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SUMMARY

Chemical inhibition and genetic knockdown of enzymes are not equivalent in cells, but network-
level mechanisms that cause discrepancies between knockdown and inhibitor perturbations are not
understood. Here we report that enzymes regulated by negative feedback are robust to knockdown

but susceptible to inhibition. Using the Raf~-MEK-ERK kinase cascade as a model system, we
find that ERK activation is resistant to genetic knockdown of MEK but susceptible to a
comparable degree of chemical MEK inhibition. We demonstrate that negative feedback from

ERK to Raf causes this knockdown-versus-inhibitor discrepancy in vivo. Exhaustive mathematical

modeling of three-tiered enzyme cascades suggests that this result is general: negative
autoregulation or feedback favors inhibitor potency, whereas positive autoregulation or feedback
favors knockdown potency. Our findings provide a rationale for selecting pharmacologic versus
genetic perturbations in vivo and point out the dangers of using knockdown approaches in search
of drug targets.
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INTRODUCTION

Cascades of kinases, proteases, and other enzymes are an important component of cellular
regulation. Quantitative analyses have shown that enzymatic cascades can be configured to
provide ultrasensitivity (Bagowski et al., 2003; Huang and Ferrell, 1996; Romano et al.,
2014), adaptation (Ma et al., 2009), bistability (Bagowski and Ferrell, 2001; Ferrell and
Machleder, 1998; Shah and Sarkar, 2011), thresholding (Bentele et al., 2004), feedback
amplification (Sturm et al., 2010), oscillations (Liu et al., 2011; Shankaran et al., 2009), and
ligand discrimination (Marshall, 1995; Murphy et al., 2002; Nakakuki et al., 2010). By
contrast, the response of such cascades to different targeted perturbations has not been
examined systematically despite reports of counterintuitive findings in specific settings
(Albeck et al., 2008; Fritsche-Guenther et al., 2011).

From a biochemical perspective, enzymatic cascades are unique because pathway activity
can be perturbed in two fundamentally different ways. Using molecular-genetic approaches
such as stable RNA interference (Brummelkamp et al., 2002) or dCas9-mediated clustered
regularly interspaced short palindromic repeats (CRISPR) interference (Qi et al., 2013), one
can reduce the abundance of enzymes within a cascade to decrease overall catalysis.
Alternatively, one can use small molecules to pharmacologically inhibit the rate of product
formation by competing with the native substrate(s) of an enzyme in the cascade. If
knockdown of an enzyme and pharmacologic competition for substrate are both ~100%
effective, then these two perturbations should yield identical results, provided that the
enzyme does not have a catalysis-independent function (Knight and Shokat, 2007).
However, because knockdowns are often partial and small molecule doses are limited by
pharmacokinetics and off-target toxicities, molecular genetics and pharmacology typically
yield only a fractional inhibition in vivo (Bollag et al., 2010; Knott et al., 2014). Given a
fractional perturbation, it is unclear whether knockdown and small molecule approaches are
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truly equal, especially in cascades that contain feedback, feedforward, and autoregulatory
mechanisms.

Here we compared the equivalence of enzyme knockdown and inhibition in a three-tiered
cascade (A — B — C) that is elaborated with various combinations of internal regulation.
Using simple and more detailed chemical-kinetic models of enzymatic cascades, we report
that addition of a negative feedback (C —| A) around a targeted enzyme (B) is sufficient to
cause the overall efficacy of target knockdown and inhibition to diverge. This prediction is
tested experimentally in the canonical Raf — MEK — ERK cascade of protein kinases,
where Raf is regulated negatively through its hyperphosphorylation catalyzed by ERK
(Dougherty et al., 2005). ERK —| Raf feedback causes an inhibitor of MEK phosphorylation
to block pathway activity far more potently than a short hairpin RNA (shRNA) that knocks
down MEK abundance by 80%. To examine the role of network wiring more broadly, we
comprehensively simulate the knockdown and inhibitor response of three-tiered enzymatic
cascades with all possible combinations of single and double feedback. Network topologies
with negative feedback generally render pharmacologic inhibition more potent than
knockdown, whereas the opposite is predicted for cascades containing positive feedback.
The wiring of enzymatic networks provides a new explanation for why genetics and
pharmacology could disagree in specific biological settings.

Targeting a Michaelian Enzyme in a Cascade Flanked by Negative Feedback

The classic model of enzyme-mediated catalysis involves an enzyme (E), its substrate (S), a
reversible enzyme-substrate complex (E-S), and the product formed (P). Assuming that E-S
is at pseudo-steady state and that the concentration of Sis much greater than P yields the
familiar Michaelis-Menten equation. This equation relates the rate of P formation to the
concentration of S the maximum velocity (Vnax), and the Michaelis constant (Ky) (Figure
1A). More complicated reaction schemes can be modeled that avoid simplifying
assumptions or incorporate multi-substrate reactions. However, a Michaelian system is an
adequate starting point for illustrating how the efficacy of pharmacologic and genetic
perturbations can diverge.

In the Michaelian framework, a purely competitive pharmacologic inhibitor acts by
precluding the binding of Sto E, which increases Ky, but leaves Vax Unaltered.
Conversely, knockdown of a Michaelian enzyme is mathematically equivalent to a perfect
non-competitive inhibitor that reduces Vax Without any effect on Ky,. The distinct
mechanisms of competitive inhibition and enzyme knockdown are sufficient to complicate
comparisons of relative efficacy. Namely, the potency of the two perturbations can change
relative to each other depending on the concentration of Sin the system. At low
concentrations of S competitive inhibitors should be more potent than knockdown, whereas
the opposite is predicted at high concentrations of S(Figure 1B). Therefore, reaction
networks that push an enzyme toward or away from saturation can theoretically give rise to
discrepancies in potency.

Cell Syst. Author manuscript; available in PMC 2017 February 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jensen et al.

Page 4

We examined this principle computationally by modeling a linear cascade of three
Michaelian enzymes. In the model, an upstream input (I1*) catalytically activates the
proximal enzyme of the cascade (A — A*), which then activates the middle enzyme (B —
B*) that activates the distal enzyme (C — C*) as the output (Figure 1C). A*, B*, and C*
reversibly deactivate according to Michaelian rate processes that return baseline activities to
zero in the absence of I* (Experimental Procedures). As expected, we found that a transient
step increase in I* led to progressive amplification of the signal from A* to B* to C* (Figure
1D). Amplification is consistent with past studies of signal propagation within three-tiered
cascades (Alessi et al., 1995; Schoeberl et al., 2002), and the amount of C* was used to
gauge the efficacy of targeted perturbations within the cascade.

Model perturbations focused on the middle enzyme B, with a competitive inhibitor that
increases Ky, ¢ and knockdown that decreases total B. We optimized rate parameters in the
model so that fractional perturbation of B by knockdown or inhibition yielded virtually
identical C* profiles for the entire perturbation range (Figure 1E). Using the optimized
model, we then supplemented the cascade with a negative feedback from C* to Aand
compared the efficacy of knockdown with competitive inhibition. When perturbations were
negligible (10%) or nearly complete (99%), adding C —| A feedback did not affect the
relative impact of knockdown or competitive inhibition on C* (Figure 1F). However, for a
realistic intermediate perturbation of 80%, we found that competitive inhibition of B was
much more potent than knockdown when negative feedback was present. In the model, the
divergent efficacies arise from the kinetics of C*, which accumulate more slowly with a
competitive inhibitor (Figure 1E). The delayed accumulation provides time for the C—| A
feedback to restrain the steady-state level of C* and, therefore, the overall pathway output
upon competitive inhibition. For 80% knockdown of B, the early spike of C* is unaffected,
and C —| A feedback from C* causes its trajectory to be almost indistinguishable from the
unperturbed network (Figure 1F). These models indicate that simple variations in network
topology can alter the apparent potency of genetic and pharmacologic perturbations within
Michaelian cascades.

Feedback Causes Knockdown/Inhibitor Discrepancies in a Mass Action Model of the Raf-
MEK-ERK Kinase Cascade

We next sought to evaluate perturbations in a more authentic model of an enzyme cascade
with or without feedback. One example of a highly modular cascade is the three-tiered
phosphorelay system of the mitogen-activated protein kinases (MAPKSs) (Johnson and
Lapadat, 2002; Schulze et al., 2004). In the prototypical cascade, active Raf (a MAPK
kinase kinase) doubly phosphorylates and activates MEK (a MAPK kinase), which then
doubly phosphorylates and activates ERK (a MAPK; Figure 2A,; Seger and Krebs, 1995).
Prior MAPK experiments have estimated rate parameters for association, dissociation, and
catalysis (Aoki et al., 2011; Fujioka et al., 2006), enabling detailed mass action models of
the cascade that do not require Michaelis-Menten assumptions (Aldridge et al., 2006).
Accordingly, the Raf - MEK — ERK signaling pathway has been modeled with various
mathematical formalisms in different biological settings (Ahmed et al., 2014; Birtwistle et
al., 2007; Chen et al., 2009; Schoeberl et al., 2006; Sturm et al., 2010; Wang et al., 2009).
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Despite its modularity, the architecture of the MAPK cascade is not always linear. In some
cell types, active ERK feeds back negatively on the cascade by inhibitory multisite
phosphorylation of Raf (Dougherty et al., 2005). ERK —| Raf feedback adds robustness to
the steady-state levels of ERK phosphorylation and affects the efficacy of pathway
inhibitors (Fritsche-Guenther et al., 2011; Sturm et al., 2010). In the generic Michaelian
cascade described above, negative feedback from C to A suppressed the apparent potency of
B knockdown compared with pharmacologic inhibition (Figures 1E and 1F). The MAPK
pathway and its elaboration with ERK —| Raf feedback provided a three-tiered module to
extend this prediction by using more detailed models that were parameterized empirically.

We began by extracting the Raf-MEK-ERK cascade from a mass action model of receptor
tyrosine kinase signaling that did not include ERK —| Raf feedback (Chen et al., 2009). A
variation of the extracted cascade was built by using a reaction scheme for multisite
phosphorylation (Thomson and Gunawardena, 2009) to capture the various stoichiometries
of inhibited phospho-Raf (Figure 2B; Experimental Procedures). In both models,
deactivation processes were increased slightly (1.5- to 2.5-fold higher compared with Chen
et al. [2009]) so that the isolated cascades yielded smooth trajectories in response to a 5-min
step increase in Raf activator (Figures 2C and 2D). These two models served as the baseline
architectures for investigating knockdown or inhibitor potency when targeting the middle
enzyme MEK.

Knockdown of specific proteins is straightforward in mass action models, but encoding
small-molecule inhibitors is nontrivial and depends on the mechanism of action (Kleiman et
al., 2011). The most specific MEK inhibitors bind to MEK in a way that prevents its
activation by Raf (Ballif and Blenis, 2001; Davies et al., 2000). Therefore, a prototypical
MEK inhibitor (MEKIi) was appended to both models as a species that forms a reversible
complex with inactive MEK (Ballif and Blenis, 2001). MEKi-MEK complexes were
prohibited from binding Raf but could interact with ERK at the same rate as inactive MEK
without MEKi (Supplemental Experimental Procedures). In each model, we incrementally
perturbed MEK by increasing MEK:i (inhibition) or decreasing total MEK (knockdown).
Downstream ERK activation was integrated over time as a final measure of signaling output
from the perturbed MAPK cascade.

For the no feedback model, we found that MEK inhibition and knockdown were similar in
the context of strong (>80%) MEK perturbations that block most activation of ERK (Figure
2E). By contrast, MEK inhibition and knockdown diverged substantially in the model that
included negative feedback (Figure 2F). Earlier work showed that ERK —| Raf feedback
confers robustness to the levels of active ERK and resistance to MEK inhibition (Fritsche-
Guenther et al., 2011; Sturm et al., 2010). We likewise found that negative feedback within
the MAPK cascade dampened the efficacy of MEKi, requiring a 1.5-fold greater
perturbation of MEK to achieve 50% inhibition of ERK (Figures 2E and 2F; Figure S1A).
However, response damping was even more pronounced for MEK knockdown, with a 91%
reduction needed to inhibit ERK activation by 50% (Figure 2F; Figure S1B). Without
feedback, the discrepancy between MEK knockdown and inhibition was low except for
marginal (~50%) perturbations that would not likely disrupt MAPK function (Figure 2G).
The peak discrepancy more than doubled with the addition of ERK —| Raf feedback and,
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importantly, shifted to ~85% perturbation of MEK (Figure 2H). Rightward shifts in
knockdown/inhibitor discrepancy, which peaked at ~85% perturbation, were also observed
with various other measures of MAPK signaling output (Figures SIC-S1E). 80+%
knockdown efficiency is often assumed to be acceptable for functional studies (Knott et al.,
2014). However, our results here suggested that this extent of targeting would be insufficient
for disrupting a MAPK cascade with negative feedback, especially when compared with a
MEK inhibitor.

ERK —| Raf Feedback Causes MEK Knockdown/Inhibitor Discrepancies in Cells

ERK —| Raf feedback was first described in NIH 3T3 mouse fibroblasts stimulated with
platelet-derived growth factor (PDGF), and the kinetics of PDGF-induced MAPK activation
have been studied intensely in these cells (Cirit and Haugh, 2012; Dougherty et al., 2005;
Murphy et al., 2002; Wang et al., 2009). To test the predictions of the mass action model
(Figures 2E—2H), we required a genetic perturbation of NIH 3T3 cells that knocked down
MEK strongly but incompletely. Near the 5" end of the sequence encoding the MEK kinase
domain, we identified a sequence that was 100% identical in the two isoforms of MEK and
engineered two lentiviral ShRNA hairpins (Supplemental Experimental Procedures; Figure
S2A). Transduction and selection of NIH 3T3 cells expressing the first SsIMEK hairpin
yielded knockdown of 80% compared with control cells (Figure 3A). Given this level of
MEK perturbation, our goal was to determine whether ERK —| Raf feedback influenced the
potency of ShMEK relative to the selective and established MEK inhibitor U0126 (Davies et
al., 2000; Favata et al., 1998), whose mechanism of action is similar to MEK-targeted drugs
used clinically (Yoshida et al., 2012).

To compare inhibition and knockdown fairly, it was important to identify the dose of U0126
that matched the perturbation of SIMEK when ERK —| Raf feedback was absent. Feedback
is easily added and subtracted in a mass action model (Figure 2), but such reconfigurations
are more difficult to achieve cleanly by experiment. Because cells adapt over time to
changes in regulatory circuitry (Chandarlapaty et al., 2011; Pratilas et al., 2009), we
preferred a small-molecule approach that could acutely disable ERK —| Raf feedback. We
found that a 30-min pretreatment with the ERK inhibitor FR180204 (Ohori et al., 2005)
completely blocked the PDGF-stimulated hyperphosphorylation of Raf in NIH 3T3 cells
(Figure 3B). Therefore, by adding or withholding FR180204, we could examine MAPK
signal transduction in the absence or presence of ERK —| Raf feedback and compare sShMEK
with U0126 (Figure 3C).

Using FR180204 to block feedback, we quantified the PDGF-induced MEK phosphorylation
in shMEK-expressing cells as well as in control cells with or without U0126 pretreatment
(Figure 3D). Compared with control cells, ShMEK reduced stimulated MEK
phosphorylation by ~60%, which was matched by pretreating control cells with 2 yM U0126
(Figure 3E). To complement the U0126-shMEK results based on pharmacologic blockade of
ERK —| Raf feedback, we engineered a truncated, hormone-responsive Raf allele lacking all
ERK phosphorylation sites reported by Dougherty et al. (2005) (Supplemental Experimental
Procedures; Figure S2B). Rapid hormone-induced activation of MEK phosphorylation with
this feedback-resistant Raf was blocked by 2 pM U0126 as with shMEK (Figures S2C and
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S2D), corroborating the equivalency found with FR180204. Remarkably, when FR180204
was withheld to allow ERK —| Raf feedback, we found that the matched U0126-shMEK
perturbations diverged qualitatively (Figures 3F-3H). U0126 inhibited PDGF-stimulated
ERK phosphorylation with surprising potency considering the partial reduction of induced
MEK phosphorylation (Figures 3E and 3F). Conversely, an 80% reduction in enzyme
abundance with shMEK was largely ineffective as a perturbation in the presence of ERK —|
Raf feedback (Figures 3G and 3H). shMEK reduced ERK phosphorylation by ~25% at 5
min after PDGF stimulation, roughly the inhibition caused by 0.01 pM U0126 with ERK |
Raf feedback intact (Figure 3H; Figures S2E and S2F). Therefore, negative feedback within
the MAPK cascade can give the appearance of a 2 / 0.01 = ~200-fold difference in potency
for perturbations that are grossly equivalent.

We next repeated experiments with a second shMEK hairpin that yielded 97% knockdown,
a level of perturbation that should cause knockdown and inhibition to converge (Figure 2H;
Figure S2G). Nearly complete knockdown of MEK reduced PDGF-stimulated ERK
phosphorylation strongly, comparable with the efficacy of U0126 (Figures S2H-S2J). These
results corroborate key predictions of the earlier models (Figures 1 and 2) and demonstrate
experimentally that network architecture controls the dynamic signaling response to
perturbations.

PDGF stimulation of ERK causes quiescent NIH 3T3 cells to enter into the cell cycle
(Murphy et al., 2002). To examine whether the observed differences in ERK
phosphorylation were propagated phenotypically, proliferating cells were scored by
immunostaining for hyperphosphorylated Rb (Wang et al., 2011). We found that 97%
knockdown of MEK significantly decreased proliferation like U0126, which blocked PDGF-
induced cell cycle entry (Figures S2K-S2P). In shMEK cells with 80% knockdown,
however, basal and PDGF-induced proliferation was comparable with unperturbed cells,
showing no resemblance to the U0126-induced phenotype (Figures 31-3N). In knockdown
screens based on cell phenotype, enzyme networks with negative feedback may be prone to
false negatives compared with what could be targeted pharmacologically.

Exhaustive Rewiring of Three-Tiered Enzymatic Cascades Reveals Network Motifs for
Enhanced Knockdown or Inhibitor Efficacy

The specific importance of ERK —| Raf feedback in the MAPK pathway (Figures 2 and 3)
prompted us to examine network topology more generally by returning to the basic
Michaelian cascade (Figure 1). Starting with the linear A — B — C pathway, we enumerated
all possible additions of one or two regulatory edges within the cascade (14 single-edge
topologies and 84 double-edge topologies; Figure S3A). These 98 networks were
individually encoded and simulated for their responsiveness to perturbation by knockdown
or inhibition as before with the linear cascade (Supplemental Experimental Procedures;
Figure 1E). Differences in responsiveness (knockdown — inhibition) were integrated from
0%-100% perturbation of B and sorted to identify motifs that repeatedly created
discrepancies in knockdown-inhibitor potency (Milo et al., 2002). If such motifs
corresponded to actual enzymatic cascades, one could reevaluate perturbation responses
from the perspective of network topology.
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Overall, we found that the network configurations were incredibly diverse in their response
to genetic versus pharmacologic perturbation (Figure 4A). Many topologies were negligibly
different from the linear case, with 39% showing integrated differences between -5 and 5.
At the extremes, however, we identified configurations with discrepancies 2-3 times larger
in magnitude than described previously (minimum = -9.8 and maximum = 17 compared
with =5.2 for C —| A). Therefore, some enzymatic networks could respond to perturbations in
an even more biased manner than what we observed for the MAPK cascade (Figures 2 and
3).

When the sorted networks were annotated according to their connectivity, we identified
various motifs for strong knockdown/inhibitor discrepancy (Figure 4B). Networks with
negative feedback (B A, C— B, C—| A) or negative autoregulation (A-| A, B—-| B, C—-| C)
were associated broadly with inhibitor potency (Figure 4B, green). Although the precise
ordering of such networks depended upon initial conditions and rate constants, the set of
inhibitor-enhanced motifs was robust to model parameters (Figures S3B—-S3E). Among the
top 20 networks with the greatest inhibitor potency, 34 of 36 added edges encoded for
negative regulation (p < 1079, binomial test). The most striking example was the A—| A
autoregulatory motif, which was contained in eight of 20 networks with the greatest
inhibitor potency, including the four most potent (Figure 4B, green). Therefore, networks
with A —| A autoregulation would be predicted to be very good candidates for pharmacologic
targeting of the effector downstream of A.

A —| A autoregulation occurs in heterotrimeric G proteins, which transmit signals from G
protein-coupled receptors (Figure 4C). The Ga subunit of the a-fy heterotrimer becomes
activated by GTP loading but also harbors a GTPase domain that hydrolyzes guanosine
triphosphate (GTP) to guanosine diphosphate (GDP) (Neer, 1995). GTP-loaded Ga activates
adenylyl cyclase, an enzyme that synthesizes cyclic AMP (CAMP) as a second messenger
for protein kinase A (Gilman, 1987). In the heart, one dominant isoform of adenylyl cyclase
is adenylyl cyclase 5 (AC5) (Ishikawa et al., 1992), and AC5-selective inhibitors of enzyme
activity have been sought as treatments for heart failure (Pierre et al., 2009). A selective
ACS5 inhibitor has been reported to block cardiomyocyte apoptosis induced by high-dose
isoproterenol (Iwatsubo et al., 2004). Despite reducing total adenylyl cyclase activity by
55% and cAMP accumulation by only ~20%, the inhibitor elicited phenotypes as potent as
those observed in knockout cardiomyocytes lacking AC5 entirely. Adenylyl cyclases have
been underemphasized as drug targets (Pierre et al., 2009), but our results suggest that they
are positioned for enhanced pharmacologic efficacy within G protein-coupled receptor
signaling cascades.

A reciprocal motif that favored knockdown potency over inhibition of B was positive
feedback or autoregulation of B itself (Figure 4B, purple). This result was largely insensitive
to the specific parameters used in the models (Figures S3B-S3E). Seventeen of 37 edges in
the top 20 networks with the greatest knockdown potency were B— A, B — B, or C — B (p
<1073, binomial test). Among these, positive B — B autoregulation was the most notable in
that it was contained in six of ten networks with the most enhanced knockdown efficacy.
Therefore, pharmacology should be less effective than genetics when perturbing proteases,

Cell Syst. Author manuscript; available in PMC 2017 February 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jensen et al.

Page 9

kinases, and E3 ligases that are activated by self-cleavage, autophosphorylation, and
autoubiquitination, respectively.

We found evidence for such knockdown/inhibitor discrepancy in RNA interference screens
for “druggable” targets. An oncology-focused screen of kinase-phosphatase enzymes
discovered that knockdown of the serine-threonine kinase STK33 was lethal to cancer cells
harboring mutant KRAS (Scholl et al., 2009). This study prompted the development of
potent small-molecule inhibitors of STK33 kinase activity, which, regrettably, had no effect
on KRAS-mutant cancers (Luo et al., 2012; Weiwer et al., 2012). Although some have
questioned whether STK33 truly interacts genetically with mutant KRAS (Babij et al., 2011),
we asked whether network context could provide an alternative explanation for drug failure.
The signaling network surrounding STK33 is unknown, but there is evidence that STK33
autophosphorylates in vitro (Brauksiepe et al., 2008) and in cells (Scholl et al., 2009).
Moreover, for other kinases in the calcium/calmodulin-dependent protein kinase family to
which STK33 belongs, autophosphorylation is known to increase kinase catalytic activity
(Colbran et al., 1989). Postulating that STK33 autoactivates by phosphorylation (Figure 4D),
we asked whether any surrounding network configuration could influence the superior
potency of knockdown. For networks with B — B autoregulation, we found that the median
discrepancy was 8.6 (90% nonparametric confidence interval, [6.9-11.6]). Our models raise
the possibility that STK33 arose in the original knockdown screen and failed in the
pharmacologic follow-up because of its mechanism of autoregulation (Luo et al., 2012;
Scholl et al., 2009; Weiwer et al., 2012). Indeed, STK33 continues to autophosphorylate in
vitro at inhibitor concentrations >50-fold higher than the half-maximal inhibitory
concentration (ICsq) for trans-substrate phosphorylation (Luo et al., 2012). An STK33-like
knockdown/inhibitor discrepancy has also been described recently for ATM (Lee et al.,
2015), a protein kinase whose activity is governed by autophosphorylation (Bakkenist and
Kastan, 2003).

Enzymatic cascades are not static in their regulatory edges and can be reconfigured in
response to selective pressures from drugs and mutations (Lito et al., 2013). Dynamic
rewiring could alter perturbation responses even when the target itself has not been affected
directly. We found an example of perturbation potency switching in the epidermal growth
factor receptor (EGFR), a receptor tyrosine kinase of the ErbB family. EGFR dimerizes with
and transphosphorylates receptors of the ErbB family (including EGFR/ErbB1) to create
binding sites for Grb2 and its associated guanine exchange factor, SOS (Yarden and
Sliwkowski, 2001). ErbB receptor activation feeds back positively to transphosphorylate
EGFR, but strong ErbB family signaling also promotes receptor internalization and
degradation through activation of the ubiquitin ligase Cbl (Levkowitz et al., 1998). These
competing feedbacks create different wirings for EGFR/ErbB perturbation (Figures 4E and
4F).

In the models, B —| A feedback (Figures 4A and 4E) gave rise to a modest preference for
inhibition of B over knockdown (knockdown — inhibitor discrepancy = —4.5). Consistent
with this prediction, non-small-cell lung cancer lines showing the fastest inducible
downregulation of EGFR have the greatest sensitivity to an EGFR/ErbB1 kinase inhibitor
(Ono et al., 2004). Interestingly, in lung cancer lines with evolved or intrinsic resistance to
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EGFR/ErbB1 inhibition, receptor internalization is disrupted (Kwak et al., 2005; Shtiegman
et al., 2007), creating an opportunity for transphosphorylation to dominate (Figure 4F). With
B — A positive feedback encoded, the model predicted that knockdown would be much
more potent than inhibition of B (knockdown — inhibitor discrepancy = 8.7). Accordingly,
inhibitor-resistant lung cancer lines remain susceptible to EGFR/ErbB1 knockdown as well
as irreversible EGFR/ErbB1 inhibitors that effectively reduce EGFR/ErbB1 abundance in
cells (Kwak et al., 2005). Together, our results indicate that the druggability of an enzyme
target is critically dependent on the regulatory edges that surround it.

DISCUSSION

Functional studies using reverse genetics or pharmacology are overwhelmingly focused on
the target and downstream consequences of its perturbation. There are known mechanisms
by which target knockdown and inhibition can yield discordant results, especially for
proteins that signal and scaffold or promote compensatory changes in the cell (Knight and
Shokat, 2007). Our work here with enzymes illustrates that the mechanism of perturbation
and the associated response are intertwined with the location of that enzyme in the broader
signaling network. Perturbation responses can diverge with the addition of one regulatory
edge, which we demonstrate by using simple and detailed kinetic models complemented
with experiments. In the MAPK literature, there are reports of surprising discrepancies
between inhibitor and knockdown responses (Beliveau et al., 2010; Woodson and Kedes,
2012). As with the other wiring motifs, we believe that these discrepancies could be
reconciled with the strength of ERK —| Raf feedback, which varies depending on cellular
context (Pratilas et al., 2009).

For simplicity, our analysis focused purely on enzymatic cascades, ignoring accessory
proteins such as scaffolds and additional kinetic steps such as protein translocation.
Likewise, we did not consider more sophisticated mechanisms of small-molecule inhibition
other than competitive inhibitors (Figures 1 and 4) and the allosteric, noncompetitive
inhibitors in the U0126 class (Figures 2 and 3). Such details will undoubtedly affect the
kinetics of signal activation and propagation, but they are unlikely to equalize genetic and
pharmacologic perturbations for all network configurations. As long as enzyme
perturbations are partial rather than complete (Bollag et al., 2010; Knott et al., 2014), there
is the potential for knockdowns and inhibitors to diverge in a topology-dependent manner.

Why do knockdown/inhibitor discrepancies segregate according to the positive and negative
regulation in the network? The answer relates back to the fact that genetics and
pharmacology make fundamentally different perturbations to enzyme kinetics (Figure 1A).
Networks with positive feedback or autoregulation are poised to exhibit switch-like
responses that drive an enzymatic reaction to saturation (Tyson et al., 2003). If Sis also E
(autoregulation), or P promotes the turnover of S(feedback), then it will be difficult for all
but the most potent inhibitors to slow a reaction appreciably. Knockdown, by contrast, puts
an upper limit on an enzyme-catalyzed reaction even at saturation, thereby favoring
increased potency. A reciprocal logic holds for networks with negative feedback or
autoregulation, which attenuate enzyme kinetics (Amit et al., 2007). When the effective
concentration of Sis low, inhibitors provide a superior perturbation compared with partial
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knockdown of E (Figure 1A). The systems-level rules provided here can help to guide
perturbation strategies that seek to tie enzymatic cascades to the biological functions they
regulate.

EXPERIMENTAL PROCEDURES

Modeling

For the generic three-tiered enzymatic cascade (Figures 1 and 4), Michaelis-Menten kinetics
for activation and deactivation reactions were coded in MATLAB and solved with ode15s.
Initial conditions were set to arbitrary values (range, 0-1), and rate parameters were
optimized to produce nearly identical perturbations of signaling output upon knockdown or
inhibition of B in the linear cascade. Model parameters are included in Tables S1 and S2, a
sensitivity analysis of the network topology models is included in Figures S3B-S3E, and the
models are archived in Data S1.

For the MAPK model, a mass action model of the Raf-MEK-ERK cascade was extracted
from the larger model of Chen et al. (2009) and elaborated with ERK —| Raf feedback
inhibition based on five phosphorylation sites that can be attributed directly to ERK
(Dougherty et al., 2005). Rate parameters for ERK-mediated feedback phosphorylation of
Grb2 (Chen et al., 2009) were used to encode ERK —| Raf feedback hyperphosphorylation.
U0126 inhibition was modeled as a reversible binding reaction with inactive MEK that
prevented its binding to active Raf. The model is archived in Data S1. Additional modeling
details are included in the Supplemental Experimental Procedures.

Experiments

Cell culture, stimulation and lysis, cloning, viral transduction, immunoblotting, and
immunofluorescence were performed by standard procedures as described previously (Janes,
2015; Wang et al., 2011). Additional experimental details are included in the Supplemental
Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The network around an enzyme affects its susceptibility to knockdown or
inhibition
Negative feedback enhances pharmacologic inhibitor potency compared with

knockdown

Positive feedback enhances knockdown potency compared with pharmacologic
inhibition
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Figure 1. Negative Feedback Diminishes the Effective Potency of Enzyme Knockdown in a
Three-Tiered Michaelian Cascade

(A) Standard reaction scheme for a Michaelian enzyme, yielding the Michaelis-Menten
equation that describes the rate of P formation as a function of Vs, Ky, and the
concentration of S

(B) Knockdown (KD, purple) and competitive inhibition (CI, green) affect the rate of
product formation differently as a function of S For the representative perturbations, Vimax’
= 0.4 Vimax and Ky’ = 10 Ky

(C) Abbreviated reaction scheme for a three-tiered cascade of Michaelian enzymes. The
parameters are as in (A).

(D) Signal amplification along the three-tiered cascade. The A* trace is shown at one-fifth
the arbitrary scale of B* and C*.

(E and F) Fractional perturbation of (E) a linear three-tiered cascade and (F) a negative
feedback cascade by KD (purple) or CI (green). The left three plots show C* traces as a
function of time. The right plot shows the time-integrated C* traces as a function of the
extent of perturbation.

The reaction parameters for the models were Ky = 0.04, Keat = 1.0, Eg = 1.0, and Vipax =
1.0. See also Table S1 and Data S1.
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Figure 2. ERK —| Raf Feedback Hyperphosphorylation Dampens the Efficacy of MEK
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Knockdown in a Mass Action Model
(A) Standard reaction scheme for the Raf-MEK-ERK MAPK signaling cascade. RasGTP is

the upstream activator of Raf. Both MEK and ERK are doubly phosphorylated by a

distributive mechanism.

(B) Elaboration of Raf inhibitory hyperphosphorylation by ERK. Raf is directly

MEK perturbation

Page 18

50 .
phosphorylated by ERK on five sites (Dougherty et al., 2005), yielding Y _._!/i! (5 —)!

combinatorial proteoforms of Raf in the model.

(C and D) Active Raf, MEK, and ERK traces in response to a 5-min step increase in
RasGTP for the mass action model (C) without feedback or (D) with feedback.

(E and F) Time-integrated trace of active ERK as a function of MEK perturbation by

inhibition (green) or knockdown (purple) for the mass action model (E) without feedback or

(F) with feedback.

(G and H) Knockdown inhibitor discrepancy as a function of MEK perturbation for the mass
action model (G) without feedback or (H) with feedback. See also Figure S1 and Data S1.
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Figure 3. ERK —| Raf Feedback Hyperphosphorylation Dampens the Efficacy of MEK
Knockdown in NIH 3T3 Cells Stimulated with PDGF

(A) Knockdown of total MEK with sShRNA. NIH 3T3 cells were transduced with the
indicated lentiviruses, lysed, and immunoblotted for endogenous MEK, with Hsp90, tubulin,
and p38 used as loading controls.

(B) Cells were pretreated with 20 pM FR180204 (FR) and stimulated with 100 ng/ml PDGF
for 30 min, lysed, and immunoblotted for hyperphosphorylated Raf (P-Raf), with total Raf
and B-actin used as loading controls.

(C) PDGF-stimulated MAPK cascade and its perturbation by U0126 (UO) and shMEK, with
ERK —| Raf feedback disabled by FR.

(D) Quantification of PDGF-induced MEK phosphorylation with ERK —| Raf feedback
disabled by FR. Cells were pretreated with 20 uM FR + 2 pM UO, stimulated with 100 ng/ml
PDGF for 5 min, lysed, and immunoblotted for phosphorylated MEK (P-MEK) and total
MEK, with B-actin used as a loading control. The fold induction of P-MEK is indicated
relative to unperturbed cells expressing a control sShRNA.

(E) Relative PDGF-induced P-MEK in shMEK cells is equivalent to 2 uM U0126. Data are
shown as the mean £ SEM of six independent experiments.

(F and G) PDGF-stimulated ERK phosphorylation is perturbed by U0 but not by shMEK.
Cells were pretreated with 2 uM U0 or 0.1% DMSO, stimulated with 1 ng/ml PDGF for the
indicated time points, lysed, and immunoblotted for phosphorylated ERK1/2 (P-ERK1/2)
and MEK, with total ERK2, vinculin, Hsp90, and tubulin used as loading controls.

(H) Replicated densitometry of the experiment in (F) and (G). Data are shown as the mean +
SEM of four additional independent experiments.

(1-M) PDGF-stimulated proliferation is perturbed by UO but not by shMEK. Cells were
serum-starved, pretreated with 2 uM UO (L) or 0.1% DMSO (I, K, and M), stimulated with 1
ng/ml PDGF for 24 hr (K-M), and immunostained for hyperphosphorylated Rb (pRb, red),
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with DAPI (blue) used as a nuclear counterstain. Fluorescence images are shown overlaid on
the accompanying differential interference contrast (DIC) image. Scale bar, 20 um.

(N) Frequency of pRb-positive cells scored for the indicated conditions. Data are shown as
the mean + SEM of three independent experiments. *p < 0.05 by Welch's two-sided t test.
n.s., not significant.

See also Figure S2.
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Figure 4. Network Motifs Give Rise to Knockdown/Inhibitor Discrepancies in Three-Tiered
Enzyme Cascades

(A) Exhaustive reconfiguration of a three-tiered Michaelian cascade (Figures 1C and 1D)
with all combinations of one to two regulatory edges (Figure S3A). The integrated
differences between KD and inhibition (Inh) were calculated across the full range of
perturbation as in Figures 1E and 1F. Networks were considered approximately equivalent
when the magnitude of KD — Inh discrepancy was less than five (tan). Bold letters refer to
the network motifs in Figures 4C—4F.

(B) Color map illustrating the network topologies giving rise to the knockdown/inhibitor
discrepancies in (A). Activating edges between enzymes are indicated in brown, and
inhibitory edges are indicated in blue. Motifs for enhanced inhibitor and knockdown potency
are shown in green and purple, respectively.

(C) G protein-coupled receptor (GPCR) signaling from Ga to AC5 to protein kinase A
(PKA).

(D) Autoactivation of STK33 within an unknown enzymatic cascade.

(E and F) EGF signaling from EGFR to ErbB family receptors to SOS, including (E)
negative feedback from Cbl or (F) positive feedback from transphosphorylation.

See also Figure S3, Table S2, and Data S1.
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