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Supporting Text S5: The antiproliferative responses to X-ray exposure
Rendering the proliferation after X-ray exposure with the best fit of the final model provided a deeper view of the antiproliferative responses to the radiation, with a number of findings that can be compared with published radiobiological studies, and others that are new. Moreover, our study covers a wide range of doses, providing a dose-response of each effect, which was never attempted before to our knowledge.

Probably the most complete published TL studies after X-ray exposure are those of Forrester at al. on rat embryo cells [1] and malignant lymphoid cells [2]. These authors detected different fates of irradiated cells and observed that 1) different death modalities are exploited, such as rapid-interphase apoptosis, delayed apoptosis, and post mitotic apoptosis; 2) cell death may also occur after one or more divisions and is not immediately followed by membrane disruption; 3) cytostatic effects can be long-lasting, part of the cells remaining alive without dividing up to the end of the observation period; 4) polyploidization was important and occurred by re-fusion of sister cells. These effects were also observed in our experiments with IGROV-1 cells, suggesting that they are not peculiar to a specific cell line.

Perturbations of all cell cycle phases have also been reported (see 
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[3,4]
 for review), using DNA or DNA-BrdU FC analyses, although rarely all the perturbations have been examined at the same time.

Higashikubo et al., with BrdU pulse-chase experiments, detected only G2 delays of CHO cells irradiated in S and G2 phases at relatively low doses [5], while at higher doses G1 arrest and DNA synthesis delay were observed [6]. G1 arrest was observed in other cell lines dependent on p53 status 
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. Molecular studies have evidenced two mechanisms of G1 arrest that are triggered by ionizing radiation: a short-term p53-independent block relying on immediate ATM-dependent cyclin D degradation and a long-term block with higher and persistent p53 levels 
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[10-14]
.

The IGROV-1 cells used in the present work have functional p53, and we observed a G1 block already at 0.5 Gy not only in gen0 but also in gen1 and gen2, with different features. For gen0, part of the cells exposed to X-rays in G1 were immediately intercepted at the G1 checkpoint, possibly exploiting the rapid response of the p53-independent block pathways. Blockade affected 20% of the G1 cells treated with 0.5 Gy, while with 2.5 Gy about 65% of the cells in G1 were intercepted by this checkpoint or died rapidly (15%). Because these fractions did not increase at higher doses, the minority of cells (20%) that were not intercepted by the G1 checkpoint even at high doses were possibly the closest to the start of S phase and entered S before activation of the block, in keeping with the different radiosensitivity of G1-early and G1-late cells reported by Yount et al. [13]. The G1 death rate remained unchanged in the 2.5-10 Gy dose range. A possible threshold for cell kill is therefore between 0.5, where no death was observed, and 2.5 Gy. The main effect on G1 of the dose increase between 2.5 and 10 Gy was a reduction of repair, reflected by the recycling rate, which approximately halved when the dose doubled. Recycling was not observed until about 9h after exposure, indicating that the overall process of damage recognition, arrest, processing and release of the block required at least that time, which then lengthened with the dose. Thus, the dose-dependence of G1 checkpoint activity in gen0 has two distinct regions: between 0.5 to 2.5 Gy where the blocking activity rises to a maximum of blocked cells, and a second region above 2.5 Gy where the blocking activity is stable but the ability to repair the damage decreases, shifting the death/repair balance towards death.

At the end, among cells irradiated in G1, two distinct subsets continued cycling: those that completely bypassed the checkpoint (~75% at 0.5 Gy and ~20% at ≥2.5 Gy) and cells able to recycle after an arrest (from ~40% at 2.5 Gy to 20% at 10 Gy) (regardless of whether they had successfully completed damage repair or not).

For the G1 checkpoint activity in the descendants of irradiated cells (gen1 and gen2), with 0.5 Gy it was similar to gen0, while at higher doses it had distinct features. This block affected about half the cells reaching G1 with 2.5 Gy, both in gen1 and gen2. Again, the effect reached a plateau at 2.5 Gy, with no increase at higher doses. Recycling was much lower at this checkpoint than for gen0, almost undetectable from 5 Gy, the fate of most blocked cells being death.

For the G2M checkpoint, Eriksson demonstrated a transient G2 arrest, not enough to complete repair [15]. Alteration of cyclin B-based control led to G2 arrest, favouring repair which, however, is not necessarily completed before block release and cell division 
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[16]
. Xu et al. suggested two distinct G2 checkpoints are activated after X-ray exposure: one short-term, ATM-dependent and dose-independent above 1 Gy, the other long-term, ATM-independent and dose-dependent [17]. ATM in fact is primarily involved in the early response after irradiation in all cell cycle phases 
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.

We found that the blocking activity of the G2M checkpoint was dose-dependent, very weak with 0.5 Gy but steadily increasing, with more than 98% arrested cells at 10 Gy. More strikingly, the death/repair balance was completely on the side of repair with no detectable death even at the highest dose. Additionally, we could distinguish a gen0 G2M block of BrdU- from BrdU+ cells. BrdU+ cells (irradiated in S) were intercepted by the G2M checkpoint but recycled slowly, after a long time in the G2M block; both block and recycling showed dose-dependence, with almost all cells blocked and a very slow recycle with 10 Gy.

In the BrdU- subset, we further distinguished cells irradiated in G2M, dividing in less than 5h in controls, and cells irradiated in G1. The block of BrdU- cells irradiated in G2M was weaker than that of BrdU+, almost undetectable at 0.5 Gy and brief, with fast recycling up to 5 Gy. However, most of these cells died in G1 in gen1 (50% with 2.5 Gy to 95% with 10 Gy, as predicted by the final model) and the majority of cells that divided the second time died in gen2, with 18% (2.5 Gy) to 0.5% (10 Gy) of them reaching gen3. This suggests the G2M checkpoint in gen0 was unable to complete repair, allowing the cells to divide even with DNA damage, eventually leading their descendants to death.

Among cells irradiated in G1, those which did not experience any delay in G1 reached the G2M checkpoint between 10 and 24h (2.5 and 5 Gy) or between 20 and 42h (10 Gy, with a delayed passage in phase S), while cells recycled from G1 block arrived later. The G2M checkpoint intercepted at least part of the cells not arrested in G1, while cells recycled from G1 were possibly not arrested in G2M, although this was not completely resolved by modelling as the exit of these cells from G2M overlapped that of other cells recycling from G2M block.

The G2M checkpoint of gen1 and gen2 descendants was activated with 2.5 Gy, appearing weaker than in gen0, and was negligible with 0.5 Gy. In gen1, G2M-blocked cells were able to recycle up to 5 Gy, while in gen2 only a few were able to recycle also at 2.5 Gy, the others being destined to die. In general, repair ability decreased from gen0 to gen1 to gen2.

S checkpoint activity was modest in gen0. Cells irradiated in S-phase were only slightly delayed in S, suggesting this checkpoint is poorly sensitive to direct DNA damage induced by X-rays, while cells irradiated in G1 were delayed when they reached S phase, but only at the highest dose. S checkpoint activity became important in gen1 already with 2.5 Gy. The presence of this effect in descendants and not in cells directly exposed to radiation suggests that gen1 cells carry a different kind of damage resulting from previous incorrect replication or mitosis.

Our data thus point to an unexpected high complexity of the antiproliferative mechanisms, with cell cycle impairments/repair not confined in a single phase, extending over generations. Only weak G1 and G2M blocks were active with 0.5 Gy, while at 2.5 Gy all checkpoints were in play, although with different intensity. Cell cycle impairments on descendants were different from those of directly irradiated cells (gen0), and with 2.5 or higher doses they were similarly active in all cell cycle phases, eventually leading to cell death. This suggests that different checkpoint pathways were activated in gen1 and gen2 from gen0, to deal with different kinds of damage, resulting from previous incomplete processing by proper checkpoints and/or from secondary damage introduced during S and M phases of cells with not fully repaired DNA 
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[19,20]
. An incomplete mitotic process is also indicated by the tetraploidization effect, which was also dose-dependent. These damage production/processing mechanisms on descendants may be not limited to gen1 and gen2, but we could not draw conclusions on subsequent generations, as our observation ended at 72h. Studies at longer times, though not technically straightforward, would answer this question.
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