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SUMMARY

The recruitment of the minichromosome maintenance complex (MCM) on DNA
replication origins is a critical process for faithful genome duplication termed
licensing. Aberrant licensing has been associated with cancer and, recently,
with neurodevelopmental diseases. Investigating MCM loading in complicated
tissues, such as brain, remains challenging. Here, we describe an optimized
approach for the qualitative and quantitative analysis of DNA-bound MCMs in
the developing mouse cortex through direct imaging, offering an innovative
insight into the research of origin licensing in vivo.
BEFORE YOU BEGIN

DNA replication is a strictly organized procedure to ensure that the genetic information will be

accurately transmitted into the ensuing generations. In eukaryotes, DNA replication initiates from

multiple origins of replication which are dispersed across the genome. From late mitosis and

during the G1 phase of the cell cycle, multi-protein complexes are formed on the origins in a process

that is known as origin licensing (Fragkos et al., 2015; Symeonidou et al., 2012). Licensing is

completed with the recruitment to the origins of the inactive form of the minichromosome mainte-

nance (MCM) complex, which is a ring-shape heterohexamer (MCM2–7) with helicase activity. Upon

G1-S transition and along the S phase, the MCM complexes become activated to catalyze the

unwinding of DNA at replication forks. MCM complexes are gradually released from the DNA as

the replication progresses and remain in the nucleus as soluble molecules until the next round of

licensing.

MCM proteins are constitutively present in the cell nucleus as diffused molecules whereas a subset

of the MCMs are loaded to DNA in a cell cycle-dependent manner (Symeonidou et al., 2013). Given

their direct correlation and their compulsory presence in DNA replication, analysis of total MCMs

frequently substitutes known proliferation markers, such as Ki-67 and PCNA, in confirmation of pro-

liferation capacity (Jurı́ková et al., 2016). On the other hand, analysis of DNA-boundMCMs is used in

the study of the early events of DNA replication like origin licensing and initiation of replication.

Here, we present a method to identify the DNA-bound MCMs in brain slices derived from mouse

embryos from embryonic day (E) 10.5 to E18.5. To distinguish the different cell cycle phases of

the proliferating cells, the incorporation of a thymidine analog was examined in parallel with the
STAR Protocols 2, 100234, March 19, 2021 ª 2020 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:m.mougkogianni@upnet.gr
mailto:taraviras@med.upatras.gr
https://doi.org/10.1016/j.xpro.2020.100234
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xpro.2020.100234&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS Protocol
presence of MCMproteins in the nucleus. A detailed protocol is provided here, covering all the steps

from the isolation of the brain and the generation of thick brain slices to the quantification of MCM

fluorescent intensity.
Preparation of the low melting temperature agarose solution

Timing: approximately 30 min

For the embedding of 4 embryonic brains prepare 10 mL of low-temperature melting agarose (LMA)

3% (Troubleshooting 1).

1. Prewarm 10 mL of PBS 13 in a flask on a heating magnetic stirrer at 70�C for 15 min.

2. Add 0.3 g agarose and stir with a magnetic bar at 70�C until the agarose melts and starts boiling.

Cap the flask loosely to avoid evaporation.

3. Once agarose is completely dissolved and the solution is clear and smooth reduce heat at 45�C.
4. Place a thermometer in the flask to monitor the temperature and leave it stirring until tissue

embedding.

CRITICAL: It is crucial to maintain the temperature of the LMA solution between 45�C and

50�C. Higher temperature will destroy the tissue during embedding while in lower tem-

perature (<36�C) LMA is solidified.
Preparation of the cytoskeleton (CSK) buffer

Timing: approximately 20 min

Prepare the CSK buffer fresh before use. CSK buffer is applied for the extraction of the cytoplasmic

proteins (Hua and Ferland, 2017; Sawasdichai et al., 2010; Symeonidou et al., 2013). The sucrose

that is included in the buffer preserves the internal cell structures.

5. Mix the following reagents to the final concentration:
Reagent (stock concentration) Final concentration Quantity for 1 mL

HEPES (1 M) 10 mM 10 mL

Sucrose (1 M) 300 mM 300 mL

NaCl (5 M) 100 mM 20 mL

MgCl2 (0.5 M) 3 mM 6 mL

EGTA (0.5 M) 1 mM 2 mL

Triton (20%) 0.2% 10 mL

DTT (1 M) 1 mM 1 mL

BSA 2% 20 mg

PMSF (0.1 M) 1 mM 10 mL

Na3VO4 (1 M) 1 mM 1 mL

NaF (1 M) 10 mM 10 mL

Protease inhibitor tab (253) 13 40 mL

H2O n/a 590 mL

Total n/a 1 mL
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6. Vortex gently and maintain the buffer at 4�C until use.
EdU labeling

Timing: 70 min

Labeling with a thymidine analog will permit the cells undergo DNA replication detection of prolif-

erating neural stem cells and the identification of the different stages of S phase (early – mid – late).

7. Prepare an EdU solution at 1 mg/mL concentration.

8. Perform an intraperitoneal injection of 100 mL EdU solution to the pregnant mice 1 h before the

tissue dissection procedure begins.

Note: The same exposure time to EdU (1 h) can be applied in every developmental stage that

is examined given that, the length of the S phase is relatively constant during brain develop-

ment (Takahashi, 1995).
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

MCM2 XP rabbit mAb #3619 Cell Signaling Technology Cat#D7G11; RRID:AB_2142137

Goat anti-rabbit IgG (H+L) highly cross-
adsorbed secondary antibody, Alexa Fluor
568

Life Technologies Cat#A11036; RRID:AB_10563566

Critical commercial assays

EdU Cell Proliferation Kit for high-
throughput screening

BaseClick Cat#BCK-HTS488

Chemicals, peptides, and recombinant proteins

SeaPlaque agarose (low melting
temperature agarose)

Lonza Cat#50101

N-(2-Hydroxyethyl)piperazine-N0-2-ethane
sulfonic acid (HEPES)

Serva Cat#25245

Sucrose Sigma-Aldrich Cat#S7903

Sodium chloride (NaCl) Merck Cat#106404

Magnesium chloride hexahydrate
(MgCl2$6H2O)

Merck Cat#105833

Ethylene glycol-bis(2-aminoethylether)-
N,N,N0,N0-tetraacetic acid (EGTA)

Sigma-Aldrich Cat#E3889

Triton X-100 molecular biology grade Applichem Cat#A4975

Dithiothreitol (DTT) Applichem Cat#A1101

Bovine serum albumin (BSA) Sigma-Aldrich Cat#A4503

PMSF Sigma-Aldrich Cat# P7626

Sodium orthovanadate (Na3VO4) Sigma-Aldrich Cat#S6508

Sodium fluoride (NaF) Sigma-Aldrich Cat#201154

cOmplete, EDTA-free Protease Inhibitor
Cocktail (Protease inhibitor tab)

Roche Cat#11873580001

Paraformaldehyde (PFA) Sigma-Aldrich Cat#P6148

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Gibco fetal bovine serum (FBS) Gibco Cat#10270106

Mowiol 4-88 reagent Calbiochem Cat#475904

2-(4-Amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI)

Sigma-Aldrich Cat#D9542

Experimental models: organisms/strains

Wild-type Parkes mouse NA NA

Other

Leica VT1000 S Vibrating blade microtome Leica NA

Confocal TCS SP5 equipped with a Leica
fluorescence microscope (DMI600B)

Leica NA
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CRITICAL: DTT, PFA, and PMSF are harmful in case of swallowing and cause skin and eye

irritation. Triton X-100 causes corrosion and environmental hazard. It is advised to always

work in a fume hood and wear the appropriate protective equipment (gloves, protective

goggles, and lab coat).
STEP-BY-STEP METHOD DETAILS

Tissue dissection and embedding in LMA

Timing: approximately 75 min

The subsequent procedure describes the embedding of the dissected brain tissues in low melting

agarose in order to facilitate the generation of robust tissue sections.

1. Expose pregnant mice to lethal overdose of isoflurane and euthanize by cervical dislocation.

2. Section the abdomen to reveal the uterus. Remove the uterine horns and place them in cold PBS

13.

3. Carefully remove the embryos from their yolk sac and isolate their heads. For embryos at E10.5-

E12.5 it is advised to dissect the heads while for embryos at E14.5 or later stages it is suggested to

dissect out the brains.

4. Clean the isolated tissues by performing 3 PBS 13 washes.

5. Put a 48-well plate on ice and add 500 mL of LMA 3% while still in liquid form (45�C). Wait 1 min

until the temperature becomes tolerable.

6. Remove the excess liquid from each tissue using a perforated spoon and a piece of absorbent

paper(�40�C).
7. Place the tissue in the well and gently swirl with a pipette tip until the tissue is totally covered with

LMA.

8. Place the tissue at the appropriate orientation carefully and support with the pipette tip until LMA

starts to solidify.

9. Leave the 48-well plate on ice until LMA is completely solid and afterwards place it at 4�C for

30 min.

CRITICAL: It is important for the tissue to be totally covered with LMA in order not to

touch the bottom of the well plate and not to be exposed on the top.

Note: The orientation of the tissue inside the well depends on the desired sectioning plane

(coronal, sagittal, or transverse). For generation of coronal sections place the brain cerebellum

vertically pointing the bottom of the well and the olfactory bulbs facing upwards.
STAR Protocols 2, 100234, March 19, 2021
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Pause Point: Place the remaining quantity of LMA that does not contain any tissue residue in

a tube and when solid store at 4�C for up to 1 week.

Generation of brain sections

Timing: approximately 15 min, depending on the tissue size

The following steps describe the generation of thick sections from freshly isolated mouse brain by

using a vibrating microtome and highlight the appropriate settings depending on the develop-

mental stage that is examined.

10. Remove the embedded tissue from the 48-well plate by gently slide a micro spatula toward the

well circumference until the embedded tissue springs out.

11. Remove the excess amount of LMA with a scalpel and create a shape of trapezoid so that its

bigger base touches the vibratome plate and its smaller base faces toward the vibratome blade.

To generate coronal sections at the level of the cortex, the rostral part of the brain should face

toward the blade

12. Stabilize the embedded tissue on the vibratome platform with a thin layer of instant glue and

ensure that the sample will not be displaced by the vibratome blade. Wait 2 min until the

glue is dried.

13. Place the vibratome plate in the tank with the appropriate screwdrivers and fill with cold PBS 13

to fully cover the sample.

14. Cut serial sections of 250 mm thickness. Adjust the vibratome settings according to the develop-

mental stage studied. For later embryonic stages (E14.5 to E18.5) adjust the speed at 0,225mm/

s and frequency at 50 Hz while for earlier developmental stages (E10.5 to E12.5) and smaller tis-

sues it is preferable to modify the settings of the vibratome (speed: 0,125 mm/s and frequency

70 Hz) to avoid destroying the tissue. In general, the higher the speed and the lower the fre-

quency, the more suitable it is for vulnerable tissues.

15. Prepare a 24-well plate with cold PBS 13 and keep it on ice.

16. Collect consecutive sections of the brain with thin paint brushes and place them in separate

wells of the 24-well plate on ice.

Note:Given that the tissue at this stage is unfixed, the sections are fragile. Thus, it is advised to

gently handle the sections by using the appropriate brushes. In case it is not possible for the

sections to be removed of the brush try to slowly move the brush inside the well containing

PBS 13 or pour additional PBS 13 over the brush. If the section tangles within the brush hairs,

it becomes difficult to come out completely intact.

Pre-extraction and fixation of brain sections

Timing: 1 h

The pre-extraction procedure aims to remove the freely diffusing proteins while the DNA-bound

proteins remain intact within the cells. The following steps are performed in floating sections. It is

important that the sections remain moist during the entire protocol to maintain tissue integrity

and in order to avoid auto-fluorescence effect during subsequent imaging.

17. Select the sections that include the dorsal cortex. To get representative results, it is preferable to

select two sections per sample in order to cover frontal and caudal cortical regions. For earlier

embryonic stages one section is sufficient.

18. To remove the cytoplasmic soluble proteins, incubate the sections in the freshly prepared CSK

buffer for 20 min on ice. Avoid shaking of the sections at this stage since the tissue is very fragile

before fixation (Troubleshooting 2).
STAR Protocols 2, 100234, March 19, 2021 5
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19. Wash once with cold PBS 13 on ice.

20. Fix the sections with PFA 4% for 30 min at 20�C–23�C.
21. Wash once with cold PBS 13 on ice.

CRITICAL: Keep 1–2 sections as control samples by skipping the incubation with the CSK

buffer. Control sections are immediately fixed with PFA 4%.

Pause Point: Sections can be stored in 1 mM NaN3 solution in PBS at 4�C for 1 day in case

that it is not possible to perform the following procedure at the same day.
Immunofluorescent staining and EdU detection (day 1)

Timing: at least 23 h

This process elaborates on the details of immunofluorescence, detection of thymidine analog, and

mounting to the previously generated sections. Perform the staining in multiwell plates by removing

and filling with the appropriate solutions the wells that contain the sections. The use of 24-well plates

is recommended. Avoid transferring the sections within wells to maintain their morphology.

22. Wash the floating sections with PBT (PBS-Triton 0.1%) - BSA 1% three times for at least 30 min

each. The first two washes should be performed at 4�C while the last one at 20�C–23�C.
23. Incubate the sections in PBS-Triton 0.5% for 20 min at 20�C–23�C.
24. Wash with PBT-BSA 1% three times at 4�C for at least 30 min each.

25. Block the sections in blocking solution (1% FBS in PBT) for at least 1 h at 20�C–23�C.
26. Wash with PBT-BSA 1% for at least 30 min at 4�C.
27. Perform the step of EdU staining by incubating the sections with the EdU detection solution (re-

action buffer 103, catalyst solution, dye azide 10 mM, buffer additive 103) at 20�C–23�C for

30 min. From this point the sections should be protected from light.

28. Wash with PBT three times at 4�C for at least 30 min each.

29. Incubate the sections with the primary antibody against MCM2 (dilution 1:500 in blocking solu-

tion) for16 h at 4�C.
Immunofluorescent staining and EdU detection (day 2)

Timing: at least 22 h

30. Remove the primary antibody solution.

31. Wash the sections with PBT at 4�C three times for at least 2 h each.

32. Incubate with fluorescent secondary antibody (dilution 1:1,000 in blocking solution) for16 h at

4�C.
Immunofluorescent staining and EdU detection (day 3)

Timing: 3.5 h

33. Remove the secondary antibody solution.

34. Wash the sections with PBT at 4�C three times for at least 30 min each.

35. Perform nuclear DNA staining with DAPI (dilution 1:1,500 in PBS 13) for 7 min at 20�C–23�C.
36. Wash the sections with PBT at 4�C three times for at least 30 min each.

37. Add a drop of PBS 13 on amicroscope slide and transfer the sections by using thin paint brushes

and sharp forceps.

38. Remove the excess amount of PBS with a piece of absorbent paper.
6 STAR Protocols 2, 100234, March 19, 2021
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39. Add Mowiol 4-88 solution on the top of the section until to fully covered (60–100 mL per section)

and gently drop the coverslip.

40. Keep the slides horizontally at 20�C–23�C until the Mowiol is polymerized. For long-term stor-

age keep them at 4�C.
Imaging and analysis of DNA-bound MCM complexes

41. For the imaging of the mounted brain sections use a confocal system equipped with a fluores-

cent microscope. Use at least a 633 high NA oil immersion lens to focus on the dorsal cortex. To

analyze the MCM complexes, acquire images with an electronic zoom of 3 or higher with at least

a 1,024 3 1,024 pixels resolution.

42. Before the analysis, it is important to confirm that the soluble proteins have been sufficiently

removed while the DNA-bound proteins are intact on the tissue. In the section incubated with

CSK the cells that are in S phase (distinguished as EdU+) exhibit distinct patterns of nuclear

MCM2 staining, which represent the recruitment of MCM complexes in the origins of DNA repli-

cation. In contrast, the cells in the section incubated without CSK present a uniform nuclear

staining for MCM2, corresponding to both bound and soluble fractions of MCM proteins. A

representative image of confocal acquisition of brain sections incubated or not in CSK buffer

is shown in Figure 1.

43. To analyze multiple cells at the same time, acquire serial z-stacks with a step size of 0.7 mm to a

total z-volume 7.608 mm and pinhole set to 1 Airy unit. The nucleus volume of a mammalian cell

is between 600–1,500 mm3, and therefore images of higher volume will include more than two

layers of cells, making the analysis of single cells impossible.

44. The intensity of MCM staining in CSK treated sections is representative of the DNA-boundMCM

complexes. Fluorescent intensity per nucleus is quantified with the open-source platform Im-

ageJ.

Note: Intensities measurements are performed in sum slices projection. If necessary, use the

subtract background plugin of ImageJ with a rolling ball radius equal to the average size of the

nuclei to remove the intensities of the background due to unspecific staining.
EXPECTED OUTCOMES

The detailed protocol that is described here allows the analysis of the DNA-bound MCM com-

plexes in intact brain slices of mouse embryos. In Figure 2, we show a representative image of
Figure 1. DNA-bound MCMs in the neural stem cells of the mouse dorsal cortex

Representative images of mouse embryos cortexes at E14.5 with (+CSK) or without pre-extraction (-CSK) after

immunofluorescent staining for MCM2 and EdU. DNA was stained with DAPI (blue). Scale bars, 10 mm.

STAR Protocols 2, 100234, March 19, 2021 7



Figure 2. Analysis of the DNA-bound MCM complexes in the neural stem cells residing in the cortex

Brain slices in the level of the cortex were generated from mouse embryos at E10.5. The embryos have been exposed

to EdU 1 h before the sacrifice. The slices were subjected to pre-extraction followed by immunofluorescence staining

for EdU (green) and MCM2 (red). DNA was stained with DAPI. The dotted lines restrict the area of the dorsal cortex.

Scale bar, 10 mm. LV, lateral ventricle.
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a brain section derived from E10.5 embryos, which has been subjected to pre-extraction followed

by immunofluorescent staining for MCM2 and EdU according to protocol. Note that the structure

and the cytoarchitecture of the cortex are well preserved allowing the detailed analysis of the

proliferating cells that reside in this area. A similar analysis can be applied in different develop-

mental stages and in different areas of the embryonic brain according to the cell population of

interest.

The presented protocol permits the classification of the proliferating cells to distinct phases of the

cell cycle according to the MCM2 and EdU staining, as it is indicated in Figure 3. MCM complexes

are bound to origins of replication during late mitosis, G1, and S phase. Thus, after pre-extraction,

MCM2 positive cells represent the population of cells that belong in G1 or S phases. The incorpo-

ration of the thymidine analog was used to further distinguish between these two phases and thus,

the cells that are in G1 are identified as MCM2+EdU- whereas, MCM2+EdU+ cells represent the S

phase. Further analysis, results in accurate identification of different stages of the S phase based on

MCM2 and EdU patterns (Aparicio et al., 2012). Consequently, pan-nuclear staining for both EdU

and MCM2 indicates early S phase, dotted signal for both markers characterizes mid S phase

whereas intensely dotted EdU signal concurrently with slight or no MCM2 signal is typical of

late S phase. Once the different cell cycle phases are identified, the fluorescent intensity of

MCM2 can be quantified. The MCM2 intensity of G1 cells (MCM2+EdU-) represents the licensed

origins.

DNA replication licensing has a critical role in the maintenance of genome integrity by

ensuring the sufficient duplication of the genome within the cell cycle Several methods

have been developed in order to quantify the amount of the MCM complexes that are

loaded to DNA, however, these methods are usually applied in synchronized cells or they

require high number of cells or the tagging of MCM molecules (Moreno et al., 2016; Morino

et al., 2014; Nishitani et al., 2014; Symeonidou et al., 2013). All these steps are difficultly

applied in freshly isolated tissue and thus the existing protocols are not suitable for the

in vivo analysis of DNA-bound MCMs.

Here, we describe a detailed protocol that permits the imaging of DNA-bound MCM complexes in

freshly isolated mouse embryonic brains. Our protocol is based on the removal of the cytoplasmic

fraction of the MCM proteins and the identification of the bound fraction through immunofluores-

cence. Microscopy analysis of the tissues allows the qualitative analysis of origins licensing by exam-

ining the pattern of theMCM staining within the nucleus as well as the quantification of boundMCMs

through the fluorescence intensity. We believe that with the appropriate modifications, our protocol

can be applied in different tissues offering a new perspective in the study of DNA replication

licensing.
8 STAR Protocols 2, 100234, March 19, 2021



Figure 3. Representative results of cell phase identification in cortical neural progenitors of E10.5 mouse embryos

Cells were classified in cell cycle phases according to EdU and MCM2 patterns. Cells positive for MCM2 (red) and

negative for EdU (green) belong in G1 phase while double positive cells belong in S phase. Among the latter, cells with

pan-nuclear signal of EdU and MCM2 represent early S phase, cells with dotted signal of EdU and more dotted signal

of MCM2 represent mid S phase, and cells with intensely dotted EdU signal and slight or none MCM2 signal represent

late S phase or early G2 phases. Nuclei were stained with DAPI (blue). Scale bars, 10 mm.
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LIMITATIONS

Perturbations in origin licensing result in inadequate replication leading to genomic instability,

which is associated with malignant transformation and cancer as well as with several develop-

mental syndromes (Kalogeropoulou et al., 2019; Petropoulos et al., 2019). The complex of the

MCM proteins comprise one of the key factors that mediate origin licensing and therefore the

study of these proteins and their presence in DNA have proven to be a useful tool in the research

of replication licensing. Here, we describe a detailed protocol that permits the imaging of DNA-

bound MCM complexes in freshly isolated mouse embryonic brains. Our protocol is based on

the removal of the cytoplasmic fraction of the MCM proteins and the identification of the bound

fraction through immunofluorescence. Qualitative analysis of origins licensing can be performed

by examining the pattern of the MCM staining in respect to phase of the cell cycle. Quantification
STAR Protocols 2, 100234, March 19, 2021 9
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of the DNA-bound MCM complexes for each phase of the cell cycle can be achieved by the anal-

ysis of the fluorescent intensity for the MCM staining.

TROUBLESHOOTING

Problem 1

How to ensure that the tissue does not separate from the LMA coverage during sectioning

(step 7)?

Potential solution

It is crucial to remove all the excess liquid from the tissue before being embedded in LMA so that the

tissue remains stable in its block after the LMA becomes solid. In case the problem persists, use

higher concentration of LMA solution (e.g., 4% w/v).

Problem 2

How to confirm the efficacy of pre-extraction procedure (step 18)?

Potential solution

It is important to adjust the duration of sections’ incubation in CSK buffer and PFA solution, since

these steps may need several modifications depending on the thickness of the sections and the

origin of the tissue. Thus, we suggest to compare non pre-extracted and CSK treated sections in or-

der to identify that the soluble proteins have been efficiently removed.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the Lead Contact, Dr. Stavros Taraviras (taraviras@med.upatras.gr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate datasets.
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