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Abstract

Inducing protein degradation by proteolysis targeting chimeras (PROTACs) has gained tremendous 

momentum for its promise to discover and develop new therapies. Based upon our previously 

reported PROTAC MDM2 degraders, we have designed and synthesized additional analogues. 

Surprisingly, we found that simple structural modifications of MD-222, a bona fide MDM2 

PROTAC degrader, converts it into a “molecular glue”, as exemplified by MG-277. MG-277 

induces only moderate MDM2 degradation and fails to activate wild-type p53 but is highly potent 

in inhibition of tumor cell growth in a p53-independent manner. Our mechanistic investigation 

established that MG-277 is not a PROTAC MDM2 degrader but instead works as a molecular glue, 

inducing degradation of a translation termination factor, GSPT1 to achieve its potent anticancer 

activity. Our study provides the first example that simple structural modifications can convert a 

bona fide PROTAC degrader into a molecular glue compound, which has a completely different 

mechanism of action.
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INTRODUCTION

The proteolysis targeting chimeric (PROTAC) concept was formally proposed in 2001 with 

the objective of inducing targeted protein degradation by hijacking the powerful cellular 

degradation systems.1, 2 The very first PROTAC molecule employed the Skp1-Cullin-F box 

(SCFβ-TrCP) E3 ligase complex and successfully targeted methionine aminopeptidase-2 

(MetAP-2) for degradation.1 In recent years, the PROTAC approach has gained momentum, 

showing promise for the discovery and development of new therapeutic agents.2–8

A typical PROTAC small-molecule degrader consists of three essential components: a ligand 

that binds the protein of interest, a second ligand that binds to and recruits an E3 ligase 

degradation complex, and a linker tethering the two ligands together.2–8 Since 2001, a 

number of E3 ligases have been tested for the design of PROTAC molecules and have 

enjoyed different levels of success.1–18 The Cullin4A E3 ligase complex and the Cullin2 E3 

ligase complex have emerged as two powerful E3 ligase complexes for the design of highly 

potent and effective PROTAC molecules, in part due to the availability of potent and 

druglike small-molecule ligands to recruit these degradation complexes.2, 15 In the case of 

Cullin4A, a class of well-known small-molecule drugs, represented by thalidomide and 

lenalidomide and collectively known as immunomodulatory imide drugs (IMiDs), have been 

discovered as potent small-molecule ligands for cereblon, a receptor protein for the Cullin 

4A complex.19, 20

The landmark discovery that cereblon is the molecular target for IMiDs has also revealed a 

completely new mechanism of drug action.21 By binding to cereblon, an E3 ubiquitin ligase 

receptor, IMiDs alter the specificity of the Cullin4A E3 ubiquitin ligase and cause it to 

recruit a set of new substrates, or neo-substrates for ubiquitination by the Cullin4A complex. 

This is followed by proteasomal degradation.21–24 The term “molecular glue” has been used 

to describe the unprecedented mechanism of action of IMiDs.25, 26 In addition to IMiDs, 

indisulam has been recently discovered as another class of molecular glue.27, 28 Indisulam 

brings together the CUL4-DDB1-DDA1-DCAF15 E3 ubiquitin ligase complex with neo-

substrates such as RBM39 for ubiquitination and proteasomal degradation.27, 28 The 

“molecular glue” mechanism of action has also opened an avenue for the discovery of 

completely new types of drugs.26

Theoretically, a putative PROTAC molecule can function as either a bona fide PROTAC 

degrader to bind to and degrade the intended target protein(s) or it can act as a molecular 

glue by recruiting and degrading neo-substrates. Recently, Ishoey et al.29 demonstrated that 

a class of phthalimide conjugate putative PROTAC degraders fails to induce degradation of 

their consensus kinase targets in cells but instead functions as a molecular glue.

We recently reported the discovery of the first-in-class highly potent PROTAC degraders of 

MDM2, exemplified by MD-222 and MD-224, which induce rapid degradation of the 

MDM2 protein and activation of wild-type p53 in cells.14 These PROTAC MDM2 degraders 

potently inhibit cell growth in human cancer cell lines carrying wild-type p53 and 

demonstrate significant specificity over cancer cell lines with mutated or deleted p53. In our 

further modifications of MD-222 and its analogues, we identified another type of 
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compounds, exemplified by MG-277. In contrast to MD-222 and MD-224, MG-277 is much 

less effective than MD-222 in inducing degradation of MDM2 and fails to activate wild-type 

p53. Furthermore, MG-277 potently inhibits cell growth in cancer cell lines in a p53-

independent manner, displaying a completely different mode of action from that of MD-222 

or MD-224. Our mechanistic investigation revealed that MG-277 is not a PROTAC MDM2 

degrader and instead behaves as a molecular glue. Herein, we report the discovery of 

MG-277 and our detailed investigation of its mechanism of action.

RESULTS

Design of MG-277 as a new analogue of MD-222, a bona fide PROTAC MDM2 degrader

Previously, we reported the discovery and extensive investigation of MD-222 and its 

analogues as the first-in-class PROTAC MDM2 degraders.14 MD-222 was designed and 

synthesized using a potent and selective MDM2 inhibitor (MI-1061, Figure 1A), which was 

conjugated, through a linker, with a lenalidomide moiety.14

We further investigated how the binding affinity of the MDM2 inhibitor component to 

MDM2 protein in our MDM2 degraders affects their ability to degrade the MDM2 protein. 

To this end, we replaced the benzoic acid fragment in MI-1061 with a methyl group, 

obtaining MI-2103 (Figure 1A). In our optimized fluorescence-polarization (FP) based 

binding assay30, the MDM2 inhibitors MI-1061 and MI-2103, bind to MDM2 with IC50 

values of 9.5 nM and 48.1 nM, respectively (Figure 1B–D). While MI-2103 is ~5-times less 

potent than MI-1061, it is still a high-affinity inhibitor of MDM2. Employing MI-2103 for 

the MDM2 inhibitor moiety and using the same linker and lenalidomide moiety as those in 

MD-222, we synthesized MG-277 as a putative PROTAC MDM2 degrader.

MG-277 displays high potencies in inhibition of cell growth in cancer cell lines with 
different p53 status, in contrast to the bona fide PROTAC MDM2 degrader MD-222

In our previous study14, we showed that acute leukemia cell lines RS4;11, MOLM-13 and 

MV4;11 carrying wild-type p53, are very responsive to MDM2 inhibitors and degraders. We 

therefore employed these three leukemia cell lines to evaluate the bona fide MDM2 degrader 

MD-222, the new putative MDM2 degrader MG-277, and the MDM2 inhibitors MI-1061 

and MI-2103.

MD-222 and MG-277 potently and effectively inhibit cell growth in each of these three 

leukemia cell lines and are much more potent than their corresponding MDM2 inhibitors 

(Figure S1A–S1C in SI). For example, MG-277 displays IC50 values of 1.3 nM, 24.6 nM 

and 7.9 nM, respectively, in these three cell lines (Figure S1A–S1C). In comparison, the 

corresponding MDM2 inhibitor MI-2103 has IC50 values of 669 nM, 1238 nM, 898 nM, 

respectively, in the same three cell lines (Figure S1A–S1C). These data show that the new, 

putative MDM2 degrader MG-277 is >50-times more potent than its corresponding MDM2 

inhibitor, MI-2103, in inhibition of cell growth in each of these three cell lines.

Our previous study14 showed that similar to MDM2 inhibitors, the PROTAC MDM2 

degraders MD-222 and MD-224 also display a high cellular specificity over cancer cell lines 

carrying mutated or deleted p53. We tested MG-277, MD-222 and MI-2103 for their 
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specificity in the RS4;11/IRMI-2 leukemia cell line31, 32, which contains p53 hot-spot 

mutations (Y236H and R249G), and in the HL-60 leukemia cell line which has a loss of 

p53. As expected, the bona fide MDM2 degrader MD-222 and the MDM2 inhibitor MI-2103 

are completely ineffective in the RS4;11/IRMI-2 and HL-60 leukemia lines (Figure S1D and 

S1E). Surprisingly, MG-277 is very potent and effective in inhibition of cell growth in both 

the RS4;11/IRMI-2 and HL-60 leukemia lines, achieving IC50 values of 3.9 nM and 8.3 nM, 

respectively (Figure S1D and S1E).

To further investigate their cellular specificity, we evaluated MG-277, MD-222 and MI-2103 

for their cell growth inhibitory activity in the MDA-MB-231 and MDA-MB-468 breast 

cancer cell lines, which harbor a mutated p53 protein.33 While MD-222 and MI-2103 fail to 

inhibit cell growth in these two breast cancer cell lines, MG-277 potently inhibits cell 

growth in MDA-MB-231 and MDA-MB-468 breast cancer cell lines, with IC50 values of 

39.4 nM and 26.4 nM, respectively (Figures S1F and S1G).

These cell growth inhibition data showed that while the bona fide PROTAC MDM2 

degrader, MD-222 displays high cellular specificity for p53 wild-type cancer cell lines over 

p53 mutated or deleted cell lines, MG-277 is potent and effective against cancer cell lines 

carrying wild-type, mutated or deleted p53. Therefore, it is very clear that MG-277 and 

MD-222 have different cellular mechanisms of action.

Synthesis and evaluation of MG-277 analogues with different linkers

The linker between the MDM2 inhibitor moiety and the lenalidomide moiety in MG-277 is 

much shorter than that in MD-222, and this may contribute to their different cellular 

mechanisms of action. To investigate this, we synthesized a series of analogues of MG-277 

with different linker lengths and/or compositions (Table 1). We evaluated these compounds 

for their cell growth inhibitory activity in the RS4;11 cells with wild-type p53 and RS4;11/

IRMI-2 cells carrying a mutated p53, obtaining the data summarized in Table 1 (Table 1, 

Figure S2A and S2B).

MG-274, in which MI-2103 and lenalidomide are connected directly without a linker, 

display similar potencies in both cell lines, and MG-274 is slightly more potent than 

MI-2103 (Figure S2A and S2B). MG-275 has a (CH2)3 linker, two methylenes less than the 

linker in MG-277, and is approximately 10-times more potent than MG-274 in both cell 

lines and displays essentially no selectivity between the RS4;11 cell line and the RS4;11/

IRMI-2 cell line (Figure S2A and S2B). MG-276, which has a linker one methylene shorter 

than that in MG-277, is equipotent with MG-277 in both cell lines and shows no selectivity 

(Figure S2A and S2B). Insertion of one oxygen atom into the linker in MG-277 yielded 

MG-278, which is also equipotent with MG-277 in both cell lines and displays no cellular 

selectivity (Figure S2A and S2B). Replacement of the (CH2)5 linker in MG-277 with the 

longer and more hydrophilic linker – (CH2)2O-CH2O-(CH2)3-, afforded MG-279, which is 

similarly potent and non-selective as MG-277 (Figure S2A and S2B). Changing the (CH2)5 

linker in MG-277 to a (CH2O)3(CH2)3 linker yielded MG-280, which displays IC50 values 

of 10 nM and 11 nM in the RS4;11 cell line carrying wild-type p53 and the RS4;11/IRMI-2 

cell line (Figure S2A and S2B), respectively. MG-280 is therefore 5-times less potent than 

MG-277, and displays no selectivity between these two cell lines (Figure S2A and S2B). 
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Taken together, these data show that while the linker length and composition have clear 

influence on the cellular potencies, the lack of cellular selectivity for MG-277 between cell 

lines carrying wild-type p53 and cell lines containing a mutated or deleted p53 is not simply 

due to its shorter linker than that in MD-222.

MG-277 is much less effective and less potent than MD-222 in inducing MDM2 degradation 
and fails to activate wild-type p53

A bona fide PROTAC MDM2 degrader such as MD-222 is potent and effective in inducing 

MDM2 degradation and in activating wild-type p53 in cancer cells.14 We evaluated MG-277 

for its ability to induce MDM2 degradation and activation of p53 in the RS4;11 cell line, 

with MD-222 and MI-2103 used as controls.

Western blotting analysis showed that MD-222 is very effective in reducing the levels of 

MDM2 protein and increasing the levels of p53 after treatment for just 1 h in RS4;11 cells 

(Figure 2A). This is consistent with our previous data14 and its mechanism as an MDM2 

degrader. In comparison, with a treatment time of 1 h MI-2103 induces upregulation of both 

MDM2 and p53 proteins (Figure 2A), consistent with its mechanism as an MDM2 inhibitor. 

In contrast, MG-277 fails to reduce the levels of MDM2 protein and increase the levels of 

p53 with 1 h treatment time in RS4;11 cells (Figure 2A). Treatment of the RS4;11 cells with 

MD-222 for 2 h shows that it reduces the level of MDM2 and increases the level of p53 

more than was observed with a treatment time of 1 h (Figure 2B). Interestingly, with a 2 h 

treatment time, MG-277 reduces the MDM2 level moderately but fails to increase the level 

of p53 in the RS4;11 cells (Figure 2B).

In the RS4;11/IRMI-2 cell line carrying a mutated p53, both MD-222 and MG-277 can 

reduce the levels of MDM2 with 2 h treatment time but again MD-222 is much more potent 

and effective than MG-277 (Figure 2C).

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) experiments show 

that MD-222 is effective in increasing the expression of several p53-targeted genes, such as 

MDM2, CDKN1A, PUMA and BAX (Figure 2D–2G) in RS4;11 cells, indicating strong 

activation of p53. In contrast, MG-277 fails entirely to increase the expression of any of 

these p53-targeted genes (Figure 2D–2G), showing lack of p53 activation.

Hence, while MD-222 is very effective in reducing the levels of MDM2 and activating wild-

type p53 in RS4;11 cells, MG-277 is much less potent and effective than MD-222 in 

reducing the levels of MDM2 and fails to activate wild-type p53.

The cell growth inhibition activity of MG-277 is MDM2-independent

MG-277 is much less potent and effective than MD-222 in reducing the levels of MDM2 in 

the RS4;11 cells but retains a moderate effect (Figure 2A and 2B). We examined if the cell 

growth inhibition activity of MG-277 is MDM2-dependent. Because it is difficult to knock-

down MDM2 efficiently in leukemia cells, we knocked down MDM2 by siRNA in the 

MDA-MB-231 and MDA-MB-468 breast cancer cell lines and assessed the cell growth 

inhibitory activity of MG-277 in these MDM2 knocked-down cell lines.
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Our data show that efficient knock-down of MDM2 by siRNA in these two cell lines has no 

effect on the cell growth inhibitory activity of MG-277 (Figure 3C and 3D), when compared 

to the siRNA controls (Figure 3A and 3B). These data also show that MG-277 achieves its 

cell growth inhibitory activity in both the MDA-MB-231 and MDA-MB-468 cell lines 

through an MDM2-independent mechanism.

The cell growth inhibition activity of MG-277 does not require binding to MDM2

MG-277 consists of an MDM2 binding moiety, and a cereblon binding moiety, tethered 

together through a linker. We investigated if the binding of MG-277 to MDM2 is required 

for its cellular growth inhibition activity by synthesizing and evaluating a number of 

analogues using an MDM2 inhibitor which is much weaker than MG-277.

In our previous studies,34, 35 we showed that the halogen atoms in our MDM2 inhibitors 

play an important role in enhancing the binding affinity to MDM2. Therefore, we made 

three MDM2 inhibitors by removal of one or more of the Cl or F atoms. Using these three 

much weaker MDM2 inhibitors, we have synthesized three analogues of MG-277 using the 

same linker and the lenalidomide moiety as those in MG-277 (Figure 4A–4C). Our binding 

data showed that the conjugated compounds based on these weaker MDM2 inhibitors show 

minimal binding to MDM2 (IC50 > 20 μM) (Figure 4F).

These three new analogues, MC-215, MC-216 and MC-217, however, all display potent cell 

growth inhibitory activity in both the RS4;11 and RS4;11/IRMI-2 cell lines and show no 

selectivity over the RS4;11/IRMI-2 cell line (Figure 4D and 4E). These data indicate that the 

cell growth inhibition activity by MC-215, MC-216, MC-217, and MG-277 in different cell 

lines is independent of their binding to MDM2.

The cell growth inhibitory activity of MG-277 is dependent on cereblon binding

Because MG-277 contains a cereblon-binding moiety, we investigated if its cell growth 

inhibitory activity is dependent upon its binding to cereblon using several complementary 

methods.

The co-crystal structure of lenalidomide in a complex with cereblon shows that the amino 

group of the glutarimide in lenalidomide forms a hydrogen bond with cereblon and 

methylation of this amino group should completely block the binding to cereblon.36, 37 We 

therefore synthesized MC-024 in which the amino group of the glutarimide in MG-277 is 

methylated (Figure 5I). MC-024 is >1000-times less potent than MG-277 in inhibition of 

cell growth in RS4;11, RS4;11/IRMI-2, MDA-MB-231 and MDA-MB-468 cell lines (Figure 

5E–5H), indicating that binding of MG-277 to cereblon is required for its cell growth 

inhibitory activity in cell lines with wild-type and mutated p53.

To further examine the effect of cereblon binding on cell growth inhibition by MG-277, we 

used an excess amount of lenalidomide to compete with MG-277 for binding with cereblon. 

Our data show that lenalidomide is very effective in reducing the cell growth inhibitory 

activity of MG-277 in a dose-dependent manner in p53 wild-type RS4;11 cells and p53 

mutant RS4;11/IRMI-2, MDA-MB-231 and MDA-MB-468 cells (Figure 5A–5D).
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We knocked down CRBN in the MDA-MB-231 and MDA-MB-468 cell lines to examine the 

effect on cell growth inhibition by MG-277, and found that efficient knock-down of CRBN 
dramatically reduces the cell growth inhibition by MG-277 in both cell lines (Figure 6).

These three sets of complementary experiments clearly demonstrate that binding of MG-277 

to cereblon is required for the cell growth inhibitory activity of MG-277 in cancer cell lines 

with wild-type or mutated p53.

MG-277 effectively and specifically induces degradation of GSPT1

Because the cell growth inhibitory activity of MG-277 is MDM2-independent and cereblon-

dependent, we hypothesized that MG-277 may in fact function as a molecular glue and 

promote recruitment of certain cell growth-related protein(s) to the CUL4-DDB1-CRBN E3 

ligase complex (CRL4CRBN) for ubiquitination and subsequent proteasomal degradation.

To identify the actual cellular target(s) of MG-277, we performed an unbiased proteomic 

analysis using the RS4;11 cells with wild-type p53 and the RS4;11/IRMI-2 cells carrying 

mutated p53. This analysis showed that upon treatment with 0.1 μM of MG-277 for 3 h, the 

G1 to S phase transition 1 (GSPT1) protein, a translation termination factor, is the only 

protein whose level is greatly reduced in both RS4;11 (5.3-fold, P<0.001) and RS4;11/

IRMI-2 (3.7-fold, P<0.001) cell lines (Figure 7A and 7B).

GSPT1, also known as eRF3a, mediates stop codon recognition and nascent protein release 

from the ribosome through interaction with a release factor, eRF1.38, 39 A recent study 

reported the similar finding that two series of phthalimide conjugate degraders originally 

designed to target multiple kinases for degradation actually induce significant GSPT1 

degradation and fail to degrade their consensus targets.29

GSPT1 protein level is greatly reduced by treatment with MG-277 and its analogues but not 
by treatment with MD-222, a bona fide PROTAC MDM2 degrader

The data in Figure 7A–B suggest that GSPT1 may the true molecular target for MG-277. 

Accordingly, we investigated if degradation of GSPT1 protein is required for the cell growth 

inhibitory activity of MG-277.

Western blot analysis showed that MG-277, but not MD-222, effectively reduces the level of 

the GSPT1 protein in a dose- and time-dependent manner in both p53 wild-type and mutant 

cell lines (Figure 7D–7G). The kinetics data showed that GSPT1 protein level is markedly 

decreased starting from 1–3 h with MG-277 at a concentration of as low as 10 nM (Figure 

7F and 7G), indicating rapid degradation of GSPT1 induced by MG-277. No reduction of 

GSPT1 mRNA level is observed after treatment with MG-277, indicating that MG-277 has 

no effect on GSPT1 transcription (Figure 7C).

We further evaluated additional analogues of MG-277 containing linkers of different lengths 

and composition (Table 1). All of these analogues, with the exception of MG-274 and 

MG-275, effectively reduce the GSPT1 protein level after 2 h of treatment (Figure S2C and 

S2D). MG-274 with no linker and MG-275 with a (CH2)3 linker are also both capable of 

reducing the level of GSPT1 but require higher concentrations (1–3 μM) and 24 h treatment 
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time (Figure S2E and S2F), consistent with their weaker potencies in cell growth inhibition. 

MG-276, MG-277, MG-278 and MG-279 achieve DC50 (concentration required to degrade 

50% of protein) values of 1.1 nM, 1.3 nM, 1.8 nM and 1.2 nM, respectively, in the RS4;11 

cell line with 24 h treatment. MG-276, MG-277, MG-278 and MG-279 are also highly 

potent in inducing degradation of GSPT1 (Figures S3B–S3D and S3F, Table S1). MG-274 

(DC50= 2.3 μM) with no linker and MG-275 (DC50= 0.12 μM) with the shortest linker are 

much less potent than MG-277 in inducing GSPT1 degradation (Figure S3A and S3F, Table 

S1). The MDM2 inhibitor MI-2103 has no effect on the level of GSPT1 protein (Figure S2C 

and S2D).

These data establish an excellent correlation between the induced degradation of GSPT1 and 

the cell growth inhibition by MG-277 and its analogues in both p53 wild-type and p53-

mutated cell lines.

Decrease of GSPT1 protein level induced by MG-277 is dependent on its binding with 
cereblon, proteasome and cullin-RING E3 ligases (CRLs) function but independent of 
MDM2

Our data show that cell growth inhibition by MG-277 depends upon cereblon but not on 

MDM2. We next investigated the dependence of GSPT1 degradation induced by MG-277 on 

cereblon, proteasome, CUL E3 ligase and MDM2.

Co-treatment with an excess amount of lenalidomide (30 μM) effectively blocks the 

degradation of GSPT1 protein induced by MG-277 in both MDA-MB-231 and MDA-

MB-468 cell lines (Figure 8A and 8B). Efficient siRNA knock-down of CRBN in these two 

breast cancer cell lines also blocks the degradation of GSPT1 induced by MG-277 (Figure 

8C and 8D). These data establish that degradation of GSPT1 protein induced by MG-277 

depends upon cereblon.

We investigated if degradation of GSPT1 protein induced by MG-277 requires binding to 

MDM2. An excess of MI-2103 was found to fail to negate degradation of GSPT1 protein by 

MG-277 in the MDA-MB-231 cell line (Figure 8E). We evaluated the ability of several 

analogues of MG-277 (MC-215, MC-216 and MC-217) (Figure 4A–4C), each of which 

contains a very weak MDM2 inhibitor, to reduce the level of GSPT1 protein in the RS4;11 

cells. These compounds are all very potent and effective in reducing the GSPT1 protein level 

but have no obvious effect on the level of MDM2 protein (Figure S3D–S3F and 8F). Hence, 

the binding to MDM2 of MG-277 and its analogues is not required for their effective 

degradation of GSPT1 protein.

We investigated whether proteasomal activity and cullin-RING E3 ligases (CRLs) activity 

are essential for MG-277 induced GSPT1 degradation. Both PR-171, a proteasome inhibitor, 

and MLN4924, a Nedd8 conjugating enzyme (NAE) inhibitor, completely block the 

degradation of GSPT1 induced by MG-277 (Figure 8G). Hence the GSPT1 degradation 

induced by MG-277 requires the activity of both the CUL4 E3 ubiquitin ligase and the 

proteasome.
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Structural requirements within the PROTAC molecules for the GSPT1 recruitment to 
cereblon

To shed light on the structural requirements for MG-277 to induce GSPT1 degradation, we 

modeled the binding of MG-277 with the cereblon:GSPT1 complex based upon the co-

crystal structure of CC-885 in a complex with cereblon and GSPT1 (Figure 9)40. Our 

modeling showed that MG-277 captures some of the key interactions with residues uniquely 

critical for recruiting GSPT1 to cereblon that had been shown in the previous study.40 

Specifically, Phe150 in cereblon is hydrophobically packed with GPST1 and the cyclohexyl 

group of MG-277. Glu377 of cereblon enjoys hydrogen bonding and electrostatic 

interactions with residues in GSPT1 and the positively charged nitrogen atom in the 

pyrrolidine group of MG-277. Additional interactions among the ligand and the two proteins 

are also observed (see Figure S4 for more details).

We further evaluated the structural requirements for the potent cell activity and GSPT-1 

degradation by MG-277. The reported DDB1-GSPT1-CC-885 complex shows hydrogen 

bonding interaction between the two urea nitrogens of CC-885 and cereblon.40 We 

postulated that it may be possible that the adjacent carboxamide and pyrrolidine nitrogens in 

MG-277 mimic this interaction. If this hypothesis is correct, blocking one of the nitrogens 

would abolish the activity. Blocking the nitrogen of the pyrrolidine produced MC-295 which 

retains the cellular activity, suggesting that this position plays a minor role in the GSPT-1 

degradation (Figure 10). Next, the substituents around the pyrrolidine core were 

systematically removed. Removal of the cyclohexyl ring on carbon-2, resulted in MC-296, 

which the same activity as MG-277 (Figure 10). However, modification of the 4-aryl 

substituent produced compounds MC-297, MC-293 and MC-294, all having weak cell 

potency suggesting both aryl groups are necessary for GSPT-1 degradation and consequently 

potent cell growth-inhibitory activity (Figure 10). Further studies will be performed to 

precisely define the minimal structural requirements for induced GSPT1 protein 

degradation.

DISCUSSION

We previously reported the discovery of a class of bona fide PROTAC MDM2 degraders, 

exemplified by MD-222 and MD-224, that are highly potent and effective in inducing 

degradation of MDM2 and in activating wild-type p53 in cells.14 In the present study, we 

report the discovery of another type of compounds, exemplified by MG-277 which was 

obtained by removal of the benzoic acid moiety of the MDM2 inhibitor segment of MD-222. 

In contrast to MD-222 and MD-224, MG-277 has a significantly decreased potency in 

reducing the level of MDM2 protein in cells and fails to activate wild-type p53 (Figure 2A–

2C). However, MG-277 is highly potent and effective in inhibition of cell growth in cancer 

cell lines with wild-type p53, mutated p53, or deleted p53, indicating a p53-independent 

mechanism. We found that that MG-277 and a number of its analogues achieve cell growth 

inhibition in a cereblon-dependent and MDM2-independent manner. Our unbiased 

proteomic analysis revealed that GSPT1 is the only protein whose level is dramatically and 

significantly reduced by MG-277. Furthermore, MG-277 induces rapid GSPT1 degradation 

in cancer cells in a p53- and MDM2-independent manner but in a manner dependent upon 
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cereblon, CUL4 E3 ubiquitin ligase and proteasomes. Moreover, the potencies of different 

analogues of MG-277 in induction of GSPT1 degradation by correlate well with their cell 

growth inhibitory activity (Figure S3, Table S1). Our data therefore strongly support our 

proposal that induction of GSPT1 degradation by MG-277 and its analogues is responsible 

for their cell growth inhibitory activity.

A recent study by Ishoey et al.29 has demonstrated that while phthalimide conjugate 

degraders fail to induce degradation of their consensus kinase targets in cells, these 

compounds effectively induce degradation of GSPT1 protein. Their study also provided 

convincing evidence that degradation of GSPT1 is responsible for the cell growth inhibitory 

activity of these phthalimide conjugate degraders in leukemia cell lines.29 Our present study 

provides an example that while some of our designed putative MDM2 degraders such as 

MD-222 and MD-224 indeed function as bona fide PROTAC MDM2 degraders14, structural 

modifications of the MDM2 inhibitor portion of MD-222 yielded compounds such MG-277 

which has a cellular mode of action completely different from that of MD-222. Despite the 

fact that MG-277 contains an MDM2 inhibitor portion, which binds to MDM2 with a high 

affinity (IC50 = 48.1 nM) (Figure 1C), it is much less potent and effective in inducing 

degradation of MDM2 than MD-222 and fails to activate p53. Instead, MG-277 achieves its 

remarkable cell growth inhibitory activity by inducing degradation of the GSPT1 protein.

Our data suggest that for any designed phthalimide conjugate degrader, there are two 

potential mechanisms of action. On the one hand, the phthalimide conjugate can function as 

a bona fide degrader to degrade the intended protein(s) of interest. On the other hand, the 

conjugate can function as a molecular glue to recruit neo-substrate protein(s) to cereblon and 

Cullin 4A for ubiquitination and subsequent degradation. Although further studies are 

needed to determine the precise structural requirements for a conjugate to operate either as a 

bona fide PROTAC degrader or as a molecular glue, both cellular mechanisms of action 

must be considered in the design of phthalimide conjugate degraders.

CONCLUSIONS

By modification of our previously discovered bona fide PROTAC MDM2 degraders, we 

discovered a new type of compounds with a completely different mechanism of action. This 

new type of compounds, exemplified by MG-277, exerts potent anticancer activity by 

functioning as molecular glues. In contrast to our previously reported bona fide PROTAC 

MDM2 degraders, MG-277 shows very weak activity in inducing degradation of MDM2 and 

fails to activate p53 but is potent and effective in inducing degradation of GSPT1. Our study 

shows that for a designed phthalimide conjugate degrader, it can function either as a bona 
fide degrader for the intended protein(s) of interest, or as a molecular glue which recruits 

neo-substrate protein(s) to CRL4CRBN E3 ligase for ubiquitination and subsequent 

degradation. Both mechanisms must be considered in the design of a PROTAC degrader. 

Further investigation is ongoing to define the precise structural requirements for a 

phthalimide conjugate to operate either as a bona fide PROTAC degrader or as a molecular 

glue.
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CHEMISTRY

Spiroxindoles 1–741, 842 and all amino-lenalidomide linkers14 were obtained as previously 

described. Amide coupling of the respective cores and amino-lenalidomide linkers produced 

the target molecules as illustrated in Schemes 1 – 4.

EXPERIMENTAL SECTION

Compound Synthesis

Unless otherwise stated, all commercial reagents were used as supplied without further 

purification. NMR spectra were obtained on a Bruker 400 Ascend™ spectrometer at a 1H 

frequency of 400 MHz. Chemical shifts (δ) are reported in parts per million (ppm) relative to 

an internal standard. The final products were purified on a preparative HPLC column 

(Waters 2545, Quaternary Gradient Module) with a SunFire Prep C18 OBD 5 μm 50 × 100 

mm reverse phase column. The mobile phase was a gradient of solvent A (H2O with 0.1% 

TFA) and solvent B (MeCN with 0.1% TFA) at a flow rate of 60 mL/min and 1%/min 

increase of solvent B. All final compounds have purity ≥ 95% as determined by Waters 

ACQUITY UPLC using a reverse phase column (SunFire, C18–5 μm, 4.6 × 150 mm) and a 

solvent gradients of A (H2O with 0.1% of TFA) and B (MeCN with 0.1% of TFA). Mass 

spectral analyses were carried out with a Waters ACQUITY UPLC/QDa mass detector.

All the compounds were synthesized according to the procedure described for MG-277.

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(5-(2-(1-methyl-2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MC-024).—LC-MS (ESI) m/z (MH)+ calcd. for C42H45Cl2FN5O5

+ = 788.28; found 

788.31; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.69 − 7.61 (m, 2H), 7.50 − 7.35 

(m, 4H), 7.17 (t, J = 8.0 Hz, 1H), 7.12 (dt, J = 8.2, 2.0 Hz, 1H), 6.77 (d, J = 1.9 Hz, 1H), 

5.21 (dt, J = 13.5, 4.8 Hz, 1H), 5.08 (d, J = 10.9 Hz, 1H), 4.75 (dd, J = 11.1, 2.5 Hz, 1H), 

4.53 − 4.36 (m, 2H), 3.47 − 3.35 (m, 1H), 3.15 (s, 3H), 3.05 − 2.86 (m, 3H), 2.84 − 2.68 (m, 

1H), 2.60 (t, J = 7.7 Hz, 2H), 2.50 (qd, J = 12.9, 5.5 Hz, 1H), 2.24 − 2.10 (m, 2H), 2.01 − 

1.82 (m, 3H), 1.76 (d, J = 13.3 Hz, 2H), 1.61 − 1.14 (m, 8H), 1.14 − 1.00 (m, 2H).

(3’R,4’R,5’R)-6”-Chloro-N-(5-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)pentyl)-2”-oxo-4’-phenyldispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-
indoline]-5’-carboxamide (MC-215).—LC-MS (ESI) m/z (MH)+ calcd. for 

C41H45ClN5O5
+ = 722.30; found 722.41; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 

7.66 (t, J = 7.2 Hz, 1H), 7.55 (dd, J = 8.2, 5.6 Hz, 1H), 7.52 − 7.42 (m, 1H), 7.40 (ddd, J = 

7.6, 2.7, 1.1 Hz, 1H), 7.26 − 7.08 (m, 6H), 6.71 (dd, J = 2.0, 0.9 Hz, 1H), 5.27 − 5.15 (m, 

2H), 4.54 − 4.36 (m, 2H), 4.25 (dd, J = 23.8, 11.2 Hz, 1H), 3.04 − 2.86 (m, 2H), 2.86 − 2.71 

(m, 2H), 2.61 − 2.45 (m, 3H), 2.27 − 2.10 (m, 2H), 2.02 − 1.80 (m, 3H), 1.82 − 1.70 (m, 

2H), 1.58 − 1.14 (m, 8H), 1.11 − 0.97 (m, 2H).

(3’R,4’R,5’R)-N-(5-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-2”-
oxo-4’-phenyldispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-
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carboxamide (MC-216).—LC-MS (ESI) m/z (MH)+ calcd. For C41H46N5O5
+ = 688.35; 

found 688.45; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.66 (t, J = 7.6 Hz, 1H), 

7.60 − 7.52 (m, 1H), 7.52 − 7.42 (m, 1H), 7.40 (ddd, J = 7.6, 2.4, 1.1 Hz, 1H), 7.28 − 7.05 

(m, 7H), 6.69 (d, J = 7.8 Hz, 1H), 5.28 − 5.14 (m, 2H), 4.53 − 4.37 (m, 2H), 4.25 (dd, J = 

24.0, 11.1 Hz, 1H), 3.05 − 2.86 (m, 3H), 2.85 − 2.73 (m, 2H), 2.60 − 2.46 (m, 2H), 2.26 − 

2.13 (m, 2H), 2.00 − 1.85 (m, 3H), 1.81 − 1.69 (m, 2H), 1.58 − 1.13 (m, 8H), 1.11 − 0.98 

(m, 2H).

(3’R,4’S,5’R)-N-(5-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-4’-(2-
fluorophenyl)2”-oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-
carboxamide (MC-217).—LC-MS (ESI) m/z (MH)+ calcd. for C41H45FN5O5

+ = 706.34; 

found 706.50; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.72 (td, J = 7.6, 1.8 Hz, 

1H), 7.66 (dd, J = 7.4, 1.3 Hz, 1H), 7.51 − 7.39 (m, 3H), 7.26 − 7.17 (m, 2H), 7.14 (t, J = 7.7 

Hz, 1H), 7.07 (t, J = 7.7 Hz, 1H), 6.90 − 6.79 (m, 1H), 6.71 (d, J = 7.8 Hz, 1H), 5.24 − 5.14 

(m, 1H), 4.77 (d, J = 10.8 Hz, 1H), 4.55 − 4.37 (m, 2H), 3.08 − 2.86 (m, 2H), 2.86 − 2.66 

(m, 2H), 2.60 (t, J = 7.8 Hz, 2H), 2.58 − 2.43 (m, 1H), 2.25 − 2.08 (m, 2H), 1.99 − 1.80 (m, 

3H), 1.80 − 1.65 (m, 2H), 1.64 − 1.24 (m, 7H), 1.24 − 1.00 (m, 4H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(2-(2,6-dioxopiperidin-3-
yl)-1-oxoisoindolin-4-yl)-2”-oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-
indoline]-5’-carboxamide (MG-274).—LC-MS (ESI) m/z (MH)+ calcd. for 

C36H33Cl2FN5O5
+ = 704.19; found 704.34; >95% purity. 1H NMR (400 MHz, Methanol-d4) 

δ 7.78 − 7.63 (m, 3H), 7.60 − 7.51 (m, 2H), 7.38 (t, J = 7.5 Hz, 1H), 7.18 (t, J = 8.1 Hz, 1H), 

7.10 (dd, J = 8.2, 2.0 Hz, 1H), 6.79 (t, J = 1.6 Hz, 1H), 5.34 − 5.21 (m, 1H), 5.21 − 5.10 (m, 

1H), 4.29 − 3.95 (m, 3H), 3.02 − 2.86 (m, 2H), 2.86 − 2.74 (m, 1H), 2.76 − 2.63 (m, 1H), 

2.43 − 2.28 (m, 1H), 2.23 − 2.08 (m, 2H), 1.97 − 1.69 (m, 5H), 1.65 − 1.50 (m, 2H), 1.25 − 

1.12 (m, 2H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(3-(2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)propyl)-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MG-275).—LC-MS (ESI) m/z (MH)+ calcd. for C39H39Cl2FN5O5

+ = 746.23; found 

746.45; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.73 − 7.58 (m, 2H), 7.50 (dd, J 
= 8.3, 2.5 Hz, 1H), 7.43 (td, J = 7.6, 2.1 Hz, 1H), 7.34 (dddd, J = 8.6, 7.3, 5.7, 1.6 Hz, 1H), 

7.24 (ddd, J = 7.6, 5.4, 1.0 Hz, 1H), 7.18 (tt, J = 8.1, 1.2 Hz, 1H), 7.13 − 7.06 (m, 1H), 6.78 

(d, J = 1.9 Hz, 1H), 5.26 − 5.11 (m, 2H), 4.82 (d, J = 11.2 Hz, 1H), 4.51 − 4.29 (m, 2H), 

3.50 − 3.34 (m, 1H), 3.12 − 2.99 (m, 1H), 2.99 − 2.74 (m, 3H), 2.57 − 2.36 (m, 3H), 2.27 − 

2.09 (m, 2H), 2.01 − 1.83 (m, 3H), 1.82 − 1.64 (m, 4H), 1.50 (dd, J = 15.3, 11.9 Hz, 1H), 

1.21 (td, J = 13.8, 4.0 Hz, 2H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(4-(2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)butyl)-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MG-276).—LC-MS (ESI) m/z (MH)+ calcd. for C40H41Cl2FN5O5

+ = 760.25; found 

760.51; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.69 − 7.58 (m, 2H), 7.54 − 7.41 
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(m, 2H), 7.41 − 7.31 (m, 1H), 7.31 − 7.06 (m, 3H), 6.77 (d, J = 2.0 Hz, 1H), 5.22 − 5.06 (m, 

2H), 4.77 (d, J = 11.1 Hz, 1H), 4.52 − 4.34 (m, 2H), 3.47 − 3.33 (m, 1H), 3.27 − 3.11 (m, 

1H), 3.11 − 2.99 (m, 1H), 3.00 − 2.84 (m, 1H), 2.85 − 2.73 (m, 2H), 2.63 − 2.45 (m, 3H), 

2.25 − 2.11 (m, 2H), 2.01 − 1.82 (m, 3H), 1.76 (d, J = 13.4 Hz, 2H), 1.58 − 1.30 (m, 5H), 

1.29 − 1.11 (m, 2H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(5-(2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MG-277).—HATU (9 mg, 0.0237 mmol) was added to a solution of 141 (10 mg, 0.0216 

mmol), 214 (10 mg, 0.0226 mmol) and DIEA (16 μL, 0.094 mmol) in DMF (0.5 mL). After 

10 min at rt the reaction was complete as determined by a UPLC/QDa mass detector. The 

reaction was diluted with MeOH (0.5 mL), acidified with TFA, then H2O (1 mL) was added 

and this solution was injected into a preparative HPLC for purification. The HPLC fractions 

containing the product were partially concentrated and the remaining solution was frozen 

and lyophilized to produce 6.4 mg of MG-277 as a white powder. LC-MS (ESI) m/z (MH)+ 

calcd. for C41H43Cl2FN5O5
+ = 774.26; Found 774.42; >95% purity. 1H NMR (400 MHz, 

Methanol-d4) δ 7.65 (d, J = 7.3 Hz, 2H), 7.53 − 7.38 (m, 3H), 7.40 − 7.31 (m, 1H), 7.16 (t, J 
= 8.0 Hz, 1H), 7.10 (dt, J = 8.2, 2.4 Hz, 1H), 6.77 (d, J = 2.0 Hz, 1H), 5.19 (dt, J = 13.3, 5.5 

Hz, 1H), 5.08 (d, J = 11.0 Hz, 1H), 4.75 (d, J = 11.0 Hz, 1H), 4.55 − 4.38 (m, 2H), 3.45 − 

3.33 (m, 1H), 3.08 − 2.86 (m, 2H), 2.85 − 2.65 (m, 2H), 2.65 − 2.45 (m, 3H), 2.40 − 2.30 

(m, 1H), 2.25 − 2.07 (m, 2H), 1.99 − 1.80 (m, 3H), 1.79 − 1.67 (m, 2H), 1.60 − 1.26 (m, 

5H), 1.23 − 1.04 (m, 3H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(2-(3-(2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)propoxy)ethyl)-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MG-278).—LC-MS (ESI) m/z (MH)+ calcd. for C41H43Cl2FN5O6

+ = 790.26; found 

790.23; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.69 − 7.60 (m, 2H), 7.53 − 7.44 

(m, 2H), 7.41 (dd, J = 7.6, 1.2 Hz, 1H), 7.27 (dddd, J = 23.7, 8.5, 7.1, 1.5 Hz, 1H), 7.17 − 

7.06 (m, 2H), 6.76 (dd, J = 1.9, 0.8 Hz, 1H), 5.25 − 5.12 (m, 1H), 4.79 (d, J = 11.0 Hz, 1H), 

4.55 − 4.35 (m, 2H), 3.58 (dtd, J = 13.9, 6.2, 4.1 Hz, 1H), 3.38 − 3.09 (m, 5H), 3.02 − 2.85 

(m, 2H), 2.84 − 2.76 (m, 2H), 2.63 (td, J = 7.5, 2.3 Hz, 2H), 2.53 (qd, J = 13.2, 4.6 Hz, 1H), 

2.24 − 2.12 (m, 2H), 2.00 − 1.87 (m, 3H), 1.81 − 1.68 (m, 4H), 1.51 (q, J = 13.8 Hz, 1H), 

1.25 − 1.15 (m, 2H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(2-(2-(3-(2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)propoxy)ethoxy)ethyl)-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MG-279).—LC-MS(ESI) m/z (MH)+ calcd. for C43H47Cl2FN5O7

+ = 834.28; found 

834.35; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.67 (dd, J = 6.4, 2.3 Hz, 1H), 

7.65 − 7.58 (m, 1H), 7.57 − 7.41 (m, 3H), 7.29 (dd, J = 8.0 Hz, 1H), 7.19 − 7.01 (m, 2H), 

6.75 (d, J = 2.0 Hz, 1H), 5.19 (dd, J = 13.3, 5.2 Hz, 1H), 4.75 (d, J = 10.4 Hz, 1H), 4.56 − 

4.37 (m, 2H), 3.66 − 3.31 (m, 12H), 3.00 − 2.86 (m, 1H), 2.86 − 2.72 (m, 3H), 2.56 − 2.45 
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(m, 1H), 2.22 − 2.13 (m, 1H), 2.08 − 1.61 (m, 8H), 1.58 − 1.45 (m, 1H), 1.22 − 1.01 (m, 

2H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(2-(2-(2-(3-(2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)propoxy)ethoxy)ethoxy)ethyl)-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MG-280).—LC-MS(ESI) m/z (MH)+ calcd. for C45H51Cl2FN5O8

+ = 878.31; found 

878.65; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.73 − 7.61 (m, 2H), 7.55 − 7.45 

(m, 3H), 7.35 (t, J = 7.5 Hz, 1H), 7.20 −7.04 (m, 2H), 6.78 (d, J = 1.9 Hz, 1H), 5.21 (dt, J = 

13.3, 4.8 Hz, 1H), 4.79 (d, J = 10.7 Hz, 1H), 4.60 − 4.40 (m, 2H), 3.74 − 3.38 (m, 13H), 3.33 

− 3.18 (m, 2H), 2.95 (ddd, J = 17.6, 13.5, 5.4 Hz, 1H), 2.88 − 2.77 (m, 3H), 2.75 − 2.61 (m, 

1H), 2.61 − 2.45 (m, 1H), 2.25 − 2.16 (m, 1H), 2.09 (d, J = 13.8 Hz, 1H), 2.02 − 1.67 (m, 

7H), 1.55 (q, J = 13.9 Hz, 1H), 1.27 − 1.05 (m, 2H).

(2R,4R)-N-(5-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-4-
phenylpyrrolidine-2-carboxamide (MC-293).—LC-MS (ESI) m/z (MH)+ calcd. for 

C29H35N4O4
+ = 503.26; found 503.17; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 

7.60 (ddd, J = 7.4, 3.1, 1.3 Hz, 1H), 7.48 − 7.34 (m, 4H), 7.34 − 7.25 (m, 3H), 5.17 (td, J = 

13.0, 5.2 Hz, 1H), 4.57 − 4.39 (m, 3H), 3.87 − 3.77 (m, 1H), 3.53 − 3.40 (m, 1H), 3.29 − 

3.16 (m, 2H), 2.98 − 2.84 (m, 1H), 2.84 − 2.68 (m, 3H), 2.60 − 2.38 (m, 2H), 2.38 − 2.25 

(m, 1H), 2.25 − 2.14 (m, 1H), 1.83 − 1.51 (m, 4H), 1.47 − 1.32 (m, 2H).

(2R,4S)-N-(5-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-4-
phenylpyrrolidine-2-carboxamide (MC-294).—LC-MS (ESI) m/z (MH)+ calcd. for 

C29H35N4O4
+ = 503.26; found 503.17; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 

7.57 (ddd, J = 7.5, 3.0, 1.2 Hz, 1H), 7.44 (dd, J = 7.6, 1.2 Hz, 1H), 7.42 − 7.34 (m, 3H), 7.36 

− 7.24 (m, 3H), 5.16 (ddd, J = 13.5, 8.6, 5.2 Hz, 1H), 4.57 − 4.28 (m, 3H), 3.82 − 3.71 (m, 

1H), 3.69 − 3.53 (m, 1H), 3.40 − 3.33 (m, 1H), 3.28 − 3.17 (m, 1H), 2.97 − 2.69 (m, 5H), 

2.53 (qd, J = 13.2, 4.7 Hz, 1H), 2.24 − 2.13 (m, 1H), 2.01 − 1.87 (m, 1H), 1.80 − 1.52 (m, 

5H), 1.49 − 1.32 (m, 2H).

(3’R,4’S,5’R)-6”-Chloro-4’-(3-chloro-2-fluorophenyl)-N-(5-(2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-1’-methyl-2”-
oxodispiro[cyclohexane-1,2’-pyrrolidine-3’,3”-indoline]-5’-carboxamide 
(MC-295).—LC-MS (ESI) m/z (MH)+ calcd. for C42H45Cl2FN5O5

+ = 788.27; found 

788.19; >95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.66 (dd, J = 7.4, 1.2 Hz, 1H), 

7.60 − 7.50 (m, 2H), 7.50 − 7.40 (m, 2H), 7.36 (q, J = 6.7 Hz, 1H), 7.16 − 7.09 (m, 2H), 6.77 

(dd, J = 2.0, 0.8 Hz, 1H), 5.19 (dt, J = 13.3, 5.0 Hz, 1H), 5.02 − 4.93 (m, 3H), 4.66 (dd, J = 

11.9, 4.4 Hz, 1H), 4.54 − 4.37 (m, 2H), 3.44 − 3.33 (m, 2H), 3.25 (d, J = 4.6 Hz, 3H), 3.12 − 

2.97 (m, 1H), 2.99 − 2.87 (m, 1H), 2.85 − 2.75 (m, 1H), 2.65 − 2.43 (m, 4H), 2.31 − 2.10 

(m, 3H), 1.81 − 1.45 (m, 7H), 1.45 − 1.27 (m, 2H), 1.27 − 1.15 (m, 1H), 1.15 − 0.95 (m, 

2H).

(3R,4’R,5’R)-N-(5-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-2’,2’-
dimethyl-2-oxo-4’-phenylspiro[indoline-3,3’-pyrrolidine]-5’-carboxamide 
(MC-296).—LC-MS (ESI) m/z (MH)+ calcd. for C38H42N5O5

+ = 648.31; found 648.24; 
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>95% purity. 1H NMR (400 MHz, Methanol-d4) δ 7.68 − 7.63 (m, 1H), 7.50 − 7.43 (m, 1H), 

7.44 − 7.35 (m, 2H), 7.26 − 7.02 (m, 7H), 6.73 (dd, J = 18.1, 7.8 Hz, 1H), 5.25 − 5.14 (m, 

1H), 5.02 − 4.94 (m, 1H), 4.53 − 4.25 (m, 3H), 3.41 − 3.34 (m, 1H), 3.08 − 2.96 (m, 1H), 

2.96 − 2.87 (m, 1H), 2.85 − 2.75 (m, 1H), 2.64 − 2.45 (m, 3H), 2.26 − 2.13 (m, 1H), 1.94 − 

1.80 (m, 3H), 1.59 − 1.44 (m, 2H), 1.44 − 1.19 (m, 4H), 1.14 − 0.97 (m, 2H).

(3R,5’R)-N-(5-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)pentyl)-2-
oxospiro[indoline-3,3’-pyrrolidine]-5’-carboxamide (MC-297).—LC-MS (ESI) m/z 

(MH)+ calcd. for C30H34N5O5
+ = 544.25; found 544.15; >95% purity. 1H NMR (400 MHz, 

Methanol-d4) δ 7.63 − 7.54 (m, 1H), 7.45 − 7.35 (m, 3H), 7.36 − 7.26 (m, 1H), 7.11 (qd, J = 

7.5, 1.1 Hz, 1H), 7.00 − 6.91 (m, 1H), 5.18 (td, J = 13.7, 5.2 Hz, 1H), 4.56 − 4.39 (m, 2H), 

3.76 − 3.63 (m, 2H), 3.40 − 3.33 (m, 1H), 3.28 − 3.17 (m, 1H), 3.00 − 2.85 (m, 1H), 2.86 − 

2.74 (m, 2H), 2.76 − 2.44 (m, 4H), 2.34 − 2.22 (m, 1H), 2.25 − 2.13 (m, 1H), 1.78 − 1.49 

(m, 4H), 1.43 − 1.32 (m, 2H).

Fluorescence Polarization (FP)-Based Protein Binding Assay

The binding affinity of the compounds to MDM2 protein was determined by an optimized, 

sensitive and quantitative fluorescence polarization (FP)-based binding assay using a 

recombinant human His-tagged MDM2 protein (residues 1–118) and a FAM-tagged p53-

based peptide as the fluorescent probe, as described previously.32, 43

Cell lines

The human leukemia RS4;11 cell lines (ATCC® CRL-1873™), MV-4–11 (ATCC® 

CRL-9591™), HL-60 (ATCC® CCL-240™) and breast cancer cell lines MDA-MB-468 

(ATCC® HTB-132™) and MDA-MB-231 (ATCC® HTB-26™) were purchased from the 

American Type Culture Collection (ATCC). MOLM-13 (ACC 554, DSMZ) cell line was 

purchased from DSMZ. RS4;11/IRMI-2 cell line is an induced MDM2 inhibitor-resistant 

cell line generated from p53 wild-type RS4;11 cells by repeated treatment with a MDM2 

inhibitor, SAR405838 (MI-73301) as described in our earlier study.31, 32 The p53 mutations 

(Y236 Y/H, R249 R/G) in RS4;11/IRMI-2 cells were confirmed by DNA sequencing.31, 32 

In all experiments, RS4;11, MOLM-13, MDA-MB-468 and MDA-MB-231 cells were 

cultured in RPMI 1640 media (Cat#11875119, ThermoFisher), MV-4–11 and HL-60 cells 

were cultured in IMDM media (Cat# 12440061, ThermoFisher), supplemented with 10% 

HyClone™ fetal bovine serum (Cat#SH30910.03, GE Healthcare Life Sciences) and 1% 

penicillin–streptomycin (Cat#15140122, Life Technologies) at 37 °C in a humidified 

atmosphere containing 5% CO2 and were used within three months of thawing fresh vials.

Cell Growth Inhibition Assay

In cell growth inhibition experiments, cells were seeded in 96-well cell culture plates at 

densities of 10000–20000 cells/well for leukemia cell lines and 5000–10000 cells/well for 

breast cancer cell lines in 100 μL of culture medium. Each compound that was tested was 

serially diluted in the culture medium, and 100 μL of the diluted solution containing the 

tested compound was added to the appropriate wells of the cell plate. After addition of the 

tested compound, the cells were incubated for 4 days at 37 °C in an atmosphere of 5% CO2. 

Cell growth inhibition was then evaluated by a lactate dehydrogenase-based colorimetric 
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assay (Dojindo Molecular Technologies) using a water soluble tetrazolium salt, WST-8.43 

After the WST-8 reagent was added (20 μL/well), the plates were incubated for at least 1 h, 

and read at 450 nm using Tecan Infinite M1000 multimode microplate reader (Tecan, 

Morrisville, NC).

Western Blotting Assay and Quantitative Proteomics Profiling

For Western blot analysis, 2 × 106 cells/well were added into 6-well plates and treated with 

compounds at the indicated concentrations for various lengths of time. Cells were then 

collected and lysed in ice-cold Cell Lysis Buffer (Cell Signaling Technology, #9803) 

containing a protease inhibitor. 25 μg of lysate protein was run in each lane of a PAGE-SDS 

and blotted into polyvinylidene fluoride (PVDF) membranes. Expression levels of the 

indicated proteins were probed by the following primary antibodies: MDM2 (SMP14) 

(sc-965, Santa Cruz), p53 (DO-1) (sc-126, Santa Cruz), HRP-conjugated GAPDH (sc-25778 

HRP, sc-47724 HRP, Santa Cruz) from Santa Cruz and eRF3/GSPT1 (ab126090, ab49878) 

from Abcam.

Total protein samples after treatment with indicated compounds in RS4;11 and RS4;11/

IRMI-2 cell lines were prepared with ice-cold RIPA buffer containing protease inhibitor. The 

abundance of 5264 cellular proteins in each sample was analyzed by high resolution 

Orbitrap liquid chromatography mass spectrometry (LC-MS/MS) using TMT10plex™ 

Isobaric Label Reagent Set (Cat#90111, ThermoFisher) for protein labeling.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was prepared from RS4;11 cells after the indicated treatments using RNeasy 

Mini Kit (74106; QIAGEN) according to the manufacturer’s protocol. RNA concentration in 

each sample was determined with a Tecan Infinite M1000 multimode microplate reader 

(Tecan, Morrisville, NC). cDNA was generated using High-Capacity RNA-to-cDNA™ Kit 

(4387406; ThermoFisher Scientific). qRT-PCR was performed in triplicate with MDM2, 
p21, Puma, Bax and GAPDHspecific primer pairs using the Applied Biosystems 

QuantStudio 7 Flex Real-Time PCR System with TaqMan™ Fast Advanced Master Mix 

(Cat#4444557; Applied Biosystems). Target gene expression levels were normalized to 

GAPDH levels, made relative to untreated control samples and presented as 2−ΔΔCt. All 

primers used for qRT-PCR were purchase from ThermoFisher and as follows: MDM2 

(Hs01066930_m1; ThermoFisher); p21 (Hs00355782_m1; ThermoFisher); Puma 

(Hs00248075_m1; ThermoFisher); Bax (Hs00180269_m1; ThermoFisher), GSPT1 

(Hs01093019_m1; ThermoFisher) and GAPDH (Hs02758991_g1; ThermoFisher).

Small interfering RNA (siRNA) Knockdown

To down-regulate MDM2 and cereblon, ON-TARGETplus siRNAs (SMARTpool) for 

human MDM2 (LU-003279-00-0005; Dharmacon), ON-TARGETplus siRNAs (individual) 

for cereblon (LQ-021086-10-0002, LQ-021086-11-0002 ; Dharmacon) and non-targeting 

negative control siRNAs (D-001810-10-20; Dharmacon) were used. Transfection was 

performed using Lipofectamine RNAiMAX (Cat#13778150, ThermoFisher). MDA-MB-231 

and MDA-MB-468 cells were transfected with MDM2 or cereblon siRNAs or non-targeting 

negative control siRNAs for 2 days, followed by indicated drug treatment.
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Quantification and Statistical Analysis

All the cell data of protein binding assay, cell growth inhibition assay and qRT-PCR were 

presented as mean ± standard error from at least three independent experiments. Statistical 

analyses presented in all figures were performed using GraphPad Prism software (version 

7.00).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

MDM2 Human murine double minute 2

PROTAC proteolysis targeting chimera

GSPT1 G1 to S Phase Transition 1

CRBN cereblon

PUMA p53 upregulated modulator of apoptosis

MetAP-2 methionine aminopeptidase-2

IMiDs immunomodulatory imide drugs

CRL4CRBN CUL4-DDB1-RBX1-CRBN E3 ligase complex

FP fluorescence-polarization

qRT-PCR quantitative reverse transcription polymerase chain reaction

CRLs Cullin-RING E3 ligases

NAE Nedd8 E1 conjugating enzyme
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Figure 1. Design of MG-277 as a new, putative PROTAC MDM2 degrader.
(A). Structures of MDM2 inhibitors MI-1061 and MI-2103, the bona fide MDM2 degrader 

MD-222 and a putative MDM2 degrader MG-277. (B-D).Binding affinities of MI-1061 (B), 

MI-2103 (C) and MG-277 (D) to MDM2 by an optimized fluorescence-polarization (FP) 

competitive binding assay.
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Figure 2. MG-277 is much less effective and less potent than MD-222 in inducing MDM2 
degradation and fails to activate wild-type p53.
(A-B) Western blotting analysis of MDM2 and p53 protein levels in RS4;11 cells after 

treatment with MI-2103, MG-277 and MD-222 for 1 h (A) or 2 h (B), and in p53 mutant 

RS4;11/IRMI-2 cell line after 2 h treatment (C). The cells were treated for 1 h or 2 h with 

the compounds at the indicated concentrations, and proteins were probed by specific 

antibodies. (D-G) Changes of mRNA levels of p53 downstream target genes, including 

MDM2, CDKN1A, PUMA and BAX were analyzed after treatment with 3 nM MG-277 or 

10 nM MD-222 in the RS4;11 cell line by qRT-PCR.
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Figure 3. The cell growth inhibition activity of MG-277 is MDM2-independent.
(A-D) Effect of knockdown of MDM2 on the cell growth inhibitory activity of MI-2103 and 

MG-277 in MDA-MB-231 and MDA-MB-468 cells after transfection with MDM2 siRNAs 

(C-D) or non-targeting siRNA control vector (A-B) for 2 days. (E) MDM2 knockdown 

efficiency was determined by Western blotting analysis.
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Figure 4. The cell growth inhibition activity of MG-277 does not require binding to MDM2.
(A-C) Structures of MC-215, MC-216 and MC-217, three control analogues of MG-277 

formed by removal of fluorine and/or one or two chlorine atoms from the MI-2103 portion 

of MG-277. (D-E) Cell growth inhibitory activity of MG-277, MC-215, MC-216 and 

MC-217 in RS4;11 (D) and RS4;11/IRMI-2 (E) cell lines. (F) Binding affinity of the three 

analogues of MG-277 with MDM2 protein was determined by an FP assay.
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Figure 5. The cellular activity of MG-277 is dependent on cereblon binding.
(A-D) Cell growth inhibitory activity of MI-2103, MD-222 and MG-277 in RS4;11, RS4;11/

IRMI-2, MDA-MB-231 and MDA-MB-468 cells in the presence or absence of excess 

lenalidomide to occupy the binding site on cereblon. (E-H) Cell growth inhibitory activity of 

MI-2103, MG-277 and MC-024 with no cereblon binding in RS4;11, RS4;11/IRMI-2, 

MDA-MB-231 and MDA-MB-468 cell lines by a 4-day cell viability assay. (I) Structure of 

MC-024 with the amino group of the glutarimide in MG-277 methylated.
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Figure 6. The cell growth inhibition activity of MG-277 requires binding to cereblon.
Effect of siRNA CRBN knockdown on the cell growth inhibitory activity of MG-277. (A-F) 

MDA-MB-231 (A-C) and MDA-MB-468 (D-F) cells were transfected with two different 

CRBN siRNAs targeting two different sequences (B-C, E-F) or non-targeting siRNA control 

vector (A, D) before treatment with MI-2103 or MG-277 for 3 days. Cell growth inhibition 

was determined by cell viability assay. (G) Western blotting for cereblon protein level was 

used to determine the knockdown efficiency.
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Figure 7. MG-277 effectively and specifically induces the degradation of GSPT1.
(A-B) Proteomic analysis/protein profiling after a 3 h treatment with 0.1 μM of MG-277 in 

p53 wild-type RS4;11 (A) and p53 mutated RS4;11/IRMI-2 (B) cells. The Y-axis represents 

P-value and X-axis represents the log 2 ratio of the level of a certain protein after the 

treatment to its protein level before the treatment. (C) GSPT1 mRNA level was measured by 

qRT-PCR after treatment with MG-277 and MD-222 at indicated time points. (D-G) Western 

blotting analysis of GSPT1 protein level after treatment with MI-2103, MG-277 and 

MD-222 for 2 h (D-E) or treatment with MG-277 or MD-222 for different time lengths as 

indicated (F-G) in RS4;11 and RS4;11/IRMI-2 cells.
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Figure 8. Decrease of GSPT1 protein level induced by MG-277 is dependent on its binding with 
cereblon, proteasome and cullin-RING E3 ligases (CRLs) but independent of MDM2.
(A-B) Western blotting for GSPT1 protein level after 2 h treatment with MI-2103, MG-277 

or MD-222 in MDA-MB-231 (A) and MDA-MB-468 (B) cells with or without lenalidomide 

(30 μM) to block binding with cereblon. (C-D) MDA-MB-231 (C) and MDA-MB-468 (D) 

cells were transfected with CRBN siRNAs targeting two different sequences or non-

targeting siRNA control. Protein levels of GSPT1 and cereblon were determined by Western 

blot analysis after treatment with 0.1 μM MG-277 for 2 h or 24 h in the transfected cells. (E) 

Western blot analysis for GSPT1 protein level after 2 h treatment with MG-277 in the 

presence or absence of 10 μM MI-2103 (or DMSO as control) to block binding with MDM2 

in MDA-MB-231 cells. (F) Western blotting for MDM2 and GSPT1 protein levels after 2 h 
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treatment with MG-277 and three analogues (MC-215, MC-216 and MC-217) with weaker 

MDM2 binding affinity in RS4;11 cells. (G) RS4;11 cells were pre-incubated with a 

proteasome inhibitor, PR-171 or a Nedd8 inhibitor, MLN4924, or DMSO as control for 4 h 

to block proteasome or CRL function. GSPT1 protein level was measured by Western 

blotting after 2 h treatment with MI-2103, MG-277 or MD-222.
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Figure 9. 
Molecular modeling of MG-277 (yellow) binding with GSPT1 (blue) and cereblon (orange) 

with highlighted residues, Phe150 and Glu377, which are uniquely critical for recruitment of 

GSPT1. The available structure of GSPT1-cereblon complex co-crystalized with small 

ligand CC-88540 (PDB code: 5HXB) was used.
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Figure 10. Chemical structural requirements for the GSPT1 recruitment to cereblon.
(A) Chemical structures of the new compounds after modifications of the inhibitor portion to 

investigate the structural requirement of GSPT1 recruitment. (B-C) Potencies of the 

compounds in cell growth inhibition were evaluated in both p53 wild-type RS4;11 cell line 

(B) and the p53 mutant RS4;11/IRMI-2 cell line (C) by a 4-day cell viability assay.
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Scheme 1. Linker modifications
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Scheme 2. Removal of halogens and methylation of pyrrolidine and glutarimide nitrogens
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Scheme 3. Systematic removal of pyrrolidine substituents
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Scheme 4. Removal of pyrrolidine substituents
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Table 1.

Linker exploration between MI-2103 and lenalidomide moiety and the corresponding IC50 in the RS4;11 cell 

line and the p53 mutant cell line RS4;11/IRMI-2.

Compound No. Linker IC50(nM) in cell growth inhibition

RS4;11 RS4;ll/IRMI-2

MG-274 No linker 760±96 25801450

MG-275

130±39 180145

MG-276

2.5±0.9 2.6+0.5

MG-277
3.5±1.3 3.4±0.7

MG-278

3.6±0.9 3.5±0.9

MG-279
4.9±1.2 4.9±0.8

MG-280
14±3.7 1412.6
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