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Abstract

The Origin Replication Complex subunit 4 (ORC4) is one in six subunits of the Origin Replication 

Complexes (ORCs) which is essential for initiating licensing at DNA replication origins and 

recruiting adaptor molecules necessary for various cellular processes. Previously, we reported that 

ORC4 also plays a vital role in polar body extrusion (PBE) during oogenesis in which half the 

chromosomes are extruded from the oocyte. We hypothesized that ORC4 might play a broader role 

in chromatin elimination. We tested its role in enucleation during the development of erythrocytes. 

Murine erythroleukemia (MEL) cells can be propagated in culture indefinitely and can be induced 

to enucleate their DNA by treatment with Vacuolin-1, thereby mimicking normal erythrocyte 

enucleation. We found that ORC4 appeared around the nuclei of the MEL cells with Vacuolin-1 

treatment, gradually increasing in thickness before enucleation. We then tested whether ORC4 was 

required for MEL enucleation by down regulating ORC4 with siRNA-ORC4 during Vacuolin-1 

treatment and found that this prevented MEL enucleation. These data are consistent with the 

model that ORC4 is required for erythroblast enucleation just as it is for oocyte PBE. They suggest 

a new model in which ORC4 expression is a marker for the initiation to the enucleation pathway.
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Introduction

The Origin Replication Complex (ORC), which is composed of six proteins, ORC1–6, is 

essential for initiating licensing at DNA replication origins and recruit adaptor molecules 

necessary for various cellular processes (Takeda et al. 2005). Previously, we reported that 

ORC4 plays a vital role in polar body extrusion (PBE) in addition to DNA licensing 

(Nguyen et al. 2015). During oogenesis, developing oocytes go through two round of 

asymmetric meiotic division in which half of the chromosomes are extruded into polar 

bodies that are much smaller than the remaining oocyte (Kloc et al. 2012; Wang et al. 2017). 

We found that ORC4 polymerizes to form a cage that surrounds the chromatin that will 

expelled from the oocyte during both meiotic divisions, and disrupting this cage by the 

injection of peptides that block the polymerization also prevented PBE (Nguyen et al. 2017). 

The newly described function of the ORC4 protein surrounding expelled chromatin 

suggested that ORC4 could play a similar role in other asymmetric cell divisions.

Three types of cells in the body exist without nuclei and must expel their DNA during 

differentiation, lens epithelium, keritnocytes and erythrocytes. The enucleation of the latter 

has been studied extensively and bears some similarity to oocyte PBE. In vivo, erythroblasts 

arrest their cell cycle and bind to macrophages initiating a complex series of cytoskeletal and 

membrane compositional changes that stimulate enucleation (Gromley et al. 2005; Yeo et al. 

2019). During enucleation, the erythroblast nucleus condenses, and is then extruded as a 

pyrenocyte. The resulting reticulocyte is released into the blood where it matures, 

developing its characteristic biconcave shape. The reticulocyte is already capable of 

absorbing oxygen, but the fully mature erythrocyte, the red blood cell, is more efficient. The 

mechanism of erythroblast enucleation includes the involvement of Rho GTPases which 

regulate actin cytoskeleton, cell polarity and motility, and cell cycle (Kalfa and Zheng 2014). 

One interesting convergence between oocyte PBE and erythroblast enucleation is the 

dependence on vesicle transport for both processes. Crispino and colleagues (Keerthivasan et 

al. 2010; Keerthivasan et al. 2011) demonstrated that vesicle trafficking is required for 

erythroblast enucleation, both by using inhibitors and by knocking down clathrin or survivin, 

two proteins involved in this process. Schuh and colleagues (Schuh and Ellenberg 2007, 

2008; Holubcova et al. 2013) demonstrated that in primary oocytes, the mitotic spindle that 

is located in center of the large cell migrates to the oolemma through a network of actin 

filaments that nucleates around vesicles that move to the spindle. This cytoskeletal 

reorganization is dependent on RhoGTPase and Rab 11. Thus, while there are striking 

differences between oocyte PBE and erythroblast enucleation – the oocyte is a large cell that 

ejects only half its chromosomes from a mitotic spindle while the erythroblast is a much 

smaller cell that ejects its entire nucleus from a G0 state, there are also similarities. Both 

cells eject chromatin that will be degraded. Both processes produce asymmetric daughter 

cells, one of which is destined to die, and both negate vesicle transport in the mechanisms 

that expel the DNA. We felt it was reasonable to test whether ORC4 cage formation was 

involved in erythrocyte enucleation.

We obtained MEL (Murine Erythroleukemia) cells from Dr. John Crispino. MEL cells can 

be propagated in culture indefinitely and exhibit many characteristics of erythroblasts 

(Singer et al. 1974; Antoniou 1991), including enucleation (Volloch and Housman 1982; 
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Patel and Lodish 1987). In this study, we investigated the role of the licensing ORC4 protein 

in erythroblast enucleation by using MEL cells and demonstrated that ORC4 is required 

MEL cell enucleation.

Results

Vacuolin-1 induces enucleation in MEL cells

Before attempting to test the role that ORC4 plays in erythrocyte enucleation we established 

the cell culture system for MEL cells in our lab. We chose the MEL model to study the role 

of ORC4 in erythrocyte enucleation because the process could be controlled and cells could 

be easily counted in our hands. As the MEL cells were cultured and passaged, they appeared 

relatively homogeneous (Fig. 1A). Vacuolin-1 can induce primary erythrocytes to enucleate 

to form mature erythrocytes (Keerthivasan et al. 2012), and MEL can also be induced to 

enucleate by vacuolin-1 (John Crispino, unpublished data). We tested whether vacuolin-1 

could induce MEL cells to enucleate, in vitro, in our hands. MEL cells growing in culture 

were treated with vacuolin-1 for 48 h, and many of the cells enucleated (Fig. 1B). These 

enucleation events were more obvious in our immunocytochemical staining experiments 

when the chromatin that was being expelled was clearly stained with DAPI (Figs. 2M–P, 

below). These results suggested that MEL cells provide a reasonable model for erythrocyte 

enucleation in culture that would be susceptible to experimental manipulation.

ORC4 staining identifies three types of MEL cells before enucleation begins

We next began to test our hypothesis that ORC4 plays a role in erythrocyte enucleation 

similar to the role it plays in polar body extrusion in developing oocytes (Nguyen et al. 

2015; Nguyen et al. 2017). We examined MEL cells by immunocytochemistry (ICC) using 

antibodies to ORC4. When MEL cells were growing exponentially without treatment to 

induce enucleation, we noticed two types of cells. Type A had no ORC4 staining and 

relatively large nuclei (Figs. 2A–D). Type B cells had a small amount of visible ORC4 

surrounding the nucleus and just under the plasma membrane (Figs. 2E–H). When MEL 

cells were induced to enucleate with vacuolin-1 treatment, we noticed two additional types 

of cells. Type C had much stronger expression of ORC4 surrounding the nucleus, and the 

nucleus, itself, was slightly condensed (Figs. 2I–L). Type D cells were in the process of 

enucleation. ORC4 surrounded the chromatin that was being expelled (Figs. 2M–P).

We quantitated the numbers of each type of cell in MEL cells that were growing in culture 

without treatment (control) and 24 and 48 h after the addition of vacuolin-1 (Fig. 3). We 

found that when cells were growing in culture without treatment, the cell types as 

determined by ORC4 staining were asymmetrically divided into a smaller number with no 

ORC4 staining (Type A) and a larger proportion with low levels of ORC4 near the plasma 

membrane. After treatment with vacuolin-1 for 24 h, a greater percentage of the cells were 

Type B. After 48 h of vacuolin-1 treatment, cells with thicker layers of ORC4 around the 

nucleus (Type C) appeared, and a significant portion of the cells were visibly enucleating 

(Type D). A low level of punctate ORC4 was apparent in the reticulocyte. The best estimate 

for the number of cells that progress to full enucleation is the percentage of cells that 

progressed to Type D, which was 30.9% (Fig. 3D)
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Only Type A cells are actively replicating DNA

The graph in Fig. 3 suggest a model of the progression of enucleation in MEL cells in which 

cycling cells have no detectable cytoplasmic ORC4 (Type A) and gradually progress to cells 

that have clear enucleating chromatin (Type D). If this were true, one might expect Type A 

cells to be actively replicating DNA in order to maintain the MEL population, while 

enucleating cells should not be replicating DNA. We tested this by pulsing a population of 

MEL cells that had been treated with vacuolin-1 for 48 h with EdU for one hour. The cells 

were then fixed and double stained for ORC4, to recognize the four distinct cell types and 

for the presence of EdU, a thymidine analogue that indicates DNA synthesis. We found that 

Type A cells (Fig. 4C) had much stronger incorporation of EdU than either Type B (Fig. 4G) 

or Type C (Fig. 4K) and Type D cells had no detectable EdU incorporation. These results are 

consistent with a model for MEL cell progression in which Type A cells maintain the 

population and Types B, C and D are progressively accumulating ORC4 while transitioning 

to enucleation.

ORC4 is required for MEL enucleation

We were previously able to demonstrate that in murine oogenesis, the formation of the 

ORC4 cage was required for polar body extrusion. We tested whether ORC4 synthesis was 

required for the progression of MEL cells from exponentially growing to enucleating cells. 

MEL cells were transfected with plasmids containing expression vectors for either control or 

ORC4 siRNA, and then induced to progress to enucleation with vacuolin-1. Cells were 

stained for ORC4, and the four types of cells were counted after 48 hrs. Control MEL cells 

that were not treated with vacuolin-1 maintained an approximately 1 to 2.5 ratio of Type A 

to Type B cells (Fig. 5). MEL cells that were treated with control siRNA that contained a 

scrambled sequence progressed to enucleated cells just as cells with no siRNA with 

vacuolin-1 did (Fig. 5). However, when cells were transfected with siRNA directed against 

Orc4 mRNA and then treated with vacuolin-1 for 48 h, no enucleated cells could be 

detected. Moreover, the ratio of Type A to Type B was closer to 1 to 1, suggesting that even 

the progression from Type A, with no cytoplasmic ORC4 to Type B, with a low level of 

cytoplasmic ORC4, was decreased. Quantitative RT-PCR of the MEL cells treated with 

control versus Orc4-directed siRNA showed a significant decrease in Orc4 mRNA, but not a 

complete inhibition of Orc4 transcription (Fig. 6).

Discussion

MEL cells are derived from erythroid progenitor cells infected with the Friend virus 

(Antoniou 1991). These cells exhibit many of the characteristics of erythroid differentiation. 

Based on previously unpublished data (John Crispino, personal communication) that MEL 

cells could be induced to enucleate with vacuolin-1, we have now provided evidence to 

support this. The enucleation differs somewhat from in vivo enucleation primarily because 

the expelled nucleus is larger than expected. However, we observed several such events and 

consider this model to be representative of the major components of enucleation.

We propose a model for the progression of MEL cells to enucleation when induced by 

vacuolin-1 based on ORC4 staining and cell morphology, summarized in Fig. 7. Based on 
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the fact that Type A were the cells that incorporated the highest amount of EdU in pulsed 

experiments, and that they are always present under any condition, we suggest that these are 

the cells that maintain the MEL cell population. It is also possible that Type B cells have 

some replicative potential, but we were not able to detect that. Normal erythroblasts also 

arrest their cell cycle when they initiate terminal differentiation to erythrocytes 

(Keerthivasan et al. 2011; Ovchynnikova et al. 2018). Only when MEL cells are activated 

with vacuolin-1 do they continue this progression to Type C and D cells. Type C MEL cells 

have condensed nuclei, again mimicking the in vivo progression of erythroblasts to 

enucleated erythrocytes (Jayapal et al. 2010; Ji et al. 2011; Yeo et al. 2019). While this 

condensation was not as dramatic as occurs in vivo, in which erythroblast nuclei condense 

up to seven fold in volume before enucleation (Sasaki et al. 1982), the condensation was 

enough to identify Type C cells as being morphologically distinct from Type B. The novel 

feature that we observed was a more intense staining for ORC4 that surrounds the nucleus, 

suggesting that as the MEL cells progress towards enucleation, they accumulate perinuclear 

ORC4. Finally, we identified cells that were clearly enucleating that had strong ORC4 

staining signals (Figs. 2M–P and 4M–P). We were never able to observe, convincingly, the 

separated pyrenocyte-like cells or the reticulocyte-like cells because we could not be sure of 

identifying these cells. We noticed that in this model, the chromatin appeared to begin to 

degrade when it was being expelled, perhaps a result of the lack of condensation. One 

important aspect of our model for the progression of MEL cells through enucleation is that 

ORC4 accumulates in the cells as they progress. When ORC4 was knocked down by siRNA 

expression, progression to Type C cells and to enucleation (Type D cells) was arrested (Fig. 

5). Interestingly, the percentage of cells that were Type A increased significantly in cultures 

treated with siRNA directed against Orc4 mRNA, suggesting that even the progression from 

Type A to Type B may be dependent on ORC4 production.

When comparing the possible involvement of ORC4 in erythroblast enucleation and oocyte 

polar body exclusion, there are many similarities and some important differences. Both MEL 

cells that are progressing to enucleation and maturing and fertilized oocytes have arrested 

cell cycles and are no longer replicating DNA. In both cell types, ORC4 is located in the 

cytoplasm in the perinuclear area. When fertilized mouse oocytes re-enter the cell cycle and 

begin replicating DNA in the one cell embryo stage, ORC4 moves from the perinuclear 

cytoplasm into the nucleus where it participated in DNA synthesis once again (Nguyen et al. 

2015). In both MEL cells (Fig. 5) and maturing oocytes (Nguyen et al. 2017), ORC4 seems 

to be required for the expulsion of the chromatin.

There are, however, important differences between the two events and the methods used to 

study them. GV oocytes have a large store of ORC4 just below the membrane before 

progressing to anaphase I when the first polar body that excludes chromatin is formed. In 

this case, siRNA had no effect on polar body exclusion (unpublished data). However, since 

the oocytes are large enough to be injected by micromanipulation, small peptides that were 

predicted to inhibit the polymerization of ORC4 to form the cytoplasmic cage that surrounds 

the chromatin that is expelled in the pronucleus did inhibit polar body extrusion (Nguyen et 

al. 2017). MEL cells in log phase growth do not have a significant store of cytoplasmic 

ORC4 – Type A cells have no detectable cytoplasmic ORC4 and Type B cells have minor 

amounts. Furthermore, it is likely that Type B cells are derived from Type A cells and may 
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require ORC4 synthesis. In this case, siRNA treatment would be expected to halt enucleation 

if ORC4 synthesis was required for this process, and this is supported by our data (Fig. 5). 

Another important difference is that MEL cells mimic the terminal differentiation of 

erythroblasts to reticulocytes, while the maturation of oocytes in vitro mimics the initiation 

of embryogenesis. In the latter, ORC4 appears to return to its usual role in DNA synthesis, 

while in the former it does not. Finally, the most important difference in this comparison is 

that in erythroblasts all the chromatin is extruded as a condensed nucleus, while in oocyte 

polar body extrusion half of the DNA is extruded as condensed mitotic chromosomes two 

times. In both polar bodies, the chromatin is quickly decondensed into a small nucleus that is 

capable of DNA replication (Nguyen et al. 2017). The fact that the nuclear DNA replication 

licensing protein ORC4 is involved in chromatin expulsion in two such diverse examples of 

chromatin expulsion during a normal differentiation process is a testament to both the 

body’s creative use of similar pathways for different processes that have similar 

requirements and to the importance of the role of ORC4 in chromatin extrusion.

We recognize that our study suggesting that ORC4 is required for chromatin expulsion in 

MEL cell vacuolin-1 induced enucleation is not a definitive assessment of its role in the in 

vivo enucleation of erythroblasts. We are currently designing experiments to directly address 

through targeted deletion of Orc4 in embryonic erythroblast precursors but this will take 

time. The current study does strongly suggest that ORC4 plays a role in chromatin expulsion 

during blood cell development, in a manner similar to its role in oocyte polar body 

exclusion.

Materials and methodologies

Materials

MEL cells were donated by Dr. Crispino’s lab. All cell culture media, supplements, and 

buffers were from Thermo Fisher (Waltham, MA). Vacuolin-1 was obtained from Millipore 

(Burlington, MA). ORC4 antibodies, siRNA-Control, and siRNA-ORC4 plasmids were 

purchased from Santa Cruz Biotechnology (Dallas, Texas). Edu staining kit and 

Lipofectamin-2000TM were purchased from Thermo Fisher (Waltham, MA).

MEL cells:

MEL, stored at −80°C, were thawed quickly at 37°C. Then the cells were centrifuged to 

discard supernatant. Finally, The MEL cells were cultured in a 15 mL flask with RPMI 1640 

media under 5% CO2 at 37°C.

Immunocytochemistry (ICC):

Immunocytochemistry for ORC4 and EdU incorporation and staining was performed as 

described in (Nguyen et al. 2015).

Enucleation of MEL cells using Vacuolin-1:

MEL cells were incubated with 20 μM of Vacuolin-1 for 24 h or 48 h to induce them to 

enucleate. All cells were incubated at under 5% CO2 at 37°C. After each treatment, MEL 

cells were analyzed by immunocytochemistry or the EdU assay.

Nguyen et al. Page 6

Syst Biol Reprod Med. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Transfection of MEL cells with siRNA.

The transfection of MEL cells was performed by using Lipofectamin-2000™ and 200 nM of 

siRNA-control and siRNA-ORC4 supplement with 20 μM vacuolin-1, according to the 

manufacturer’s protocol. The concentration of MEL cells used for siRNA transfection was 

1.5 −2.0 × 106 cells in 15 mL flask with 6 mL of RPMI 1640 containing serum and 

antibiotics. One vial containing 100 μL Opti-MEM and 2 μL Lipofectamin-2000™ was 

mixed with one vial containing 100 μL Opti-MEM and 200 nM siRNA-ORC4. This 

transfection mixture was incubated for 25 minutes at RT. The MEL cells were centrifuged at 

2,300 × g for 4 minutes to discard supernatant and the pellet of MEL cells were mixed with 

2 mL Opti-MEM and the transfection mixture, then incubated for 6 h under 5% CO2 at 

37°C. Then, MEL cells were again centrifuged to remove supernatant and incubated with 

RPMI 1640 supplemented with 20 μM vacuolin-1 for 24h or 48h. At the desired time points, 

MEL cells were either analyzed for DNA synthesis by the EdU assay or fixed and analyzed 

immunocytochemistry, as described above.

Quantitative RT-PCR

Total MEL cell RNA was extracted with Trizol and DNaseI treatment (Ambion, Austin, 

TX,USA), and purified using an RNeasy kit (Qiagen, Valencia, CA, USA). Reverse 

transcription of polyadenylated RNA was performed with Superscript Reverse Transcriptase 

III, according to the manufacturer’s guidelines (Invitrogen, Carlsbad, CA, USA). RT-qPCR 

was performed using SYBR Green PCR Master mix on an ABI QuantStudio 12K Flex 

machine (Applied Biosystems, Carlsbad, CA, USA). PCR reactions were incubated at 95°C 

for 10 min followed by 40 PCR cycles (10 s at 95°C and 60 s at 60°C). Three experiments 

were analyzed, all reactions were carried out in quadruplicates per assay, and four different 

loading controls, using ubiquitously expressed actin as a control. DCt value for each 

individual sample was calculated by subtracting either the average Ct or geometric mean of 

loading control(s) from the average Ct of a tested gene. DDCt value was calculated by 

subtracting the DCt of each vacuolin-1 treated MEL flask from the untreated MEL controls. 

The data were expressed as a fold value of expression level.
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Figure 1. Induction of Enucleation in MEL Cells with Vacuolin-1 Stimulates MEL Cells to 
Enucleate.
(A) MEL cells were grown continuously in culture without any treatment. The cells are 

relatively uniform, with no spontaneous enucleation. (B). MEL cells were treated with 

Vacuolin-1 for 48 hrs to induce enucleation. Arrows point to enucleating cells. The larger, 

homogenous looking cells will become reticulocytes, and the smaller cells that appear to be 

budding off are the pyrenocytes that contain the extruded nuclei. Arrows, enucleating cells. 

Bar = 10 μm.
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Figure 2. Four Types of MEL Cells are Detected by ORC4 Staining after Vacuolin-1 Treatment 
that Suggest a Progressive Model towards Enucleation.
MEL cells were treated with Vacuolin-1 for 48 hrs and stained with antibodies to ORC4. 

Four different types of cells were identified. (A-D) Type A cells had no ORC4 staining. (E-

F) Type B cells had a small amount of ORC4 staining surrounding the nuclei of the cells. (I-

L) Type C cells had more intense staining of ORC4 around slightly condensed nuclei. (M-P) 

Type D cell were enucleating MEL cells which had more intense ORC4 staining throughout 

both the pyrenocyte and reticulocyte. Cells were stained for DAPI (A, E, I, M) and ORC4 

(B, F, J, N). Merged fluorescence (C, G, K, O), and phase (D, H, L, P) images are shown. 

Bar = 5 μm.
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Figure 3. MEL Cells Treated with Vacuolin-1 Progress to the Enucleation Stage in 48 hrs.
MEL cells were treated with Vacuolin-1 for 0, 24 or 48 hrs and analyzed by 

immunocytochemistry with antibodies to ORC4 combined with DAPI staining to identify 

the cell types. The four cell types that were examined were: Type A cells which had no 

ORC4 staining; Type B cells that had a small amount of ORC4 staining surrounding the 

nuclei of the cells; Type C cells which had more intense staining of ORC4 around slightly 

condensed nuclei; and Type D cells which were enucleating MEL cells which had more 

intense ORC4 staining throughout both the pyrenocyte and reticulocyte. Three experiments 

were performed analyzing a total of 730 cells with at least 234 cells in each category. The 

different cell types were counted.
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Figure 4. Only Type A Cells have Measureable Levels of DNA Replication.
MEL cells were treated with Vacuolin-1 for 48 hrs, then incubated with EdU for 30 min and 

fixed for immunocytochemistry. Cells were stained for DAPI (blue, A, E, I, M) and ORC4 

(note in this panel ORC4 staining is red, B, F, J, N), and EdU (green, C, G, K, O). Merged 

fluorescent and phase (D, H, L, P) images are shown. Cells were then scored for (A-D) Type 

A cells which had no ORC4 staining; (E-H) Type B (cells that had a small amount of ORC4 

staining surrounding the nuclei of the cells; (I-L) Type C cells which had more intense 

staining of ORC4 around slightly condensed nuclei; and (M-P) Type D cells which were 

enucleating MEL cells which had more intense ORC4 staining throughout both the 

pyrenocyte and reticulocyte. Three experiments were performed analyzing a total of 732 

cells with at least 236 cells in each category Bar = 5 μm.
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Figure 5. Treatment with siRNA against Orc4 mRNA Inhibits the Progression of MEL Cells to 
Enucleation.
MEL cells were incubated for 48 hrs with no treatment (Control); or transfected with 

plasmids containing siRNA with a scrambled sequence (siRNA-Ctrl) or siRNA directed 

against Orc4 mRNA (siRNA-ORC4) for 48 hrs with Vacuolin-1. Cells were then fixed, 

stained for ORC4, analyzed for Type A-D, and counted. Type A cells which had no ORC4 

staining; Type B cells that had a small amount of ORC4 staining surrounding the nuclei of 

the cells; Type C cells which had more intense staining of ORC4 around slightly condensed 

nuclei; and Type D cells which were enucleating MEL cells which had more intense ORC4 

staining throughout both the pyrenocyte and reticulocyte. Three experiments were performed 

analyzing a total of 732 cells with at least 236 cells in each category
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Figure 6. RT-PCR Analysis Shows a Significant Decrease in Orc4 mRNA when MEL Cells are 
Treated with siRNA Directed Against Orc4.
MEL cells were treated with plasmids containing genes for siRNA with scrambled Orc4 
sequence (siRNA Cont.) or siRNA directed against Orc4. Cells were then treated with 

Vacuolin-1 for 48 hrs and then analyzed by RT-PCR for the presence of Orc4 mRNA. 

Control cells were not transfected and treated with Vacuolin-1 for 24 (Vac 24) or 48 (Vac 48) 

hours. There was a significant decrease in Orc4 mRNA with siRNA ORC4 as compared with 

the control siRNA.

Nguyen et al. Page 14

Syst Biol Reprod Med. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. The Data Suggest a Model for MEL Cell Progression that Identifies New Cell Types 
Using ORC4 as a Marker.
Our data suggest that MEL cells exist primarily as cell types A and B, with Type A 

generating Type B through replication (though it is also possible that Type B replicate DNA, 

though our data to do not support a robust division of Type B cells). Type B cells have a 

small amount of cytoplasmic ORC4, and these gradually progress to Type C, with larger 

amounts of cytoplasmic ORC 4 but no DNA replication. As the nuclei condense, they start 

to be evicted from the cell, becoming Type D cells. ORC4 appears punctate throughout the 

cytoplasm of both the reticulocyte and the pyrenocyte (that contains the extruded nucleus). 

We never observed Type E cells that we could clearly distinquish because the pyrenocytes 

are programmed to degrade.
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