerant against immune cell attack 

76. Our results, showing that depletion of DIAPH1 increases CIN, pre-dominantly in chromo-

somal stable cells, indicate that high levels of DIAPH1 protect against CIN. Thus, high DIAPH1 

expression should be associated with good prognosis. However, our previous results revealed 

the opposite. High DIAPH1 expression in colorectal carcinoma patients was associated with 

poor prognosis and knock-down of DIAPH1 in HCT-116 cells nearly completely blocked me-

tastasis in SCID mice. These apparently contractionary findings suggest that CIN could also be 

related to good prognosis under certain conditions, and this effect of CIN on tumor cell malig-

nancy depends on the CIN rate. However, one should notice that the mechanism of DIAPH1 

controlling metastasis is very complex. While depletion of DIAPH1 blocked metastasis by reg-

ulating interphase MT dynamics, its effect on CIN was associated with its regulation of spindle 

MT dynamics. Even though, how CIN improves the prognosis is still unclear. It is possible that 

when exceeding a certain threshold, CIN leads to cell apoptosis or enhances the immune cell 

activation 11. Birkbak et al. analyzed the CIN 70 scores of various cancers and supported this 

kind of theoretical CIN thresholds. They figured out that poorest patient outcomes were asso-

ciated with intermediate levels of CIN, while patients with extreme CIN tumors had improved 

prognosis 79. Based on these considerations, one could assume that increased CIN, induced after 

depletion of DIAPH1 and exceeded the CIN threshold, could result in induction of apoptosis. 

However, we found that growth of primary tumors in SCID mice was not different between 

control and DIAPH1-depleted HCT-116 cells and also viability of cultured tumor cells was the 

same between these cell lines. In addition, our luminescent assay for analyzing the caspase 3/7 

activity did not show any difference between control and DIAPH1 depleted cells in both cell 
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lines. Thus, we can rule out that increased CIN induced by DIAPH1 depletion induced apopto-

sis. In summary, future studies are necessary to elucidate the apparently contradictory finding 

that high levels of DIAPH1 reduces CIN but increases metastasis.  

Most colorectal carcinoma cells show low sensitivity to paclitaxel treatment, but the underlying 

mechanism has not been elucidated yet 11. Interestingly, our results revealed that depletion of 

DIAPH1 decreased sensitivity to paclitaxel treatment in chromosomally stable HCT-116, but 

not in chromosomally instable HT-29 cells (Fig. 26). This finding can be explained by the fact 

that highly chromosomally instable HT-29 cells were already resistant to paclitaxel. Thus, DI-

APH1 depletion could not further enhance paclitaxel resistance. In conclusion, our data indi-

cates that depletion of DIAPH1 can induce chromosomal instability, associated with decreased 

paclitaxel sensitivity in chromosomally stable cells. However, although its depletion increased 

CIN in chromosomally instable cells, it could not further increase resistance to paclitaxel. These 

results indicate that the mechanism of DIAPH1 on paclitaxel resistance is different between 

chromosomally stable and unstable CRCs. Future studies unravelling the mechanism behind 

this are required. 

Likewise, our finding that DIAPH1-depleted cells show a higher IL-ra concentration also re-

quires further investigation. In the first step, the IL-1 response in immune cells co-incubated 

with control and DIAPH1-depleted cells has to be examined. Thereafter, it has to be shown 

whether immune cells pre-incubated with DIAPH1-depleted cells exhibit an increased potential 

to attack tumor cells. In case we will indeed find an increased immune cell response in DIAPH1 

depleted cells, this result has to be confirmed with at least three further DIAPH1 knockdown 

cells. Thereafter, immune therapies could be developed, targeting tumor cells with low DIAPH1 

expression.  

5.5 Limitation 

This study revealed a role of DIAPH1 in increasing CIN rates by regulating spindle MT dy-

namics in colorectal carcinoma cells. Our results suggest that DIAPH1 depletion could impair 

chromosome alignment, contributing to chromosome mis-segregation and even chromosome 

lost. However, we do not know whether this effect of DIAPH1 depletion is only related to 

spindle MT-dynamics. Since KT-MT attachment also plays a crucial role in precise chromo-

some segregation, it is very likely that DIAPH1 depletion could impair the KT-MT attachment 

and hence affect chromosome alignment. To show this, high resolution microscopy is necessary 

to detect the specific localization of DIAPH1 and the KT-MT attachment to chromosomes.  
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Our results reveal that GST-DIAPH1 did not significantly affect MT polymerization in vitro 

comparing to GST-DIAPH1 FH2 (Fig. 20B). Our explanation is that this activity of GST-DI-

APH1 needs RhoA stimulation. In addition, there was still unspecific protein background in the 

SDS-PAGE, and proteins formed insoluble aggregates or underwent degradation. To validate 

our results purification and stabilization of GST-DIAPH1 proteins should be improved.  

In this study, we focus on the function of DIAPH1 depletion on CIN. CIN includes not only 

changes in whole chromosomes but also alteration of chromosome fragments, but we could 

only observe the chromosome number using chromosome preparation technique. Our karyotype 

analysis indicates that there are also chromosome fragments altered in DIAPH1 depleted cells, 

indicating that also structural CIN increased in these. To validate this, karyograms of a higher 

cell numbers should be analyzed.  

Furthermore, we could not identify the other types of structural chromosome abnormality like 

chromosome translocations and/or insertions due to the limited techniques. Hence, in our study, 

CIN means altered chromosome number regardless of the chromosome integrity in the primary 

nucleus. 

5.6 Outlook 

5.6.1 Role of DIAPH1 for colorectal carcinoma cells on immune cell response 

Our results show that the expression of IL-1ra in HCT-116 sh5 cells was significantly down-

regulated while in HT-29 sh5 cells was slightly reduced. Most likely, this result is related to 

higher concentration of cytosolic DNA in HCT-116 sh5 cells comparing to HT-29 sh5 cells. To 

validate our assumption, concentration of cytosolic DNA collapsed from micronuclei have to 

be measured.  

Since cancer-related tolerance in tumor microenvironment (TME) probably would be disrupted 

by enhanced anti-tumor activity of the monocyte cells, concentration of IL-1 should be meas-

ured after cell immune response. Therefore, IL-1 concentration in blood samples have to be 

compared after co-incubation with control and DIAPH1 depleted cells separately. As positive 

control, concentration of IL-1 in fresh blood samples after adding IL-1ra has to be measured. 

IL-1R is mainly expressed by monocytes in blood and further by macrophages in tissue 73. In 

case we will observe altered IL-1 concentration, monocytes have to be isolated from blood to 

further validate the IL-1 immune response mentioned above. Afterwards, isolated monocytes 
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will be co-cultured with both control and DIAPH1 depleted cells. If we observe increased IL-1 

concentration after co-incubating with DIAPH1 knockdown cells, we can conclude that en-

hanced IL-1 immune response results from enhanced monocytes activation. 

5.6.2 Impact of activated monocytes on the metastatic potential of colorectal carcinoma 

cells 

If DIAPH1 depleted cells can alter monocyte activation, one can conclude that depletion of 

DIAPH1 can enhance tumor-attack ability from immune cells. To address this possibility, the 

potential metastasis ability of colorectal cells after co-incubation with monocytes have to be 

tested. For this purpose, isolated monocytes will be incubated with colorectal cells for 48 h, and 

a series of experiments representing metastasis ability will be analyzed. These experiments in-

clude transwell invasion assay, wound-healing migration assay, colony formation assay, anal-

ysis of proliferation, and 3-D-growth. We expect that reduced metastasis will be observed in 

DIAPH1 depleted cells after co-incubation with activated monocytes, which could indicate that 

depletion of DIAPH1 can reduce the metastatic potential of colorectal carcinoma cells by im-

proving the immune responses to tumor.  

5.6.3 Effect of pharmacologic DIAPH1 inhibition on the metastatic potential and on 

chromosome segregation of colorectal carcinoma cells 

Our results show that depletion of DIAPH1 affected chromosome alignment and segregation 

by regulating spindle MT dynamics, while FH2 domain of DIAPH1 directly affect microtubule 

dynamics. To validate the effect of DIAPH1 on chromosomal stability, pharmacologic DIAPH1 

inhibition, the small molecule inhibitor of Formin Homology 2 domains (SMIFH2) will be em-

ployed. Furthermore, corresponding metastatic potential of colorectal carcinoma cells, like 

transmigration, colony formation, will be analyzed. Since the effect of SMIFH2 on DIAPH1 is 

similar to depletion of DIAPH1, role of SMIFH2 in chromosome alignment, chromosome seg-

regation and micronuclei formation will be assessed. In case the function of SMIFH2 on meta-

static ability and chromosome segregation has a similar effect as DIAPH1 depletion, SMIFH2 

could be a tool compound to develop anti-metastatic drugs. 

6 Conclusion  

In conclusion, our data indicate an essential role of DIAPH1 in CIN by regulating spindle MT 

dynamics. Depletion of DIAPH1 impairs chromosome alignment and segregation, contributing 
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to micronuclei formation in colorectal carcinoma cells. Furthermore, expression of IL-1ra was 

significantly reduced in chromosomal stable cells with DIAPH1 knock down (HCT-116 sh5 

cell line), which probably enhances the tumor-attack ability of innate immune systems.  

Tumor cells are characterized by phenotypic heterogeneity through genomic instability, and 

only mild CIN cells can contribute to tumor evolution and poor prognosis 11,80. Interestingly, 

cells with DIAPH1 depletion showed lower sensitivity to paclitaxel treatment, most likely by 

decreasing the chromosomal diversity in HCT-116 cells. In this respect, DIAPH1 could be a 

promising therapy biomarker for paclitaxel treatment in chromosomal stable cells.   
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7 Abstract 

Colorectal carcinoma (CRC) is the third leading cause of cancer-related death in the world and 

chemoresistant CRCs mostly are palliative. Chemoresistances arise, among others, by develop-

ment of chromosomal instability (CIN), resulting in genomic diversity of tumor cell populations. 

CIN can be caused by mis-regulation of spindle-MT dynamics. Since spindle-MT dynamics are 

controlled by microtubule-associated proteins (MAPs), these proteins are interesting molecules 

for targeted therapy. Protein diaphanous homolog 1 (DIAPH1) belongs to the group of MAPs 

and preliminary data indicate that DIAPH1 is involved in the control of spindle-MT dynamics 

in CRCs. In this study, the role of DIAPH1 in spindle MT dynamics and CIN has been analyzed 

in detail. 

For this purpose, spindle MT-dynamics, misalignment and mis-segregation of chromosomes 

were compared between control and DIAPH1-depleted cells. In addition, these cells were 

treated with the spindle poison paclitaxel, and then cell viability and apoptosis were measured. 

To figure out whether the activity of DIAPH1 depends on aneuploidy, we employed two cell 

lines: HCT-116 (chromosomal stable) and HT-29 (chromosomal instable). Our results reveal 

that DIAPH1 localized to spindle MTs, and depletion of DIAPH1 decreased the speed of spin-

dle MTs movement during metaphase. In addition, DIAPH1 depletion increased chromosomal 

misalignment, mis-segregation and micronuclei formation in both cell lines. Moreover, in HCT-

116 DIAPH1 k.d. 5 cells, two chromosomes were lost. Interestingly, although there was no 

significant difference in cell viability and apoptosis, HCT-116 DIAPH1 depleted cells had de-

creased sensitivity to paclitaxel exposure while HT-29 cells were resistant. In summary, deple-

tion of DIAPH1 resulted in increased rates of CIN and decreased sensitivity to paclitaxel. These 

data strongly suggest that DIAPH1 controls chromosomal stability of CRC by regulating spin-

dle-MT dynamics and thereby controls sensitivity to chemotherapeutics. 
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8 Zusammenfassung 

Das kolorektale Karzinom (CRC) ist weltweit die dritthäufigste krebsbedingte Todesursache 

und Patienten mit chemoresistenten CRC sind in der Regel palliativ. Chemoresistenzen können 

unter anderem durch chromosomale Instabilität (CIN) und einer damit einhergehenden geno-

mische Diversität der Tumorzell-Populationen entstehen. CIN wird unter anderem durch feh-

lerhafte Regulation der Dynamik von Spindelmikrotubuli (MTs) verursacht. Da die Spindel-

MT-Dynamik durch Mikrotubuli-assoziierte Proteine (MAPs) kontrolliert wird, sind MAPs in-

teressante Zielmoleküle zur Therapie von CIN Tumoren. Protein diaphanous homolog 1 

(DIAPH1), gehört zu den MAPs und vorläufige Daten wiesen darauf hin, dass DIAPH1 an der 

Regulation der Spindel-MT-Dynamik in CRC-Zellen beteiligt sein könnte. In dieser Arbeit 

wurde die Funktion von DIAPH1 bei CIN und der Spindel-MT Dynamik im Detail untersucht.  

Hierzu wurde die Spindel-Dynamik, das chromosomale Missalignment und die fehlerhafte 

Trennung der Chromosomen zwischen Kontroll- und DIAPH1-depletierten Zellen verglichen. 

Außerdem wurden CRC-Zellen mit den Spindelgift Paclitaxel behandelt und Viabilität und 

Apoptose untersucht. Um zu zeigen, ob die Aktivität von DIAPH1 abhängig von einer Aneup-

loidie ist, verwendeten wir zwei Zelllinien: HCT-116 (chromosomal stabil) und HT-29 (chro-

mosomal instabil). Unsere Ergebnisse zeigten, dass DIAPH1 an Spindel-MTs lokalisiert und 

dass dessen Depletion die Geschwindigkeit der Spindel-MT-Dynamik in der Metaphase verrin-

gerte. Außerdem erhöhte die DIAPH1-Depletion das chromosomale Missalignment, die fehler-

hafte Trennung der Chromosomen und die Bildung von Mikronuklei in beiden Zelllinien. Dar-

über hinaus gingen in HCT-116 DIAPH1 k.d.5-Zellen zwei Chromosomen verloren. Obwohl 

Kontroll- und DIAPH1-depletierte Zellen keine Unterschiede in Viabilität und Apoptose zeig-

ten, wiesen HCT-116 DIAPH1-depletierte Zellen eine geringere Empfindlichkeit gegenüber 

Paclitaxel auf, HT-29-Zellen hingegen waren resistent. Zusammenfassend konnte gezeigt wer-

den, dass die Depletion von DIAPH1 zu einer erhöhten CIN-Rate und einer verringerten Sen-

sitivität gegenüber Paclitaxel führt. Diese Daten weisen stark darauf hin, dass DIAPH1 die 

chromosomale Stabilität von CRC durch Regulation der Spindel-MT Dynamik kontrolliert und 

hierdurch die Sensitivität gegenüber Chemotherapeutika reguliert. 
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9 Appendix 

9.1 Supplementary data 

 

Figure S 1 Expression and purification of recombinant GFP-DIAPH1 proteins. GFP-DIAPH1 FL, 

GFP-DIAPH1 FH2 or GFP-DIAPH1 dFH2 genes were cloned into the vector pSF421_10× His_GFP, 

expressed as GFP-fusion protein in E.coli; and then purified by affinity column chromatography (ACC) 

and size exclusion chromatography (SEC). (A-B) Shown are SDS-PAGEs of 20 µl elution fraction of 

GFP-DIAPH1 FL and GFP-DIAPH1 FH2 separately (indicated by the red arrow). (C) Shown is SEC 

chromatogram of GFP-DIAPH1 FL. The peak is indicated by the red arrow. (D) The SDS-PAGE of 20 

µl elution fraction from (C) is shown. The chromatogram curve of GFP-DIAPH protein in tube 2 and 3 

is corresponded to the peak in (C). 
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Figure S 2 Extracellular co-localization of GFP-Diaph1 with MTs. The mixtures of labeled MTs and 

GFP-Diaph1 proteins were mixed and added into Poly-L-lysine coated chamber slides. GFP-Diaph1 

proteins were detected at 488nm (green channel) while the labeled MTs were detected at 658 nm (red 

channel). The co-localization analysis was performed based on the overlapping fluorescence signals 

from MTs and GFP-Diaph1 protein. The images of GFP-Diaph1 FL/FH2, MTs and overlapping fluo-

rescence are shown separately. The examples of co-localization are marked by white arrow. This assay 

was repeated twice with different preparations of labeled MTs. 
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Figure S 3 Normalized number of anaphase cells with acentric chromosomes. Images of cells with 

mis-segregated chromosomes (total at least 60 cells for each cell line, see in Fig. 23) were analyzed. 

The normalized percentage of anaphase cells with mis-segregated chromosomes without centromere to 

control levels is shown. Data were shown as mean ± SD. n.s. not significant. 
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Figure S 4 Karyotype analysis of control and DIAPH1 depleted cells. Cells were blocked in mitosis 

and chromosomes were stained with Giemsa dye with AT-rich (A: Adenine, T: Thymine) regions pro-

ducing a dark band. In HCT-116 sh5 cells, Y chromosome is lost (indicated by the red arrow). Left panel: 

One presentative karyogram of HCT-116 control cells. Right panel: One presentative karyogram of 

HCT-116 sh5 cells. Karyotype analysis of control and DIAPH1 depleted cells were from at least 5 cells 

separately. This analysis was performed in collaboration with the Institute of Human Genetics at Uni-

versitätsklinikum Hamburg-Eppendorf (UKE). 
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Figure S 5 Effect of DIAPH1 on cell proliferation. To analyze cell proliferation, 2.5 × 103 cells in 100 

µl per well were seeded in 96-well microplates and proliferation was analyzed by measuring the cell 

confluence using the software IncuCyte Zoom 2016B. Shown is the HT-29 cell proliferation for 7 days. 

Values at the starting point (t=0) were subtracted in corresponding cell line. 
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Figure S 6 Quantification of IFN-α mRNA by RT-qPCR. Cellular RNAs were extracted from fresh 

cell lysates with the NucleoSpin RNA Kit, reversely transcribe into cDNA, and quantitative RT-PCR 

analysis was carried out with the cDNA from control cells as a reference sample while mRNA levels of 

GAPDH as an internal reference. (A, B) Left panel: The amplification plot of target genes (IFNA2, 

IFNL1, IRF7 and GAPDH) is shown. Right panel: Corresponding mRNA levels were shown separately. 
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Figure S 7 Expression and purification of recombinant GST-DIAPH1 proteins. DIAPH1 full length 

(FL), DIAPH1 FH2 domain or DIAPH1 dFH2 genes were cloned into the vector pGEX-6PA, expressed 

as GST-fusion protein in E.coli and purified by glutathione affinity. (A, B) Shown are bands of 20 µl 

elution fraction on SDS-PAGE gels. Bands of GST-DIAPH1 FL (left) and GST-DIAPH1 FH2 proteins 

(right) were indicated by the black arrow separately. (C) The concentrations of the first elution fraction 

of GST-DIAPH1 proteins were estimated using 0.5 µg BSA (indicated by red arrow) as a standard, and 

shown as mg/ml. 
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9.2 List of abbreviations 

3D three-dimensional 

5-Fu 5-fluorouracil 

A Adenine 

aa  amino acid  

ACC affinity column chromatography 

ANOVA Analysis of Variance  

APC/C Anaphase Promoting Complex/Cyclosome 

APS ammonium persulfate 

BLI bioluminescence imaging  

bp base pair 

BSA bovine serum albumin  

cdc42 cell division control protein 42 homolog 

CENPA centromere protein A 

cGAS cyclic GMP-AMP synthase  

CIN chromosomal instability 

c-MET mesenchymal–epithelial transition factor 

CRC colorectal carcinoma 

DAD diaphanous autoregulatory domain  

DAPI 4',6-diamidino-2-phenylindole  

DNA deoxyribonucleic acid  

dFH2 deleted formin homology 2 
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DIAPH1 diaphanous homolog 1 

DID diaphanous inhibitory domain  

dNTP deoxynucleotide  

DRF diaphanous-related formin  

dNTP Desoxynucleosidtriphosphate 

DTT dithiothreitol  

E. coli Escherichia coli  

ECL enhanced chemiluminescence 

ECM extracellular matrix 

EDTA ethylenediaminetetraacetic acid  

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

ELISA enzyme-linked immunosorbent assay  

EMT epithelial-mesenchymal transition  

FACS fluorescence-activated cell sorting  

FCS  fetal calf serum  

FDA Food and Drug Administration 

FH2 formin homology 2     

FL full length  

G-actin globular actin   

GFP green fluorescent protein 

GTP guanosine trisphosphate 
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H hour 

HGF hepatocyte growth factor 

HMW high molecular weight  

HRP horseradish peroxidase  

HSC heat shock cognate 

Interleukin-1 IL-1 

IL-1R interleukin-1 receptor  

IL-1ra interleukin-1 receptor antagonist 

ITH intratumoral heterogeneity 

Kb kilo bases  

KCl potassium chloride  

kDa kilo Dalton 

Kif2b kinesin family member 2b 

KLD Kinase-Ligase-Dpnl  

KT-MT kinetochore microtubules  

L liter  

IGF insulin-like growth factor 

IGF-1R insulin-like growth factor 1receptor 

LB Luria Broth  

LOY loss of Y chromosome 

M milli 

M molar 
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M-Per mammalian protein extraction reagent 

MAPs microtubule associated proteins  

MCAK mitotic centromere associated kinesin 

MCC mitotic checkpoint complex 

MMR mismatch repair 

MSI microsatellite instability 

m micro  

MNi micronuclei  

Min minute  

mCRC metastatic colorectal carcinoma 

MTD maximum tolerated doses 

MTI microtubule inhibitors 

MTOC microtubule-organizing center 

MTs microtubules 

N-terminus amino-terminus 

OD optic density  

OS overall survival 

PBS phosphate buffered saline  

PCR polymerase chain reaction  

PDOs patient-derived organoids 

PH pleckstrin homology  

PI Protease Inhibitor 
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PMSF phenylmethylsulfonyl fluoride 

PS Phosphatase Stop  

PTX Paclitaxel 

RBD Rho-binding domain  

RNA ribonucleic acid  

rpm rounds per minute  

RT room temperature  

TIMs tumor-infiltrating macrophages  

TGF transforming growth factor 

s second  

SAC spindle assembly checkpoint 

SEC size exclusion chromatography 

SEM standard error of the mean 

SDS sodium dodecyl sulfate  

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SLIC sequence- and ligation-independent cloning  

SMIFH2 small molecule inhibitor of Formin Homology 2 domains 

STED Stimulated Emission Depletion  

T time  

T Thymine 

TAE Tris-Acetate-EDTA-Buffer 

TEMED N, N, N’, N’ Tetramethylethylene-1,2-diamine 
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TME tumor microenvironment  

UV ultraviolett 

v/v volume/volume 

VEGF vascular endothelial growth factor 

VEGFR vascular endothelial growth factor receptor 

wt wild type 
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9.3 List of figures 

Figure 1 Molecular pathways and development of targeted therapies of CRC. (A) Potential drug-target 

sites in molecular pathways for targeted therapies. (EGF/EGFR: epidermal growth factor/epidermal 

growth factor receptor; HGF: hepatocyte growth factor; c-MET: mesen-chymal–epithelial transition 

factor; IGF/IGF-1R: insulin-like growth factor/ insulin-like growth factor 1receptor; TGF: transform-

ing growth factor); (B) Landscape of United States of America Food and Drug Administration (FDA)-

approved molecularly targeted drugs in CRC. (VEGF/VEGFR: vascular endothelial growth factor/vas-

cular endothelial growth factor receptor) 2. 

Figure 2 Features of chromosomal instability (CIN). CIN is characterized by aberrations in chromo-

some segregation and classified as numerical CIN or structural CIN. Numerical CIN results from gain 

or loss of the whole chromosomes, while structural CIN results is determined by gain or loss of chro-

mosomal fragments 10. 

Figure 3 Schematic of tumor features associated with chromosomal instability (CIN) severity in Can-

cer. Within a critical CIN threshold, increased CIN levels enhances the key tumor characteristics, in-

cluding intratumoral heterogeneity (ITH), adaptability, drug resistance, metastatic potential and chro-

mosomal changes. Once the level of CIN upon the threshold, cell death would be induced. The critical 

CIN threshold indicated by the black dotted line. +: positive; −: negative 11. 

Figure 4 Tracking chromosomal abnormalities in patient-derived organoids (PDOs). Human colorec-

tal carcinoma cells were cultured in a 3D cell culture system, termed as PDOs. Labelling the cells with 

a fluorescent tag enabled the chromosomes (green) to be observed during cell division using microscopy. 

Chromosomal abnormalities were thus tracked and imaged. The most common chromosomal alterations 

were chromatin bridges (insert), structures formed by fused DNA from sister chromosomes 14.  

Figure 5 Role of spindle MTs in cell division. (a) Distribution of different types of microtubules bundles 

in meta-, ana- and telophase. Spindle MTs are extended from two spindle poles, and consist of kineto-

chore, interpolar and astral microtubule. (b) Movement of cellular MTs were imaged from meta- to 

anaphase. Attached chromosomes were transported by spindle MTs toward opposite spindle poles. Mi-

crotubules and centrosome are shown in green; kinetochore is shown in red; chromosomes are shown 

in blue, contractile ring and midbody are shown in yellow 22. 

Figure 6 The dynamic properties of spindle MTs. Sister chromosomes are attached to kinetochore MTs 

(known as K fibers) in the outer layer of kinetochore. Chromosome alignment and segregation were 

achieved by the assembly/disassembly of spindle MT. The minus ends (less dynamic) of MTs are firmly 

anchored at the centrosomes, served as microtubule organizing center, while the more dynamic plus 

ends extend toward the spindle equator and cell periphery. Microtubules are shown in gray; centro-

somes are shown in green, kinetochores are shown in red; chromosomes are shown in blue. Positions 

of MT minus (−) ends versus plus (+) ends are indicated 26.  

Figure 7 Errors in kinetochore–microtubule attachments and chromosome segregation. (A) Types of 

kinetochore–microtubule attachment at metaphase, and subsequent consequences at anaphase and in-

terphase. These KT-MT attachments includes amphitelic attachment, syntelic attachment, monotelic at-

tachment and merotelic attachment. (B) Errors in chromosome segregation. Lagging centric chromo-

somes are identified as the whole chromosomes, while acentric chromosomes are chromosomal frag-

ments without centromeres. Chromatid bridge is formed by the fusion of telomeres of sister chromatids, 

resulting in structural rearrangements of chromosomes. Centromeres are shown in red, microtubules 

are shown in green and chromatids are shown in blue. Modified from cartoons of McClelland, and 

Degrassi et al.27,28. 

Figure 8 Model for temporal regulation of spindle microtubule dynamics by inter-kinetochore tension. 
KT-MTs achieve gradual stabilization along following increased inter-kinetochore tension from pro-

metaphase to metaphase. At pro-metaphase, low tension regulates the Aurora B kinase activity gradient 
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to recruit active Kif2b and then inactivate the MCAK, thereby destabilizing spindle MTs for the correc-

tion of improper kinetochore attachments. Upon metaphase, generation of high tension by bi-orientation 

attachments, exceeding the extent limit of the Aurora B kinase activity gradient, could release the Kif2b 

from kinetochores. In the meantime, a subgroup of MCAK is activated and localizes to centromere, 

correcting the remaining attachment errors. Kinetochores are shown in grey, microtubules are shown 

in green, active Kif2b is shown in blue, inactive MCAK is shown in yellow, active MCAK is shown in 

orange and activity gradient of Aurora B is shown in red. Kif2b: kinesin family member 2b; MCAK/ 

Kif2c: mitotic centromere associated kinesin 19. 

Figure 9 Schematic diagram of three major pathways to chemotherapy resistance. Innate resistance 

is the inherency of tumor cells to tolerate chromosomal instability and probably even the chemotherapy 

agents, allowing tumor growth and progression. Due to high initial chromosomal diversity prior to 

chemical agents, a subgroup of cells intrinsically carrying the drug resistance are very likely to achieve 

the adaptive resistance, continuing to grow in the presence of chemotherapeutic agents. Acquired re-

sistance occurs when a subset of cells achieving the drug resistance are generated during cancer treat-

ments, and this resistance does not exist prior to treatments. This process may be promoted by a mutant 

phenotype that can generate genetic diversity mediated via genome mutation or rearrangements, such 

as CIN. Chemotherapy-resistant tumor cells are shown in red; chemotherapy-sensitive tumor cells are 

shown in brown; CIN+ cells with potential resistance are shown in blue 27. 

Figure 10 Cartoon of MT dynamic instability driven by GTP hydrolysis. (a) Conformational switch of 

αβ-heterodimers accompanying by cycles of GTP hydrolysis. In the GDP state, the interface of αβ-

tubulin dimer achieves a slight curvature (indicated with curved arrow) from the straight status in the 

GTP state. (b) The transitions between MTs assembly and disassembly at the plus ends. Physiologically, 

GTP-tubulin dimers (shown in green) assemble on the MT plus ends along with GTP hydrolysis, and 

this process is termed rescue event. In the catastrophe phase, GDP-tubulin dimers (shown in blue) curl 

and peel off the plus ends, starting the MT shrinkage 25. 

Figure 11 Scheme of DIAPH domains in regulating actin nucleation. Dia-inhibitory-domain (DID) 

and diaphanous autoregulatory domain (DAD) interact and prevent binding of profilin/actin to the FH1 

and binding of F-actin to FH2 domains. After binding of GTPases of the Rho family, the interaction of 

the DID and DAD domain is disrupted and the FH1/FH2 domains are released 38. 

Figure 12 Reduced metastasis in SCID mice injected with HCT-116 DIAPH1 depleted cells. In SCID 

mice injected with luciferase-over-expressing HCT-116 DIAPH1-depleted (D5) cells, histological ex-

aminations did not show any metastatic cells at different potential metastatic locations, such as lungs 

and livers. In contrast, the bioluminescence imaging (BLI) analysis showed strong signals at different 

distant locations in the mice injected with HCT-116 control cells. Moreover, the histological examina-

tions of corresponding tissues showed abundant CRC cells (indicated as “M”) in both lungs (upper 

panel) and livers (lower panel) respectively 46. 

Figure 13 Scheme of DIAPH1 domains and its binding to microtubules. (A) Scheme of DIAPH1 do-

mains. GBD: GTPase binding domain, DID: Diaphanous Inhibitory Domain domain, DD: Dimerization 

Domain. CC: Coiled Coiled, FH1: Formin homology do-main 1, FH2: Formin homology domain 2, 

DAD: Diaphanous Autoregulatory; (B) DIAPH1 promotes cellular adhesion by stabilizing MTs. The 

DIAPH1 could bind to MTs via the FH2 domain, and facilitate MT stabilization even in absence of 

RhoGTPases. This activity enhances the transport of integrin beta containing vesicles to the plasma 

membrane, which is essential for the tumor cell adhesion to the extracellular matrix (ECM) 52. 

Figure 14 Scheme of the process of one-step SLIC . Vector is firstly to be linearized by restriction 

enzyme of inverse PCR. In the meantime, inserts are prepared by PCR, with more than 15 base pairs 

(bps) homology to the vector ends. Afterwards, linearized vectors are mixed with prepared, and the 

mixtures are incubated at RT for 2.5 min, generating 3’ overhangs with T4 DNA polymerase. The ratio 

between vectors and inserts are calculated (Table 9). DNA mixtures are then incubated on ice for 10 

min and transformed into competent E.coli directly 53.  
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Figure 15 Scheme of the process of KLD reaction. Exponential amplification of target DNA is per-

formed by phusion PCR as described in section 3.2.1. Afterwards, the DNA product is incubated with 

KLD enzyme mix for 1 h at 37°C. This enzyme mixture contains a kinase, a ligase and DpnI, allowing 

rapid PCR product ligation and template removal. DNA mixtures are then transformed into competent 

E.coli directly 54. 

Figure 16 Cellular localization of DIAPH1. HT-29 (upper panel) and HCT-116 (lower panel) cells 

were synchronized in meta-phase by double thymidine block, fixed and stained for DIAPH1 (green) and 

MTs (red) using specific Alexa-Flour-488 or Alexa-Flour 568-coupled antibodies. Chromosomes were 

stained with DAPI (blue). The right images are merged from all three channels. Bar: 5μm. 

Figure 17 Depletion of DIAPH1 in colorectal carcinoma cells. HCT-116 and HT-29 cells were trans-

duced with shRNA lentivirus against human DIAPH1 (sh4 and sh5), or with scrambled shRNA viral 

particles, and then selected with puromycin (2.0 µg/ml). Expression levels of DIAPH1 gene were exam-

ined by western blotting and quantified using ImageJ software. HSC70 served as loading control. Data 

were normalized to DIAPH1 controls and shown as mean ± SD from 3 independent experiments. ***P 

<0.001. 

Figure 18 Depletion of DIAPH1 reduces the speed of spindle MT movement in metaphase. HT-29 

and HCT-116 cells were incubated with SiR tubulin and spindle dynamics were imaged from meta- to 

anaphase by a spinning disk laser microscope. (A) Shown are three-dimensional (3D) reconstruction 

images created with the IMARIS software of HT-29 cells from metaphase to anaphase. (B) Spindle MT 

speed dynamics (µm/h) was calculated using IMARIS software at different time points. Upper panel: 

HT-29 cells, Lower panel: HCT-116 cells. (C) Shown are mean spindle MT speed of both HT-29 and 

HCT-116 cells at metaphase from time point 1-6. Data were calculated from at least 30 cells per cell 

line in two different experiments and represented as mean ± SD. *p<0.05. 

Figure 19 Determination of the cellular tubulin to DIAPH1 ratio. Different amount of protein stand-

ards (GST-DIAPH1and tubulin proteins) as well as 20 µg protein extracted from HT-29 cells were 

loaded to and separated by SDS-PAGE gel, and then blotted onto nitrocellulose membrane. The amount 

of cellular DIAPH1 and tubulin were analyzed by comparing their relative band intensities to those of 

GST-DIAPH1 and tubulin proteins. These band signals were detected by a chemiluminescence imaging 

system using specific peroxidase coupled antibodies. Mean values of those four intensities were calcu-

lated and the cellular binding ratio was then analyzed. (Tubulin: 15 ng/µg and DIAPH1: 5 ng/µg). 

Figure 20 Effect of DIAPH1 FL and DIAPH1 FH2 on MT-polymerization. The proteins were concen-

trated and running buffer was replaced with MT-buffer. Final concentrations of proteins were adjusted 

with MT-buffer based on the molecular ratio of GST-DIAPH1 FL to tubulin (1: 3) and of GST-DIAPH1 

FH2 to tubulin (1: 6.7). (A) Shown is the SDS-PAGE of proteins before and after concentrating and 

buffer exchange. The concentration was estimated using 0.5µg BSA as standard. (B)Tubulin was incu-

bated in GTP-containing MT-buffer for 7h at 37°C in presence of GST (control), FL or FH2 in a Tecan 

reader. 

Figure 21 DIAPH1 controls chromosome alignment. DIAPH1 control and knock down cells (sh4 and 

sh5) were synchronized in metaphase by double thymidine block. (A) HT-29 and HCT-116 cells were 

synchronized in metaphase by double thymidine block, fixed and stained for MTs (red) or CENP-A 

(green) using specific Alexa Flour 568 or Alexa Flour 488-coupled antibodies. Chromosome were 

stained with DAPI (blue). Bar: 5 µm. Shown are two representative images of HT-29 cells. (B) The 

number of metaphase control and DIAPH1 sh4 and sh5 cells exhibiting aligned or misaligned chromo-

somes was counted and the percentage of each type was calculated. 120 cells from two independent 

measurements were evaluated and a statistical significance was analyzed by the chi square test. Data 

were shown as mean ± SD. ***p<0.001. 

Figure 22 DIAPH1 controls chromosomal segregation. Control and DIAPH1-depleted cells (sh4 and 

sh5) were synchronized in anaphase by double thymidine block. (A) The cells were fixed and stained for 

MTs (red), chromosomes (blue) and centromere protein A (CENP-A, green). Shown are representative 

images of HT-29 cells with segregated (upper panel) and mis-segregated chromosomes (lower panel). 
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(B, C) The normalized percentage of anaphase cells with mis-segregated chromosomes to control levels 

is shown. At least 120 cells per cell line were analyzed and experiments were repeated twice. Data were 

shown as mean ± SD. *p<0.05, **p<0.01. 

Figure 23 Chromosome number of control and DIAPH1 depleted cells. Chromosomes were prepared 

from metaphase cells arrested by colchicine, and stained with Giemsa solution. (A) Upper panel: Shown 

is one representative preparation from control cells of each cell line. (B) Lower panel: The number of 

chromosomes from at least 180 control or DIAPH1-depleted cells was counted. Shown are median val-

ues of ± SD. ****p<0.0001; n.s. not significant. 

Figure 24 DIAPH1 controls formation of micronuclei. Control and DIAPH1-depleted cells (sh4 and 

sh5) cells were fixed and stained for MTs (red), chromosomes (DAPI blue) and CENP-A (green). Mi-

cronucleus is indicated by the white arrow. (A) Shown is a representative image of micronuclei for-

mation of HT-29 cells. (B) The relative percentage of cells with micronuclei to control levels is shown. 

Data were analyzed from 4 000 cells per cell line and shown as mean ± SD. *p<0.05, **p<0.01. 

Figure 25 Effect of DIAPH1 on cell viability and caspase-3/7 activity. For analyzing cell viability, 2.5 

× 103 cells/well were seeded in triplicate, mixed with MTs reagent and the absorbance of the treated 

cells was measured at OD490 nm using absorbance-based plate reader. To compare the differences in 

cell apoptosis between control and DIAPH1 knock down cells, 2.0 × 104 cells per well were seeded in 

corning® 96-well white plates and apoptosis was analyzed by measuring the caspase-3/7 activities using 

TECAN microplate readers. (A) The viability of HCT-116 cells or HT-29 cells were analyzed using the 

MTs assay and the absorbance at OD490 nm were measured at 24 h, 48 h, 72 h and 96 h, normalizing 

by the absorbance values at 24 h. Shown are mean values of ± SD from two different assays. (B) Shown 

is the normalized relative light units (RLUs) for HCT-116 (left) and HT-29 cells (right) at 24 h, 48 h 

and 72 h, performed by luminescent assay. Shown are mean values ± SD from three independent assays. 

n.s. not significant. 

Figure 26 Effect of DIAPH1 on paclitaxel treatment for HCT-116 and HT-29 cells. 1.0 × 104 

cells/well were seeded in 96-well microplates and cell viability were measured by MT-assay after treat-

ing with different concentrations of paclitaxel. Relative cell viability was normalized by the viability at 

24 h. (A) Shown is the relative viability of HCT-116 cells at 24 h and 72 h. Cells were treated with 

paclitaxel with low concentrations (0 nM, 0.5 nM, 1.0 nM, 5.0 nM, 7.0 nM and 10 nM). (B) Shown is 

the relative viability of HT-29 cells after treating with high concentrations of paclitaxel (0 µM, 0.5 µM, 

1.0 µM, 2.0 µM, 5.0 µM and 10 µM) at 24 h and 72 h. Shown are mean values ± SEM from three 

different assays, *p <0.05, **p <0.01, n.s. not significant. 

Figure 27 Levels of cytokine expression in control and DIAPH1-depleted cells. Lysates from control 

and sh5 HCT-116 and HT-29 cells were analyzed for cytokines levels using the Human Cytokine Array 

Panel A from R&D Systems. (A) The spots of the upper and lower lay represent the reference signals. 

The other dots representing the cytokines are listed under https://resources.rndsys-

tems.com/pdfs/datasheets/ary005b.pdf. The red arrow marks the signal for IL- 1ra. (B) Right panel: The 

human cytokine expression ratio of sh5 to control cells is shown. The expression levels were regarded 

as band intensities measured by ImageJ (Fiji) and the signals were detected using ImageQuant LAS 

4000 Imager by electrochemiluminescence (ECL) detection system. The black bar: HCT-116 sh5/con-

trol ratio; the gray bar: HT-29 sh5/control ratio. 

Figure 28 Effect of DIAPH1 FL and DIAPH1 FH2 on MT bundling assay. GST-DIAPH1 FL and 

GST-DIAPH1 FH2 were rebuffed and the final concentration of GST-DIAPH1 FH2 were prepared as 

0.45-fold as that of FL. Shown is the fluorescence images after coincubation of GST-DIAPH1 proteins 

with labeled MTs for 10 min, using fluorescence microscope. 
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9.4 List of tables 

Table 1 Classification of colon cancer cell lines by signaling pathways (CIN, MSI and CIMP), and 

mutational status of critical cancer genes. Mutation status in KRAS; BRAF; PIK3CA; PTEN and TP53 

are displayed. (CIN:chromosomal instability; MSI: microsatellite instability; MSS; microsatellite stable; 

CIMP: CpG island methylator phenotype; wt: wild type) 5. 

Table 2 used plasmids 

Table 3 used primers  

Table 4 used antibodies 

Table 5 Used media 

Table 6 Used buffer, gels and other solutions 

Table 7 Components for Phusion PCR 

Table 8 Thermocycler program for Phusion PCR 

Table 9 Ingredients for SLIC reaction 

Table 10 Components of KLD reaction 
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