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The controversy of adjuvant radiotherapy of meningiomas is at least partially due to

the insufficient understanding on meningioma cells’ response to irradiation and the

shortage of radiosensitivity-promotion methods. MicroRNA-221 and microRNA-222

were identified as critical regulators of radiosensitivity in several other tumors. However,

their effect in meningiomas has yet to be confirmed. Therefore, themalignant meningioma

IOMM-Lee cells were adopted, transfected withmicroRNA-221/222mimics or inhibitors,

and irradiated with different dosages. The effects of radiation and microRNA-221/222

were then assessed in vitro and in vivo. Radiation dose increases andmicroRNA-221/222

downregulation synergistically inhibited cell proliferation and colony formation, prevented

xenograft tumor progression, and promoted apoptosis, but antagonistically regulated cell

invasiveness. Pairwise comparisons revealed that only high-dose radiations (6 and 8Gy)

can significantly promote cell invasiveness in comparison with unirradiated counterparts.

Further comparisons exhibited that downregulating the microRNA-221/222 expression

can reverse this radiation-induced cell invasiveness to a level of untransfected and

unirradiated cells only if cells were irradiated with no more than 6Gy. In addition, this

approach can promote IOMM-Lee’s radiosensitivity. Meanwhile, we also detected that

the dose rate of irradiation affects cell cycle distribution and cell apoptosis of IOMM-Lee.

A high dose rate irradiation induces G0/G1 cell cycle arrest and apoptosis-promoting

effect. Therefore, for malignant meningiomas, high-dose irradiation can facilitate cell

invasiveness significantly. Downregulating the microRNA-221/222 level can reverse

the radiation-induced cell invasiveness while enhancing the apoptosis-promoting and

proliferation-inhibiting effects of radiation and promoting cell radiosensitivity.

Keywords: invasiveness, radiosensitivity, microRNA-221/222, IOMM-Lee, dose rate, epithelial–mesenchymal

transition-inducing transcription factors
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FIGURE 2 | Phosphatase and tensin homolog (PTEN) is a target gene of miR-221 and miR-222 in IOMM-Lee cells. (A,B) Significantly decreased luciferase activities

were revealed after the cotransfection of miR-221 mimics or miR-222 mimics and psi-check2-PTEN in dual luciferase reporter assay. (C,D) Western blot analysis

exhibited that the expression of PTEN was positively correlated with radiation dose but negatively correlated with miR-221/222 expression.

accumulation to facilitate its therapeutic effects in some
tumors. H460 cells obtained enhanced PTEN expression after
irradiation in Il Lae Jung’s previous research of nonsmall
cell lung cancer (67). Similarly, the present radiation
dose-dependent increase in PTEN in the IOMM-Lee cells
suggests that the abovementioned mechanisms were activated
during radiotherapy in meningiomas. Moreover, improved
radiotherapeutic response in meningiomas can be achieved

by further upregulation of PTEN through inhibiting the
miR-221/222 expression.

The radiosensitization of PTEN has also been reported in
previous literature: Rosser et al. identified forced expression of
PTEN as a valuable approach to achieve radiosensitization in
prostate cancer cells (68); multiple studies confirmed that the
radioresistance of nasopharyngeal carcinoma could be enhanced
by suppressing the expression of PTEN (69–71); consistent
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FIGURE 3 | Downregulating miR-221/222 expression along with radiation suppresses subcutaneous tumor growth in vivo. (A) Exhibits the xenograft tumors from

different treatment subgroups. (B) Reveals that both inhibition of the miR-221/222 expression level and ionizing radiation significantly suppress tumor growth in nude

mice.

conclusions were obtained in the corresponding researches of
non-small cell lung carcinoma (72), hepatocellular carcinoma
(73), and esophageal cancer (74). Accordingly, the present
observations indicate that the radiosensitization of miR-221/222
inhibition in IOMM-Lee cells was achieved by its further
upregulation of PTEN expression on the basis of IR-induced
PTEN accumulation.

Downregulation of miR-221/222

Expression Can Reverse
Radiation-Induced Cell Invasiveness
The IR-induced invasiveness of IOMM-Lee cells enhanced
significantly as radiation dosage increased. Downregulation of

miR-221/222 could promote the expression of PTEN and reverse
the IR-enhanced cell invasiveness. As previously described, the
IR-enhanced cell invasiveness is associated with EMT. Aside
from their abovementioned radiosensitivity-regulatory effect,
miR-221 and miR-222 have also been revealed to promote
EMT (75) and increase migration and invasion in several other
tumors (76). As a target of the miR-221/222 cluster, PTEN has
been verified to possess the ability of reversing EMT in Jin’s
radioresistant esophageal cancer cells study (74). Therefore, it
is conceivable that miR-221/222 downregulation reverses the
radiation-induced cell invasiveness and is achieved by the EMT-
reversion effect of accumulated PTEN. However, the underlying
mechanisms of PTEN-regulated EMT in meningiomas require
further investigations.
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TABLE 8 | Time-varing tumor volumes of IOMM-Lee xenograft tumors in various treatment groups.

Days Description Unradiated groups (Mean ± Standard deviation) Radiated GROUPS (Mean ± Standard deviation)

Control Scramble Mimics Inhibitor Control Scramble Mimics Inhibitor

−3 1st Pre-treat 37.046 ± 18.881 25.701 ± 10.108 27.921 ± 13.966 34.697 ± 23.985 32.867 ± 18.433 18.493 ± 5.085 20.396 ± 15.011 20.432 ± 15.302

−1 2nd Pre-treat 92.979 ± 57.307 65.933 ± 33.077 59.935 ± 42.045 99.533 ± 97.297 78.893 ± 55.275 52.566 ± 25.984 89.624 ± 103.919 64.602 ± 57.082

0 1st -injection

1 1st-measure 252.025 ± 129.423 207.469 ± 60.287 313.998 ± 116.227 325.252 ± 224.913 248.363 ± 137.236 198.245 ± 100.424 288.830 ± 235.379 329.696 ± 104.858

2 1st -IR

3 2nd-measure 378.611 ± 171.727 277.653 ± 100.420 628.602 ± 167.446 264.124 ± 176.213 344.355 ± 158.887 266.415 ± 88.061 414.844 ± 269.869 253.916 ± 71.315

4 2nd -injection

5 3rd-measure 819.921 ± 184.435 497.531 ± 173.248 1059.213 ± 222.273 211.468 ± 132.266 569.421 ± 196.957 414.461 ± 192.684 590.938 ± 250.908 190.157 ± 60.905

6 2nd -IR

7 4th-measure 956.500 ± 195.499 626.219 ± 233.596 1478.570 ± 223.009 162.200 ± 97.474 801.723 ± 206.409 613.421 ± 252.433 939.645 ± 290.516 140.574 ± 47.782

8 3rd -injection

9 5th-measure 1118.742 ± 191.996 843.166 ± 185.583 1679.081 ± 206.211 165.412 ± 134.343 686.242 ± 211.075 518.079 ± 192.757 1111.826 ± 277.750 132.189 ± 44.762

Multiple comparisons (the 5th-measure), P-value

Unradiated-Control 0.157 <0.0001* <0.0001* 0.001* <0.0001* 1.000 <0.0001*

Unradiated-Scramble <0.0001* <0.0001* 1.000 0.035* 0.191 <0.0001*

Unradiated-Mimics <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Unradiated-Inhibitor <0.0001* 0.014* <0.0001* 1.000

Radiated-Control 1.000 0.001* <0.0001*

Radiated-Scramble <0.0001* 0.005*

Radiated-Mimics <0.0001*

IR, ionizing radiation; Pre-treat, Pre-treatment.

*Indicates statistical significance, and relevant P values are emphasized in bold.
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FIGURE 4 | Downregulation of miR-221/222 expression and ionizing radiation promote the expression of phosphatase and tensin homolog (PTEN) in vivo. (A,B)

Show the relative expressions of miR-221 and miR-222 in subcutaneous tumors of different subgroups, respectively. (C) Exhibits immunohistochemical staining for

PTEN (bottom, 400×) and their corresponding H&E staining (top, 400×) of tissue sections from each subgroup.

Dose Rate of Irradiation Affects Cell Cycle
Distribution of IOMM-Lee
In previous studies of IOMM-Lee cells, (1) Gogineni et al.
indicated that radiation treatment (7Gy) induced G2/M cell
cycle arrest and a resultant decrease in the G0/G1 or S phase
when evaluated against the unirradiated cells, as well as an
insignificant cell-death-promoting effect (77). (2) However, by

comparing the 5-Gy irradiated cells with unirradiated cells,
Winson et al. exhibited a cell cycle distribution consist of
an increased G0/G1, a decreased S, and an increased G2/M

population, accompanied by an increment in apoptosis rate (78).

The present results of radiation-induced G0/G1 cell cycle arrest
and apoptosis-promoting effect are consistent with Winson’s

research while opposite to Gogineni’s study (Tables 1–4 and
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Figures 1D–G). To determine the underlying causes of these
opposites, we compared the data and discovered that the main
difference is the dose rate, which was 0.71 and 3.2 Gy/min in the
Gogineni’s study (77) and the present study, respectively, while
Winson et al. did not provide theirs (78).

According to Hall’s revised and updated illustration of
the dose-rate effect (79), the dose–response curve becomes
progressively shallower as the dose rate reduces, indicating an
increment in sublethal damage repair. Cells rest on their cell cycle
phase without progression. However, a further reduction in dose
rate in a limited range allows cells to progress through the cycle
and accumulate in G2, resulting in the inverse dose-rate effect.
The critical dose rate of IOMM-Lee initiating this effect has not
been determined. With a higher dose rate in the present study,
the capability of cells to repair sublethal damage was restrained,
which further leads to an increase in apoptotic rate with a fixed
cell cycle distribution. The dose rate used by Gogineni et al. is
lower, which might have triggered the inverse dose-rate effect.
This dose rate might not significantly increase cell death but have
gradually accumulated cells to rest on G2 phase, and these may
explain their cell cycle and apoptosis results.

In Kurpinski’s research of differential effects of X-rays on
human mesenchymal stem cells (80), it is proved that X-ray
at a high dose rate (1 Gy/min) induces a significant increase
in population of G0/G1 phase, a decrease in S phase, and no
significant changes in G2/M phase in comparison with a low dose
rate counterpart (0.1 Gy/min). We observed that the sub-G0/G1
population, which is referred to as an indicator of cell death,
increased following a high dose rate radiation in IOMM-Lee cell
(Tables 1, 2, 4 and Figures 1F,G). Combine with the dose-rate
effect, these indicate that, within certain range, a higher dose-
rate radiation treatment induces G0/G1 arrest and a relevant
increased sub-G0/G1 population.

LIMITATIONS

It is noteworthy that the present research is based only on
one single meningioma cell line IOMM-Lee, which may
not comprehensively reflect other cell lines. Acquisition
of other meningioma cell lines is beyond our ability,
and the corresponding assays should be performed for
comprehensive evaluation.

CONCLUSION

Radiation inhibits proliferation and promotes apoptosis and
invasiveness in IOMM-Lee cells. Downregulating miR-221/222
expression can reverse this radiation-induced cell invasiveness
while enhancing the apoptosis-promoting and proliferation-
inhibiting effects of radiation and promoting cell radiosensitivity.
Meanwhile, the dose rate of irradiation was also revealed to

affect cell cycle distribution and cell apoptosis of IOMM-
Lee. A high dose-rate irradiation induces G0/G1 cell cycle
arrest and apoptosis-promoting effect. These findings suggest
that the downregulation of miR-221/222 is a promising
method of improving radiotherapeutic efficacy and preventing
postradiotherapeutic tumor recurrence. Future investigations of
meningioma cells may focus on the interaction mechanisms
betweenmiR-221/222 and IR-induced EMT and EMT-TFs, which
may improve the understanding of radiotherapeutic toxicities
and achieve more effective toxicity avoidance.
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