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SUMMARY

Paradoxically, many microRNAs appear to exhibit entirely opposite functions
when placed in different contexts. For example, miR-125b has been shown to
be pro-apoptotic in some studies, but anti-apoptotic in others. To investigate
this phenomenon, we combine computational modeling with experimental ap-
proaches to examine how the function of miR-125b in apoptosis varies with
respect to the expression levels of its pro-apoptotic and anti-apoptotic targets.
In doing so, we elucidate a general trend that miR-125b is more pro-apoptotic
when its anti-apoptotic targets are overexpressed, whereas it is more anti-
apoptotic when its pro-apoptotic targets are overexpressed. We show that it is
possible to completely reverse miR-125b0s function in apoptosis by modifying
the expression levels of its target genes. Furthermore, miR-125b0s function
may also be altered by the presence of anticancer drugs. These results suggest
that the function of a microRNA can vary substantially and is dependent on its
target gene expression levels.

INTRODUCTION

MicroRNAs (miRNAs) are 18-25 nucleotide-long, noncoding RNA molecules that negatively regulate the

expression of target genes by inhibiting mRNA function and facilitating mRNA degradation. They are of

great interest as therapeutic targets for cancer therapy, as they are highly dysregulated in nearly all cancers.

However, to maximize the therapeutic benefits and minimize adverse effects of miRNA-modulating cancer

therapies, it is important to have a clear understanding of the mechanisms underlying the oncogenic or tu-

mor suppressive properties of miRNAs. More and more, it is becoming apparent that the simple classifica-

tion of a miRNA as oncogenic miRNA (oncomiR) or tumor suppressor can be misleading, as many miRNAs

have been demonstrated to be oncogenic in certain contexts but tumor suppressive in others (Svoronos

et al., 2016). For example, miR-155 is a potent oncomiR in many cancers and is even capable of generating

an aggressive disseminated lymphoma when overexpressed in mouse lymphoid tissues (Babar et al., 2012),

yet it has also been found to act as a tumor suppressor in gastric cancer, ovarian-cancer initiating cells, and

a subset of acute myeloid leukemia through the suppression of key oncogenes (Li et al., 2012; Palma et al.,

2014; Qin et al., 2013). Similarly, although miR-125b typically serves as an oncomiR in hematologic cancers,

it acts as either an oncomiR or a tumor suppressor in many solid tumors (Sun et al., 2013). The interested

reader is referred to Svoronos et al. (2016) for several other examples of this phenomenon. Notably, this

phenomenon likely applies to many, if not most, miRNAs. As a precursor to the present study, we analyzed

the literature of twenty randomly-selected, well-studied miRNAs in terms of their individual functions with

respect to three processes in cancer development (apoptosis, cell proliferation, and invasion/metastasis).

We found that, for 85% of the miRNAs, there were simultaneously both reports indicating a promoting ef-

fect and reports indicating a suppressive effect in one or more of the three processes (Table S1).

Although the mechanisms behind this phenomenon have yet to be studied in detail, one likely explanation

is that an individual miRNA can have tens to hundreds of target genes, some of which may be oncogenic

and others of which may be tumor suppressive. Depending on the specific cancer and which oncogenic/

tumor suppressive pathways are up/downregulated, the miRNA may have an overall net oncogenic or

net tumor suppressive effect. Consequently, it may be possible for a miRNA’s function to change when

the expression levels of its target genes change.

To examine this hypothesis, we generated a computational model of the effect of miRNA-125b (miR-125b)

on the apoptosis pathway. MiR-125b is a classic example of a miRNA that is oncogenic in some contexts but
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Figure 1. Computational model of miR-125b-modulated portion of the apoptosis pathway

(A) Diagram of the modeled portion of the apoptosis pathway. Blue and orange boxes represent pro-apoptotic and anti-

apoptotic members of the pathway that are targeted by miR-125b, respectively. Green boxes represent closely

interacting members of the pathway that are not targeted by miR-125b. Green arrowheads from P53 represent

transcriptional activation. Gold arrowheads represent activation of inactivated BAX/BAK1 (inBAX/inBAK1) to the form of

activated BAX/BAK1 (aBAX/aBAK1). Hammerheads represent inhibition by competitive binding. Activated BAX and

BAK1 form homodimers on the mitochondrial membrane, which are in turn linked together to form pores that result in

increased mitochondrial outer membrane permeability (MOMP) and apoptosis.

(B) Model-predicted MOMP as a function of time for varying degrees of fractional inhibition of miR-125b0s targets in the

apoptosis pathway.

(C) Steady State MOMP as a function of the relative inhibition of miR-125b0s targets in the apoptosis pathway. For (B) and

(C), the model was run with the default parameter values and 400 nM baseline activator.
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tumor suppressive in others, as it targets several genes with opposing functions in cell proliferation,

apoptosis, and metastasis (Shaham et al., 2012; Sun et al., 2013). We focus on miR-125b0s role in apoptosis,

as its targets include several directly interacting pro- and anti-apoptotic members of the pathway, which

can be modeled using a system of differential equations. It is therefore an opportune system for examining

the expression-level hypothesis. From the model, we find that miR-125b is more pro-apoptotic when its

anti-apoptosis targets are overexpressed and/or its pro-apoptosis targets are underexpressed, and vice

versa. We provide experimental evidence to support the model’s conclusions, and we find that exposure

of cells to various anticancer drugs also influences whether miR-125b is tumor suppressive or oncogenic.

Our results suggest that miRNA function is not static. Rather, a miRNA’s function can be completely altered

by changing the expression levels of its target genes.

RESULTS

Design of a mathematical model to predict the effect of miR-125b on the apoptosis pathway

We constructed a mathematical model to describe the portion of the apoptosis pathway affected by miR-125b

(Figure 1A). Within the apoptosis pathway, miR-125b directly targets the pro-apoptosis genes TP53 (P53), BBC3

(PUMA),BMF, andBAK1 and the anti-apoptosis genesMCL1, BCL2, andBCL2L2 (BCL-w) (Fan et al., 2018; Gong

et al., 2013; Le et al., 2009; Shahamet al., 2012; Shi et al., 2007, 2011; Sun et al., 2013;Willimott andWagner, 2012;
2 iScience 24, 103208, October 22, 2021
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Wuet al., 2013; Xia et al., 2009; Zhao et al., 2012; Zhou et al., 2010). It also indirectly influences the pro-apoptosis

protein BAX through modulation of P53 (which transcriptionally activates BAX along with PUMA), MCL1, BCL2,

andBCL-wexpression levels.Within themodeledpathway, themost downstreameffectors of apoptosis are BAX

and BAK1. These proteins ultimately form homodimers on themitochondrial membrane, which are in turn linked

together to form pores that promote the release of mitochondrial contents, including cytochrome c, into the

cytoplasm (Korsmeyer et al., 2000). Cytochrome c in turn activates the caspase cascade, resulting in cell

apoptosis. MCL1, BCL2, and BCL-w inhibit BAX and BAK1 via directly binding them and forming a complex,

which inhibits their further function (Westphal et al., 2014). PUMA and BMF in turn inhibit the inhibitors, thereby

promoting apoptosis, by forming alternate complexes with MCL1, BCL2, and BCL-w. Of note, in the literature,

there are currently two proposed models of the apoptosis pathway, referred to as the direct activation model

and the indirect activation model, respectively (Westphal et al., 2014). In the indirect activation model, BAX

and BAK1 are constitutively active unless bound by anti-apoptosis proteins. PUMA and BMF therefore enable

apoptosis to occur by reducing this binding. In the direct activation model, PUMA has the additional function

of activating BAX and BAK1 from inactive to active states. In their inactive states, they remain unbound. Once

activated by PUMA, BAX and BAK1 are held in check by the anti-apoptosis proteins, which PUMA and BMF

can competitively bind with to result in the release of activated BAX and BAK1. In the present study, we focus

on the direct activation version of the pathway, as there is generally more support for it in the literature, but

our conclusions are unaltered by this choice, as shown in the supplement. Of note, there are several other pro-

teins in the pathway with functions redundant to the abovementioned proteins, but which are not regulated by

miR-125b. Examples include BIM (redundant to PUMA), BAD (redundant to BMF), and BCL2L1 (redundant to

MCL1, BCL2, and BCL-w). We do not consider these proteins here, as our goal is solely to investigate trends

in the overall function of miR-125b in the apoptosis pathway, which should be unaffected by functionally redun-

dant proteins. In addition, we do not aim for quantitative accuracy in terms of the model’s predictions.

The mathematical model consists of a series of ordinary differential equations (ODEs) (Table S2), which were

derived using standard dynamical modeling principles. The model calculates the concentration vs. time of

each state of each member of the apoptosis pathway both before and after the induction of apoptotic stress

via P53 activation, given a set of predetermined rate constants, which define the rates of production, degrada-

tion, and, where applicable, binding, unbinding, activation, and deactivation of each protein, given a user-

defined miR-125b level. All parameter values in the model were either directly acquired or calculated from

real, measured values in the literature. The main output of the model is the sum of BAX and BAK1 homodimers,

which serve as a proxy for themitochondrial outermembranepermeability (MOMP), which in turn represents the

likelihood that apoptosis will occur. To account for the effects of miR-125b, the production rate of each compo-

nent of the pathway targeted bymiR-125b was reduced by a user-defined percentage. Notably, this percentage

was assumed to be the same for each of miR-125b0s targets, meaning that miR-125b was assumed to have the

same affinity for each. In reality, variations in the miR-125b target site sequence and mRNA secondary structure

may cause differences in the affinity of miR-125b for its target genes. However, we emphasize that this model is

not meant to be quantitatively predictive. Rather, it is meant solely to be qualitatively predictive and thereby be

useful for elucidating overall trends and how various factors affect them. Furthermore, it is important to keep in

mind that our model is limited to the effects of miR-125b on the apoptosis pathway. Because of miR-125b0s ef-
fects on cell proliferation, metastasis, and differentiation, miR-125b0s effects on apoptosis are not necessarily

indicative of whether miR-125b exerts a net oncogenic or net tumor suppressive effect. All of the model equa-

tions, the methodology by which they were derived, all parameter values, and the code used to run the model

are presented in the STAR Methods and supplemental information (Tables S2–S5, Data S1).

Each time themodel was run, all concentrations were allowed to equilibrate to steady-state, after which P53

activation was induced and a new steady-state was reached. Predicted protein concentrations during a

typical model run are shown in Figure S1. To assess the dependence of apoptosis on miR-125b level,

the model was run with the default parameters and varying degrees of fractional inhibition by miR-125b,

ranging from 0 to 1 (Figures 1B and 1C). As can be seen, the steady state MOMP experiences an overall

decrease with increasing miR-125b. Thus, with the default parameters, miR-125b exerts an overall net

anti-apoptotic effect.
Effect of common cancer mutations on the apoptoticity of miR-125b

The modeled portion of the apoptosis pathway includes genes which are frequently mutated in cancer. We

hence used the model to investigate how common cancer mutations affect the apoptoticity of miR-125b

(i.e., the average slope of the curve for MOMP vs. miR-125b level, which is a measure of how pro-apoptotic
iScience 24, 103208, October 22, 2021 3



Figure 2. Effect of common cancer mutations on miR-125b apoptoticity

(A and B) Steady State MOMP vs. miR-125b level for when the computational model was run with varying degrees of BCL2 overexpression (A) or P53

repression (B). Note that the average slope of the line (i.e., the apoptoticity of miR-125b) becomes increasingly positive with increasing BCL2 expression and

decreasing P53 expression.

(C and D) Kaplan-Meier analysis of The Cancer Genome Atlas (TCGA) pan-cancer overall survival data. Patients were first stratified by BCL2 (C) or P53 (D)

tumor expression level (low vs. high), and then further subclassified by miR-125b expression level.
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(more positive slope) vs. anti-apoptotic (more negative slope) miR-125b is). With the default parameters,

our model predicts that miR-125b exerts a net anti-apoptotic effect. However, miR-125b is tumor suppres-

sive in many cancers, and we thus postulated that, given the right parameters, miR-125b could be driven to

exert a net pro-apoptotic effect. In chronic lymphocytic leukemia (CLL), BCL2 is characteristically overex-

pressed, and inhibition of BCL2 potently suppresses the cancer (Roberts et al., 2012). In addition, Tili

et al. demonstrated that miR-125b is tumor suppressive in CLL, but they did not link this to the effect of

miR-125b on BCL2 expression (Tili et al., 2012). This is in contrast to the vast majority of hematologic

malignancies, for which miR-125b acts as an oncomiR (Shaham et al., 2012). We thus hypothesized that in-

hibition of BCL2 by miR-125b could account, at least partially, for the tumor suppressive effect of miR-125b

in CLL. We postulated that when BCL2 is highly overexpressed, as it is in CLL, miR-125b could reverse its

role so as to produce a net pro-apoptotic effect. To test this, we ran our model with varying degrees of

BCL2 overexpression, manifested by increasing the BCL2 production rate constant (Figure 2A). As can

be seen, the apoptoticity of miR-125b increases with increasing BCL2 expression. Our results therefore

support that miR-125b exerts a pro-apoptotic effect in cancers that overexpress BCL2, which can at least

partially account for miR-125b0s tumor suppressive effect in CLL.

We also examined the effect of P53 loss on miR-125b apoptoticity. We ran the model with varying degrees

of P53 loss and found a corresponding increase in the apoptoticity of miR-125b (Figure 2B). These results

suggest that miR-125b is more likely to be tumor suppressive in a cancer with P53 loss. Interestingly, miR-

125b predominantly acts as a tumor suppressor in the five cancers with the highest rates of P53 mutation

(ovarian, colorectal, esophageal, head and neck, and laryngeal cancer) (Fan et al., 2018; Guan et al., 2011;

Hui et al., 2018; Nakanishi et al., 2014; Olivier et al., 2010; Yang et al., 2019). Conversely, in the vast majority

of hematological cancers, which exhibit low rates of P53 mutation (Olivier et al., 2010; Peller and Rotter,

2003), miR-125b is oncogenic (Shaham et al., 2012; Sun et al., 2013).

To investigate our model’s predictions further, we analyzed pan-cancer data from The Cancer Genome

Atlas (TCGA) (Cancer Genome Atlas Research Network et al., 2013). We found that miR-125b expression

is associated with enhanced overall survival in patients exhibiting tumors with either high BCL2 or low
4 iScience 24, 103208, October 22, 2021



Figure 3. MiR-125b function is altered in opposite directions by changing the expression levels of its pro-

apoptotic and anti-apoptotic targets, respectively

Difference in apoptoticity (average slope of curve for MOMP vs. miR-125b) compared to default parameter values for each

miR-125b-targeted component of the model when the respective basal production rate was increased 10-fold (black) or

decreased 10-fold (gray). MiR-125b is more anti-apoptotic left of the vertical axis and more pro-apoptotic right of the

vertical axis.
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P53, respectively, but not in patients with tumors exhibiting low BCL2 or high P53 (Figures 2C and 2D).

Hence, the TCGA data suggest that miR-125b is more likely to be tumor suppressive in cancers overex-

pressing BCL2 or underexpressing P53, consistent with the results of our model.

Effect of a 10-fold increase or decrease in expression of each apoptosis pathway component

on miR-125b apoptoticity

To determine the effect of the expression of each component of the model on the apoptoticity of miR-

125b, we ran the model with either 10-fold increased expression or 10-fold reduced expression of each

component (Figure 3). This analysis elucidated a general pattern for miR-125b apoptoticity: miR-125b

was more anti-apoptotic when the expression of its pro-apoptotic targets was increased, while miR-

125b was more pro-apoptotic when the expression of its anti-apoptotic targets was increased. The same

pattern also held true when the respective expression levels were decreased, and analogous results

were found when themodel wasmodified to reflect the indirect activation version of the apoptosis pathway

(Figure S2). Together, these data constitute an important finding, as they reveal a general mechanism un-

derpinning the diversity of results seen in miRNA studies. Essentially, when a miRNA inhibits genes of

opposing functions, the overall net effect it has is dependent on the balance of expression of its target

mRNAs. In the case of cancer, when a miRNA’s tumor suppressive targets are more highly expressed,

the miRNA is more likely to have a net oncogenic effect, whereas it is more likely to be a tumor suppressor

when the expression levels of its oncogenic targets are high.

Experimental reversal of the apoptoticity of miR-125b

The above finding suggests that it is possible to change whether a miRNA is tumor suppressive or onco-

genic by modulating the expression levels of its target genes. For instance, by inhibiting the expression

of the pro-survival proteins, it should be possible to change miR-125b from being pro-apoptotic to anti-

apoptotic. We therefore decided to test this directly in vitro with siRNA in cultured cells. We co-transfected

human lung adenocarcinoma NCI-H23 cells with a miR-125b mimic and an siRNA against MCL1, BCL2, or

BCL-w, respectively, or the respective controls, and measured the proportion of apoptotic cells 72 h later.

As expected, while miR-125b increased the rate of apoptosis on its own (in the presence of control siRNA),

it significantly reduced apoptosis levels in the presence of reduced MCL1 expression from MCL1 siRNA

(Figures 4A and 4B). The pro-apoptotic effects of miR-125b were also abrogated when BCL-w expression

was inhibited. BCL2 siRNA had no effect (data not shown). However, BCL2 siRNA also did not change the

rate of apoptosis compared to the control, indicating that it is likely not significantly expressed or has negli-

gible function with respect to apoptosis in NCI-H23 cells. The results of this experiment make sense in the

context of our model. Intrinsically, miR-125b promotes apoptosis, largely by reducing MCL1 and BCL-w

expression. However, when these genes are already inhibited by a siRNA, the pro-survival functions of

miR-125b dominate, and a net anti-apoptotic effect is produced. This experiment yields strong support
iScience 24, 103208, October 22, 2021 5



Figure 4. Complete reversal of the function of miR-125b by modulation of target gene expression or treatment

with anticancer drugs

(A and B) Flow cytometric analysis of apoptosis of NCI-H23 cells after co-transfection with miR-125b and MCL1 or BCL-w

siRNA, or the respective controls, followed by Annexin V/propidium iodide staining. The percent differences in the rate of

apoptosis for miR-125b-transfected cells relative to their respective controls (i.e., miR-control + the indicated siRNA) were

quantified (n = 3).

(C) Cell viability of HCT116 cells after transfection with miR-125b or control, followed by treatment with the indicated

drug. The results are the averages of four independent experiments.

Data are mean G S.E.; *p < 0.01; **p < 0.05.
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for our model. By changing miR-125b from pro-apoptotic to pro-survival, we validate our model’s main

conclusion: that the net effect of miR-125b on the apoptosis pathway is a function of the expression levels

of its pro- and anti-apoptotic targets.

Reversal of miR-125b from tumor suppressive to oncogenic in the presence of anticancer

drugs

The expression levels of various genes, especially those pertaining to apoptosis and survival, can be radi-

cally impacted by exposure to anticancer therapies. We hence investigated if treating cells with various

anticancer drugs could also change miR-125b from tumor suppressive to oncogenic. We transfected

HCT116 cells, for which miR-125b had previously been demonstrated to act as a tumor suppressor

(Gong et al., 2013; Yang et al., 2019), with miR-125b mimic or control, followed by exposure to TW-37,

ABT-263, doxorubicin, camptothecin, or 5-fluorouracil, respectively, and measured the effects on cell
6 iScience 24, 103208, October 22, 2021
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viability. Importantly, we found that treatment with each of these drugs resulted in a reversal in the tumor

suppressive nature of miR-125b (Figure 4C). AlthoughmiR-125b on its own reduced cell viability by�30%, it

had the perverse effect of significantly improving viability while in the presence of anticancer drugs.

Together with our model, these results highlight the importance of considering miRNA-drug interactions

when searching for therapeutic miRNA targets in cancer. Elevating miR-125b levels may initially appear to

be beneficial for the treatment of certain cancers, but can actually be detrimental when accounting for in-

teractions with other anticancer therapies.
DISCUSSION

We developed a model of the effect of miR-125b on the apoptosis pathway in order to investigate how

target mRNA expression levels can affect miRNA function. In so doing, we found that miR-125b is more

likely to be pro-apoptotic when its anti-apoptotic targets are overexpressed and/or its pro-apoptotic tar-

gets are underexpressed, whereas it is more likely to be anti-apoptotic when cells overexpress themiRNA’s

pro-apoptotic targets and/or underexpress its anti-apoptotic targets. Hence, the net impact of miR-125b

with respect to apoptosis is a function of the balance of the expression levels of its pro- and anti-apoptotic

targets, and, by altering these expression levels, it is possible to reverse the role of miR-125b in apoptosis.

From these studies, we have deduced a general mechanism by which a miRNA can produce opposite ef-

fects in different settings. Importantly, our results suggest that miRNA function is malleable and can be

governed by the expression levels of the miRNA’s target mRNAs. This finding contributes to the growing

body of literature on how miRNAs may be counter-regulated by their target binding sites. For instance,

certain miRNA binding sites may facilitate miRNA degradation by trapping the miRNA regulatory complex

in a conformation that exposes the 30 end of the miRNA to enzymatic attack, a process termed target-

directed miRNA degradation (Ameres et al., 2010; Sheu-Gruttadauria et al., 2019). In addition, many

non-coding RNAs have been found to act as miRNA sponges, thereby sequestering miRNAs from interact-

ing with other RNAs. Together with targeted mRNAs, these non-coding RNAs may act as competing

endogenous RNAs (ceRNAs), which regulate each other by altering the availability of shared miRNAs

(Tay et al., 2014). In essence, our finding may be viewed as an extension of the ceRNA phenomenon, in

which ceRNAs not only modify miRNA availability, but also alter miRNA function. Importantly, this principle

likely applies to many, if not most, miRNAs, as our literature analysis (Table S1) suggests, in which 85% of

randomly selected miRNAs were found to have seemingly conflicting reports that attribute opposite func-

tions to the miRNA, albeit in different contexts.

The reasons why such miRNA systems would evolve warrants further investigation. Notably, when a miRNA

simultaneously inhibits two genes or sets of genes with opposing functions, a network motif called an ‘inco-

herent feedforward loop’ is formed. Incoherent feedforward loops appear to have important roles inmodu-

lating variability and noise within systems, which could be critical for a number of physiologic processes,

such as cell development. For instance, miR-181a has been shown to reduce cell-to-cell variability in

Cd69 expression in developing mouse thymocytes by simultaneously inhibiting and stimulating Cd69

expression through direct inhibition of the Cd69 mRNA and stimulation of TCR signaling, which upregu-

lates Cd69, respectively (Blevins et al., 2015). Similarly, miR-34a simultaneously inhibits and stimulates

Notch, a key determinant of colon cancer stem cell fate, by directly targeting both Notch itself and

Numb, an inhibitor of Notch, respectively (Bu et al., 2016). This results in a bimodal distribution for Notch

expression, in which Notch levels are insensitive to variations and increases in miR-34a concentration up to

a sharp transition point, beyond which Notch levels are low. Hence, the miR-34a-Numb-Notch network cre-

ates a robust bimodal switch for Notch levels, which in turn enforces the stem cell vs. non-stem cell fate

decision (Bu et al., 2016). Together with our own results, such findings suggest that the fundamental role

of miRNAs is not regulation of gene expression, but rather the modulation of systems-level network

properties.

For the investigation of network properties, computational studies tend to be particularly useful. We there-

fore encourage more miRNA studies along these lines. Notably, our computational model of miR-125b is

limited in the sense that it incorporates only the effects of miR-125b (by reducing the production rate of

each targeted gene by a user-defined percentage), as opposed to miR-125b itself (i.e., the concentration

of miR-125b is not a variable in the model). As a result, our model is limited to qualitative prediction; it

cannot be quantitatively predictive. It would be extremely interesting to investigate such miRNA systems

in more detail by modeling the miRNA directly. Notably, variations in the miRNA target site sequence and
iScience 24, 103208, October 22, 2021 7
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mRNA secondary structure may cause differences in both the miRNA’s affinity for and the kinetics of its in-

teractions with its target mRNAs. Modeling the miRNA directly would allow for analysis of how different

kinetics of the miRNA-mRNA interaction, including nonlinear kinetics, affect the system as a whole. A

detailed understanding of the kinetics of these interactions would be crucial for quantitative prediction

of systems-level outcomes, and our study therefore motivates the need for such investigations.

On a clinical level, our findings have particularly important implications for the use of miRNA-modulating

therapies in cancer. Owing to the variability of miRNA function, a precision medicine approach may often

be critical for successful therapy. Such precisionmedicine approaches would ideally involve not only cancer

gene expression profiling to determine the expression levels of the miRNA’s targets, but also an analysis of

how extrinsic factors, such as the presence of drugs and other therapies, affect themiRNA’s function. As our

results with miR-125b demonstrate, treating a cancer with exogenous miRNAmay produce the opposite of

the original effect when anticancer drugs are present. In some cases, this may result in unexpected negative

consequences. However, the opposite is also true; in other cases, the presence of anticancer drugs may

reinforce or synergize with the effect of a miRNA-modulating therapy. For instance, if a miR-125b inhibitor

were used to treat a cancer in which miR-125b acts as an oncomiR, then the miR-125b inhibitor would likely

work synergistically with apoptosis-inducing drugs by blocking miR-125b-mediated downregulation of

pro-apoptosis factors, thereby further reducing cancer cell survival. In fact, it may be possible to take

advantage of this phenomenon by using drugs to influence the expression levels of a miRNA’s targets

so as to push the miRNA’s function in one direction over another. This might allow a miRNA-modulating

therapy to produce a constant effect regardless of the context, thereby eliminating the need for a precision

medicine approach. Ultimately, although the malleability of miRNA function necessitates caution in the use

of miRNA-modulating therapies, it may also be possible to leverage this phenomenon for enhanced ther-

apeutic efficacy. Hence, when investigating the therapeutic potential of a miRNA, we suggest that a holistic

approach be taken, which accounts for all of the miRNA’s known targets, as well as how various extrinsic

factors, such as the presence of other treatments, affect them.

Limitations of study

As previously mentioned, our computational model has several limitations which prevent it from being

quantitatively predictive; it is meant solely to be qualitatively predictive, such that overall trends/patterns

may be elucidated. In addition, the model is limited to miR-125b0s effect on the apoptosis pathway. It does

not extend to cover miR-125b0s effect on other core processes, such as cell proliferation and invasion/

metastasis. Furthermore, we provide experimental evidence for the conclusions of our model with

in vitro experiments. In vivo experiments with actual tumors would be valuable for further support of the

model. Lastly, our experiments and modeling are limited to miR-125b. Although our literature analysis

of random miRNAs (Table S1) suggests that most other microRNAs also simultaneously inhibit genes or

sets of genes with opposing functions, this must still be verified with additional studies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

RPMI-1640 Medium Gibco Cat #: 11,875-093

Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat #: 11995-065

Fetal Bovine Serum Gibco Cat #: 16140-071

Penicillin-Streptomycin Gibco Cat #: 15140122

Lipofectamine RNAiMAX ThermoFisher Scientific Cat #: 13778030

Andy Fluor 647 Annexin V ABP Biosciences Cat #: A038

Annexin V Binding Buffer BioLegend Cat #: 422201

Propidium Iodide MilliporeSigma Cat #: P4170

TRIzol ThermoFisher Scientific Cat #: 15596026

mirVANA miR-125b mimic Invitrogen Cat #: 4464066-MC10148

mirVANA miRNA mimic negative control Invitrogen Cat #: 4464058

TW-37 Selleck Chemicals Cat #: S1121

ABT-263 (Navitoclax) Selleck Chemicals Cat #: S1001

Doxorubicin hydrochloride MilliporeSigma Cat #: D1515

Camptothecin MilliporeSigma Cat #: C9911

5-Fluorouracil MilliporeSigma Cat #: F6627

Critical commercial assays

High-Capicity cDNA Reverse Transcription Kit Applied Biosystems Cat #: 4368814

Power SYBR Green PCR Master Mix Applied Biosystems Cat #: 4367659

CellTiter-Glo 2.0 Assay Promega Cat #: G9242

MycoAlert Plus Mycoplasma Detection Kit Lonza Cat #: LT07-701

Deposited data

The Cancer Genome Atlas (TCGA) National Cancer Institute Data Release 23.0

Experimental models: Cell lines

NCI-H23 cells American Type Culture Collection (ATCC) Cat #: CRL-5800

HCT116 cells American Type Culture Collection (ATCC) Cat #: CCL-247

Oligonucleotides

miR-125b miRNA mimic GenePharma double strand microRNA mimics (hsa-miR-

125b-5p)

miRNA mimic negative control GenePharma microRNA mimics double strand negative

control

MCL1 Forward Primer Yale Keck Oligo Synthesis Resource 5’-TGCTTCGGAAACTGGACATCA-3’

MCL1 Reverse Primer Yale Keck Oligo Synthesis Resource 5’-TAGCCACAAAGGCACCAAAAG-3’

BCL2 Forward Primer Yale Keck Oligo Synthesis Resource 50-TCGCCCTGTGGATGACTGA-30

BCL2 Reverse Primer Yale Keck Oligo Synthesis Resource 50-CAGAGACAGCCAGGAGAAATCA-30

BCL-w Forward Primer Yale Keck Oligo Synthesis Resource 5’-GCGGAGTTCACAGCTCTATAC-3’

BCL-w Reverse Primer Yale Keck Oligo Synthesis Resource 5’-AAAAGGCCCCTACAGTTACCA-3’

GAPDH Forward Primer Yale Keck Oligo Synthesis Resource 5’-GGCCTCCAAGGAGTAAGACC-3’

GAPDH Reverse Primer Yale Keck Oligo Synthesis Resource 5’-AGGGGTCTACATGGCAACTG-3’

(Continued on next page)
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Software and algorithms

MATLAB R2018a MathWorks https://www.mathworks.com/products/

matlab.html

Computational model of the effect of miR-

125b on the apoptosis pathway

supplemental information of this paper Supplemental information of this paper

UCSC Xena Functional Genomics Explorer Goldman et al., 2020 https://xena.ucsc.edu

Prism 8 GraphPad https://www.graphpad.com/scientific-

software/prism/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Donald Engelman (donald.engelman@yale.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

All original code has been included in the supplemental information and is available for download. Any

additional information required to analyze the data reported in this paper is available from the lead contact

upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

NCI-H23 and HCT116 cells were obtained from the American Type Culture Collection (ATCC). For growth

and maintenance, NCI-H23 and HCT116 cells were cultured in RPMI-1640 Medium and Dulbecco’s Modi-

fied Eagle Medium (DMEM), respectively, supplemented with 10% fetal bovine serum (Gibco), 1% peni-

cillin, and 1% streptomycin in a 37�C, 5% CO2 humidified incubator. All cells were cultured for fewer

than 20 passages before use. During maintenance, cells were periodically verified to bemycoplasma nega-

tive using the MycoAlert Mycoplasma Detection kit (Lonza).
METHOD DETAILS

MicroRNA literature analysis

Twenty random, well-studied miRNAs (defined as being mentioned in 50 or more published research arti-

cles) were selected for analysis using a random number generator. More specifically, MATLAB was used to

generate randomwhole numbers between 1 and 500. For each random number, the corresponding miRNA

(e.g., miR-451 for the number 451) was chosen for analysis. If there were multiple miRNAs corresponding to

a single number (e.g., miR-30a, miR-30b, miR-30c), then the ‘a’ version (i.e., miR-30a) was chosen. The

PubMed search engine (National Center for Biotechnology Information, National Institutes of Health)

was used to search for each selected miRNA. If there were fewer than 50 search results, then the miRNA

was excluded from the analysis. For each miRNA with 50 or more search results, the corresponding litera-

ture was analyzed for the presence or absence of studies that found a promoting or suppressive function of

the miRNA in terms of apoptosis, cell proliferation, and invasion/metastasis, respectively. The results of the

analysis are shown in Table S1.
Construction and implementation of mathematical model to predict the effect of miR-125b

on the apoptosis pathway

The mathematical model we constructed consists of a set of ordinary differential equations (ODEs) which

describe the concentration vs. time of each state (i.e., free, bound, activated, inactivated) of each member

of themodeled portion of the apoptosis pathway. All model equations were derived from standard dynam-

ical modeling principles and are listed in Table S2 of the supplemental information. First, each protein in
12 iScience 24, 103208, October 22, 2021
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the pathway with multiple binding or activation states was assigned a mass-balance equation that de-

scribes the total, bound, active, and inactive concentrations of the protein. For example:

½Bak1total� = ½inBak1�+ ½Bak1�+ ½Bak1:Mcl1�+ ½Bak1:Bcl2�+ ½Bak1:Bclw�+ 2 � ½Bakdimer �
where [inBak1] is the inactive BAK1 concentration, [Bak1] is the concentration of activated BAK1, [Bakdimer]

is the concentration of homodimerized active BAK1, and [Bak1.Mcl1], [Bak1.Bcl2], and [Bak1.Bclw] are the

concentrations of activated BAK1 bound by MCL1, BCL2, and BCL-w, respectively. In turn, the change in

total concentration with time was described by a production rate with rate constant k and the sum of

the degradation rates with rate constant d, of each respective state n of the protein:

d½Bak1total�
dt

= kBak1ð1� f Þ --
X
n

dBak1½Bak1n�

To account for the effects of miR-125b, the production rate of each component of the pathway targeted by

miR-125b wasmodulated by the term (1 – f), where f is the fractional inhibition of the protein’s expression by

miR-125b. For instance, if 30% of the target’s mRNA were bound and inhibited by miR-125b, then f = 0.3,

resulting in a 30% decrease in the target’s production rate. Thus, rather than directly modeling the concen-

tration of miR-125b, wemodeled the degree of target inhibition by miR-125b. Of note, fwas assumed to be

constant regardless of target mRNA levels (i.e., the number of miR-125b binding sites). This assumption is

consistent with the results of Denzler et al., who demonstrated that the number of additional miRNA bind-

ing sites needed to influence a miRNA’s target expression levels is very large, far higher than physiologic

mRNA levels for a single gene (Denzler et al., 2014). In addition, f was assumed to be the same for each of

miR-125b0s targets, meaning that miR-125b was assumed to have the same affinity for each. Hence, it was

unnecessary to include actual target mRNA concentrations within the model.

To model the inhibition of a protein by direct binding to other proteins in the apoptosis pathway, ODEs

that describe the following reactions were generated:

Protein1 + Protein24ProteinComplex
dProtein1
ProteinComplex / Protein2
d

ProteinComplex /
Protein2

Protein1

Of note, proteins within a complex were assumed to degrade independently, resulting in the release of the

other protein in the complex. This is consistent with reports that the proteasome degrades individual pro-

teins within a complex while sparing others (Prakash et al., 2009). In addition, the half-life of the active form

of the pro-apoptosis protein BID was found to be independent of the expression of proteins which it forms

complexes with, such as BCL2 (Breitschopf et al., 2000). We hence assumed the same for other proteins

within the apoptosis pathway. The ODEs we generated describe the change in concentration with time

of both the free and the bound states of each protein, respectively. The change in concentration with

time of the free protein was taken to be a function of its production and degradation, modified by binding

and unbinding to the protein’s inhibitors (including via degradation of the inhibitor). For instance:

d½Bmf �
dt

= kBmf � ð1� f Þ � dBmf � ½Bmf � � bBmf
Bcl2 � ½Bcl2� � ½Bmf �+ uBmf

Bcl2 � ½Bcl2:Bmf � � bBmf
Bclw � ½Bclw�

� ½Bmf �+ uBmf
Bclw � ½Bclw:Bmf �+dBcl2 � ½Bcl2:Bmf �+dBclw � ½Bclw:Bmf �

where b and u are binding and unbinding rate constants, respectively. The corresponding rates of change

in the concentrations of bound protein were described by the binding and unbinding rates, together with

the degradation rates of each protein within the complex:

d½Bcl2:Bmf �
dt

= bBmf
Bcl2 � ½Bcl2� � ½Bmf � � uBmf

Bcl2 � ½Bcl2:Bmf � � dBcl2 � ½Bcl2:Bmf � � dBmf � ½Bcl2:Bmf �

In the case where a component is transcriptionally activated by P53, the component’s corresponding

mRNA molecule was also modeled with a production rate dependent on the P53 concentration, [P53]. In

its inactive state, P53 exists predominantly as a homodimer with KD < 1 nM (Rajagopalan et al., 2011),

and hence the P53 dimer concentration could be approximated as simply [P53]/2. However, when acti-

vated, P53 forms tetramers on its targeted DNA response elements, thereby resulting in transcriptional

activation of the target genes. The DNA response elements themselves catalyze tetramerization by binding

two P53 dimers, thereby closely associating them and facilitating tetramer formation (Natan et al., 2009;
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Weinberg et al., 2004). Hence, transcriptional activation by P53 could be modeled as a function of the P53

dimer concentration, [P53]/2, and the KD for binding of P53 dimers to the gene’s DNA response elements

using the Hill equation. The Hill coefficient for this interaction is 1.8, and, for BAX, the KD is 73 nM, whereas

PUMA possesses two P53 DNA response elements with KD’s of 7.1 nM and 260 nM, respectively, which

together yield an overall KD of 6.9 nM (Weinberg et al., 2005). Therefore:

d½mRNAPuma�
dt

= kmRNAPuma
�
 

ð½P53�=2Þ1:8
6:91:8 + ð½P53�=2Þ1:8

!
-- dmRNAPuma

½mRNAPuma� 
1:8

!

d½mRNABax �

dt
= kmRNABax

0:5 +
ð½P53�=2Þ

731:8 + ð½P53�=2Þ1:8 -- dmRNABax
½mRNABax �

Of note, for both BAX and PUMA, the rate constants for mRNA production, kmRNA, andmRNA degradation,

dmRNA, were set to values of 1 arbitrary unit/min and 1 min�1, respectively, as modeling realistic mRNA con-

centrations was beyond the scope of our model. Hence, in the absence of miR-125b (f = 0) and with the

default P53 concentration (140 nM), the steady state concentration of each mRNAwas equal to�1 arbitrary

unit. As can be seen from the above equations, the P53 concentration was assumed to account for 100%

and 50% of PUMA and BAX mRNA production, respectively. These values were estimated from the results

of Nakano and Vousden (2001) (Nakano and Vousden, 2001). The corresponding protein production rate

was then modeled as a function of the mRNA concentration, as follows:

d½Pumatotal�
dt

= kPuma½mRNAPuma�ð1� f Þ --
X
n

dn
Puma½Puman�

In addition, our model was constructed so as to generate a dynamic response to P53 activation. This was

achieved by modeling the PUMA and BAXmRNA production rates as if the P53 concentration were zero up

until a user-defined time point, at which P53 activation occurs. At this point, the PUMA and BAXmRNA pro-

duction rates were increased according to the P53 concentration in the above equations.

We constructed two versions of our model, which correspond to the direct activation model (Figure 1A)

and the indirect activation model (Figure S2A) of the apoptosis pathway, respectively. In the indirect acti-

vation model, BAX and BAK1 are constitutively active, but are prevented from oligomerizing and

inducing apoptosis by BCL2, MCL1, and BCL-w. In the direct activation model, which we focus on in

our study, BAX and BAK1 must first be activated by an activator protein before forming protein com-

plexes and oligomerizing. Known BAX/BAK1 activators include PUMA, BIM, and the truncated form of

BID. Of these, only PUMA is included in our model, as it is the only one regulated by miR-125b. However,

without the other activators, the concentrations of activated BAX and BAK1 would be zero without PUMA

(e.g., if PUMA production were 100% inhibited by miR-125b). We hence included the effects of these

other activators in the form of a baseline level of activation of BAX and BAK1. This baseline activation

was implemented as a user-defined concentration of baseline additional activator, AddAct. Hence,

BAX and BAK1 activation were modeled to occur with Rate = kact(AddAct + [Puma]), where kact is the

activation rate constant. BAX and BAK1 deactivation were modeled to occur with a rate constant of

kdeact.

After activation, BAX and BAK1 form homodimers. The dimers then link together to form oligomeric pores

of various sizes on the mitochondrial outer membrane (Martinez-Caballero et al., 2009). Since the sizes of

these pores are variable and difficult to predict, we did not attempt to model pore formation. Rather, we

took the total concentration of BAX/BAK1 dimers as a proxy for the mitochondrial outer membrane perme-

ability (MOMP) of the cell and its relative level of apoptotic stress.

The default values for all of the model’s parameters were adapted from published literature values.

Each protein’s rate constant for degradation, d, was determined from its respective half-life, t1/2, using

the equation d = ln(2)/t1/2. The corresponding production rate constant, k, was determined by multi-

plying the steady-state concentration of the protein, C, by the degradation rate constant, or k = Cd.

The steady-state concentration of each protein was based off measured values in the literature. The

rate constants of protein association (binding, b) and dissociation (unbinding, u) were determined

from published KD values and dissociation rates and were related to each other by the equation

KD = u/b. All model parameters, their values, and the literature sources of their values are listed in

Tables S3–S5.
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Themodel was implemented intoMATLABR2018a, and the ode15s solverwas used for allODEcalculations. The

MATLAB code used to run the model is available for download in the supplemental information (Data S1). Data

was generated by running themodel with inactive P53 (i.e., no transcriptional activation of PUMAor BAX by P53)

until all individual protein state concentrations had equilibrated to steady-state values. Afterward, to simulate

P53 activation, themodel was set to continue running, except now with P53 contributing to PUMA and BAX pro-

duction, resulting in increased apoptotic stress and elevated MOMP. The model was allowed to continue

running until steady-state was again reached. The effect of miR-125b on apoptosis was investigated by running

the model for varying values of the parameter f and observing the impact on the final steady-state MOMP. The

results of a typical model run are shown in Figure S1.
The Cancer Genome Atlas (TCGA) analysis

TCGA pan-cancer gene expression, miRNA expression, and overall survival data were downloaded using

the UCSC Xena Functional Genomics Explorer (Goldman et al., 2020). Data was sorted and matched by

TCGA sample barcode. Samples taken from normal tissue or which lacked gene expression, miRNA

expression, or survival data were excluded. When multiple samples were associated with a single patient,

their data were averaged. Samples were stratified by target gene expression using a 25th percentile high/

low cutoff and then further subclassified by miR-125b expression. Kaplan-Meier curves were then gener-

ated and compared. Statistical significance was assessed using the log rank test.
Cell experiments

NCI-H23 and HCT116 cells were obtained from the American Type Culture Collection (ATCC). For growth

and maintenance, NCI-H23 and HCT116 cells were cultured in RPMI-1640 Medium and Dulbecco’s Modi-

fied Eagle Medium (DMEM), respectively, supplemented with 10% fetal bovine serum (Gibco), 1% peni-

cillin, and 1% streptomycin in a 37�C, 5% CO2 humidified incubator. All cells were cultured for fewer

than 20 passages before use. During maintenance, cells were periodically verified to bemycoplasma nega-

tive using the MycoAlert Mycoplasma Detection kit (Lonza).

Transfections were performed using Lipofectamine RNAiMAX according to the manufacturer’s reverse

transfection protocol. For siRNA experiments, NCI-H23 cells were co-transfected with 50 nM miR-125b

mimic or miRNA mimic negative control (GenePharma) and 20 nM MCL1, BCL2, or BCL-w Silencer Select

siRNA (ThermoFisher) and incubated for 72 h. They were then trypsinized, resuspended in Annexin V bind-

ing buffer, and stained with Andy Fluor 647 Annexin V (ABP Biosciences) and propidium iodide according

to the manufacturer’s protocol. Apoptosis was then analyzed by flow cytometry using a BD Accuri C6 flow

cytometer. The efficiency of siRNA knockdown was verified by transfecting additional cell samples in par-

allel, which underwent TRIzol (ThermoFisher) RNA extraction according to the manufacturer’s protocol.

The isolated RNA was then reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit

(ThermoFisher), and RT-qPCR was performed using Power SYBR Green Master Mix (ThermoFisher), the

appropriate forward and reverse primers (Yale Keck Oligo Synthesis Resource), and a StepOnePlus Real-

Time PCR machine (Applied Biosystems), all according to the manufacturer’s protocol. Relative expression

levels were determined via the DDCt method with normalization to GAPDH mRNA (Figure S3).

For drug treatment experiments, HCT116 cells were transfected with 50 nM mirVANA miR-125b mimic or

negative control (Invitrogen) for 16-20 h. The media was then replaced twice with fresh media, and the cells

were allowed to incubate for an additional 5 h. Afterward, the appropriate drugs were added at the

following concentrations: 10 mM TW-37, 10 mM ABT-263, 1 mM doxorubicin, 1 mM camptothecin, 10 mM

5-fluorouracil. The cells were then incubated for an additional 48 h, and cell viability was analyzed using

the CellTiter-Glo 2.0 assay (Promega) according to the manufacturer’s protocol. A cell standard was gener-

ated in conjunction with each experiment, and relative cell numbers were determined by comparing Cell-

Titer-Glo luminescence to the cell standard.
QUANTIFICATION AND STATISTICAL ANALYSIS

The computational model was implemented in MATLAB R2018a. Therefore, all quantification of model-gener-

ateddatawas performed usingMATLAB. For survival analysis of TCGAdata, statistical significancewas assessed

via the log rank test using GraphPad Prism 8 software. Two-sample t-tests were used to assess statistical signif-

icance for all cell experiments. The statistical parameters of the experiments are reported in the figure legends or

on the figures themselves. Statistical significance was defined as a p value of less than 0.05.
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