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a b s t r a c t

For the first time, proteolysis-targeting chimeras (PROTAC) technology was utilized to achieve the

isoform-selective degradation of class I phosphoinositide 3-kinases (PI3Ks) in this study. Through screen-

ing and optimization, the PROTAC molecule ZM-PI05 was identified as a selective degrader of p110α in

multiple breast cancer cells. More importantly, the degrader can down-regulate p85 regulatory subunit

simultaneously, thereby inhibiting the non-enzymatic functions of PI3K that are independent on p110

catalytic subunits. Therefore, compared with PI3K inhibitor copanlisib, ZM-PI05 displayed the stronger

anti-proliferative activity on breast cancer cells. In brief, a selective and efficient PROTAC molecule was

developed to induce the degradation of p110α and concurrent reduction of p85 proteins, providing a tool

compound for the biological study of PI3K-α by blocking its enzymatic and non-enzymatic functions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phosphoinositide 3-kinases (PI3Ks) are a kind of intracellular

phosphatidylinositol kinases with serine/threonine (Ser/Thr) kinase

activity. PI3Ks are divided into three classes, of which class I is the

most widely studied. Class I PI3Ks are heterodimers composed of

a regulatory subunit and a catalytic subunit. The regulatory sub-

units contain the SH2 domain that is responsible for binding to

the catalytic subunits, among which p85α and p85β are broadly

expressed. Moreover, there are four types of catalytic subunits,

namely p110α, p110β , p110γ and p110δ, which regulate down-

stream signal transduction with the coordination of regulatory sub-

units [1]. Therefore, PI3Ks play a prominent role in the processes of

cell proliferation, differentiation, apoptosis, cytoskeleton construc-

tion, and glucose metabolism through participating in the PI3K-

protein kinase B (AKT)-mammalian target of rapamycin (mTOR)

signal pathway. Hyperactivation of this pathway caused by PI3Ks

mutation or overexpression is a universal reason for tumorigene-

sis, especially for the breast cancer [2]. Despite the enormous de-

mand and prospect of drug discovery targeting PI3Ks, there are

few drugs approved for clinical treatment [3]. In general, the ma-

jor challenges in function identification and drug development of

PI3K are as follows: (1) Currently, inhibitors of PI3K act on the rel-

atively conserved kinase domain of p110 catalytic subunits, caus-
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ing the poor selectivity of drugs that is responsible for the toxicity

and limitation in clinical. (2) In addition to regulating the enzy-

matic activity of p110s, p85 regulatory subunits possess other non-

enzymatic functions [4–8]. To investigate the whole functions of

PI3K, simultaneously blocking the activity of p110s and p85s is re-

quired [9]. While no effective modulators of p85s have been de-

veloped due to the lack of binding pockets, furthermore, the tech-

nology of gene editing sometimes suffers from unexpectedly com-

pensatory effects. Therefore, it is particularly necessary to develop

the selective small-molecule tools for PI3K that can regulate the

functions of p110s and p85s concurrently.

Proteolysis-targeting chimeras (PROTAC) is a novel technology

to induce the degradation of target protein on the strength of nat-

ural ubiquitin-proteasome system, by using a bifunctional small

molecule to recruit the specific E3 ligase to ubiquitinate the target

proteins [10–14]. PROTAC has been broadly applied to achieve the

degradation of diverse targets, PI3K is also included [15–17]. How-

ever, the reported degraders targeting PI3K only possess low effi-

ciency of degradation which are not appropriate chemical probes

for related research [18,19]. So far, no PROTAC molecules that can

eliminate the functions of p85 regulatory subunits have been re-

ported. To our knowledge, a selective and potent PI3K-α degrader

targeting PI3K-α has not yet been reported. Therefore, we de-

veloped a highly efficient PROTAC molecule that selectively de-

graded p110α and abrogated the function of p85 regulatory sub-

units (Fig. 1). This work puts forward the first small molecule de-
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Fig. 1. Schema of PROTAC molecules and inhibitors targeting PI3K. (A) Existing in-

hibitors targeting PI3Ks could only block the catalytic function of the kinase. (B) In

this work, we synthesized the selective degrader targeting PI3K-α which degraded

the catalytic and regulatory subunits simultaneously.

graders which can modulate both kinase and non-kinase functions

of PI3K-α.

To develop degraders of PI3K-α, the PI3K-targeting arm was

naturally conjugated to the E3 ligase ligand through different types

of linkers. Diverse PI3K ligands and E3 ligases, including cereblon

(CRBN) ligands and Von Hippel-Lindau (VHL), were tried based on

our designing principles [20,21]. Through screening in the breast

cancer cell line MDA-MB-231, we found that the degradation of

p110α induced by CRBN is more efficient than VHL (Figs. S1C and

D in Supporting information). Perhaps due to that CRBN tends

more to form the stable ternary complex with PI3K proteins and

PROTAC molecules under the specific linkers and proteins of inter-

est (POI) binders that we used. Among the hit compounds, an Food

and Drug Administration (FDA)-approved pan-inhibitor copanlisib

proved to be a suitable POI binder for achieving notable degrada-

tion of targeted protein. As shown in Fig. 2A, based on the princi-

ple that the linkage site is supposed to extend to solvent zone and

possesses no binding force with target protein (pointed out with

red arrow in Fig. 2C), the terminal morpholine group of copanlisib

was connected with the CRBN binder pomalidomide through dif-

ferent lengths of linkers, generating the molecules ZM-PI01, ZM-

PI02, ZM-PI03 and ZM-PI04.

To our delight, the first-generation molecules could efficiently

degrade the p110α isoform and slightly down-regulate p110γ pro-

tein, without affecting the protein level of p110β which is highly

homologous to p110α. ZM-PI02 was found to be the most potent

degrader (Fig. 2A). It is known that p110α isoform plays an impor-

tant role in breast cancers [22]. Therefore, we attempted to opti-

mize the hit molecule, looking forward to obtaining the degraders

with better selectivity and efficiency on p110α. Through analyz-

ing the structure of p110α protein complexed with copanlisib, we

find that the gate region of ATP-binding pocket in p110α protein

is relatively narrow, which exactly accommodates the large mor-

pholine ring of copanlisib. In the design of first-generation PROTAC

molecules, morpholine group was chosen as the linkage site. We

speculated that connection with an extra linker maybe restrict the

freedom of morpholine ring in conformation, generating a large

clash between the degrader and the gate region of p110α, which

is extremely unfavourable for the binding of PROTAC molecules to

p110α proteins. Previous SAR studies have shown that the morpho-

line ring at the end of copanlisib makes no contribution to the

binding affinity with proteins, which is only supposed to modu-

late the water solubility and metabolic stability of the inhibitor.

Based on the above speculations, we decided to cut off the mor-

Fig. 2. Design and screening of degraders. (A, B) Structure and degradation effi-

ciency of the PROTAC molecules. The column diagram showed the statistical results

of immunoblots in MDA-MB-231 cells after treatment with the degraders for 24h.

(C) Binding model of ZM-PI05 (yellow sphere) with DDB1-CRBN and p110α/p85α

(referenced PDB files: 4CI3, 5G2N, 5ITD). The red arrow represents linkage site of

copanlisib that extends to the solvent zone. The black arrows represent the narrow

gate of p110α that cannot accommodate large groups, such as triazole.

pholine tail to improve the efficiency of degraders. It deserves to

be mentioned that the degraders with a triethylene glycol linker

could induce the degradation p110α more efficiently, according to

the evaluation results of the first-generation degraders. Hence, the

similar lengths of linkers were introduced to the core structure of

copanlisib, producing the second-generation degraders (Fig. 2B).

After evaluation on MDA-MB-231 cell line, the second-

generation molecules were identified as degraders targeting p110α
protein with the increased efficiency by two fold (degradation ra-

tio (DR) at 10nmol/L of ZM-PI02=25%, DR at 10nmol/L of ZM-

PI05=65%), while possessing little effect on the protein level of

p110β and p110γ (Fig. 2B). Obviously, the strategy of abrogating

morpholine group is resultful for enhancing the degradation effi-

ciency and retaining selectivity of the degraders, which may be re-

lated to the increased rotational freedom of the molecules. To fur-

ther validate the conjecture, we changed the position of triazole

in the linkers to obtain the molecules ZM-PI09/ZM-PI10 and ZM-

PI11/ZM-PI12. By comparison, the closer the triazole was to the

target protein, the less efficient the degraders were (half-maximal

degradation concentration (DC50) of ZM-PI09/ZM-PI10 was about

50nmol/L; DC50 of ZM-PI11/ZM-PI12 was about 20nmol/L, Fig. S1B

in Supporting information), indicating that to degrade p110α pro-

tein, the certain freedom was required for the part of linker near to

the targeting pocket, because of the narrow gate of p110α protein

which is hard to accommodate a large group in the ternary com-
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Fig. 3. Degradation characterization of ZM-PI05. (A) Immunoblots for p110α, p110β

and p110γ proteins in MDA-MB-231 cells after treatment with ZM-PI05 for 6h.

(B) Immunoblots for p110α, p85α and p85β in MDA-MB-231 cells treated with

100nmol/L ZM-PI05 at indicated time points. (C) Immunoblot analysis of p110α in

MDA-MB-231 cells pre-treated with DMSO, copanlisib (250nmol/L), pomalidomide

(20 μmol/L) or MLN-4924 (500nmol/L), carfilzomib (1 μmol/L) for 4h, and then

treated with ZM-PI05 (50nmol/L) for 12h. (D) Proteomic analysis of proteins in

MDA-MB-231 cells treated with 100nmol/L ZM-PI05 for 5 h (n=3). Volcano plots

of −log10 (P value) versus log2 Fold Change. P values were calculated using two

tailed unpaired Student’s t-test.

plex (pointed out with black arrows in Fig. 2C). While the suitable

angle of the specific linker that caused by triazole maybe another

factor.

Copanlisib is a pan-inhibitor which displays high binding affin-

ity on class I p110s, while we did not observe strong down-

regulation of p110β and p110γ proteins after treatment with the

representative degrader ZM-PI05. The reason may be that ZM-PI05

could recruit CRBN to get close to p110α protein rather than p110β
or p110γ and induce the formation of ternary complex. In fact, it

displayed a definite advantage of PROTAC in selectivity. Among the

second-generation degraders, ZM-PI05 induced obvious degrada-

tion of p110α and showed much stronger anti-proliferative activity,

which was used in the subsequent studies.

Firstly, the degradation efficiency of ZM-PI05 against p110α
protein was further tested on MDA-MB-231. It showed that ZM-

PI05 degraded p110α in a dose-dependent manner, with a DC50

value of 5nmol/L (Fig. 3A). Although the protein level of p110β
was slightly down-regulated at high concentrations, ZM-PI05 was

still more potent to induce the degradation of p110α, showing that

the degrader in this work possesses quite good selectivity. The

degradation of p110α was quite fast, taking only 2h after treat-

ment with the degrader at 100nmol/L (Fig. 3B). Besides p110α, we

also examined the protein level of regulatory subunit p85s. Encour-

agingly, we found when treated with the degrader for more than

12h, down-regulation of the regulatory subunit p85 proteins could

be observed (Fig. 3B). In comparison, the downregulation of p85

proteins cannot be induced by PI3K inhibitors. As we know, sev-

eral PROTAC molecules targeting p110α has been reported, so we

synthesized the degrader named compound D according to the lit-

erature [18] and tested its efficiency. Compound D almost cannot

induce the degradation of p85 proteins even at the concentration

of 10 μmol/L, while ZM-PI05 induced obvious degradation of p85

proteins at the lower concentrations, showing that ZM-PI05 is a

more potent degrader of PI3K-α (Fig. S3B in Supporting informa-

tion). It was reported that in the natural state, the catalytic subunit

p110s form various complexes with the regulatory subunit p85s to

regulate the enzymatic activity and stability of p110 and p85 pro-

teins [23,24]. When we knocked down p110α proteins with short

hairpin RNA (shRNA), p85α and p85β will also be down-regulated

subsequently (Fig. S4A in Supporting information), which is con-

sistent with previous findings [25]. Also, the CHX chase experi-

ment indicated that the half-life of p85 proteins in MDA-MB-231

cells was significantly decreased if the p110α protein was knocked

down (Figs. S4B and C in Supporting information).Therefore, we

speculated that the downregulation of p85 protein was the sec-

ondary effect of p110α degradation, while not caused by ZM-PI05

directly. Generally, PI3K inhibitors could only block the enzymatic

function of catalytic subunit p110s. While the PROTAC molecules

that we developed regulated the enzymatic and non-enzymatic

functions of p110α and p85 by degrading them simultaneously,

providing a powerful tool compound for the non-enzymatic func-

tional study of PI3K-α.

In addition, the effect of ZM-PI05 on the whole-proteome was

analyzed, we were delighted to find that ZM-PI05 displayed excel-

lent selectivity on p110α, with no significant degradation of other

isoforms (Fig. 3D). Unexpectedly, ARF6 was found to be down-

regulated in proteomic analysis, which was confirmed as a false

positive result by Western blot assay under the same treatment

conditions (Fig. S3C in Supporting information). After determin-

ing the degradation efficiency of ZM-PI05 on p110α, rescue as-

says were carried out to verify whether the degrader acted as a

PROTAC molecule. When pretreated with the inhibitor copanlisib

or pomalidomide to block the pockets of p110α or CRBN, ZM-

PI05 could not induce the degradation of p110α as usual (Fig. 3C),

which showed that the ligands at both ends of the degrader were

necessary to recruit the target protein and E3 ligase simultane-

ously. Furthermore, synchronous treatment with the proteasome

inhibitor carfilzomib caused the same result (Fig. 3C), indicating

that the degradation of p110α induced by ZM-PI05 occurred based

on ubiquitin-proteasome system.

To sum up, we obtained a highly efficient and p110α-selective

degrader ZM-PI05 through two rounds of design and optimization,

the degradation mechanism study showed that the molecule ex-

actly acted as a PROTAC to induce the degradation of p110 protein

by UPS, and subsequently down-regulated the p85 regulatory sub-

units.

Next, the effect of ZM-PI05 was evaluated in various triple-

negative breast cancer cells MDA-MB-231, MDA-MB-468 and non-

triple-negative breast cancer cells MDA-MB-453, SK-BR-3, BT474,

MCF7. The results showed that ZM-PI05 could stably degrade

p110α protein in these cell lines (Fig. 4D). Accordingly, the de-

grader has much stronger inhibitory effect on growth of these tu-

mor cells than non-selective inhibitor copanlisib, half-maximal in-

hibitory concentration (IC50) was all below 100nmol/L (Fig. 4A).

Phosphorylation of AKT is the most important down-stream sig-

nal of PI3K, so the level of p-AKT was detected to verify the ef-

fect of degraders on PI3K-AKT pathway. ZM-PI05 strongly inhibited

the phosphorylation of AKT proteins, indicating that the potency of

ZM-PI05 is corresponding to the enzymatic function of PI3K (Fig.

S3D in Supporting information).

Furthermore, the inhibitory mechanism of ZM-PI05 on breast

cancer cells was explored. It was observed that for non-triple-

negative breast cancer cells, ZM-PI05 significantly induced apopto-

sis at the concentration of 250nmol/L, which was stronger than co-

panlisib (Figs. S5C and S6 in Supporting information). Accordingly,

the degrader down-regulated PI3K-related anti-apoptotic proteins

XIAP and MCL-1 (Fig. S5D in Supporting information). However,

apoptosis did not occur in triple-negative breast cancer cells in

presence of the degrader ZM-PI05, while cell cycle arrest in G1

phase was observed (Figs. S5B and S7A, C, D in Supporting infor-

mation), which was further confirmed by the downregulation of

cyclinD (Fig. S7B in Supporting information).

The results above proved that ZM-PI05 displayed different phe-

notypes in multiple breast cancer cells. In non-triple-negative
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Fig. 4. Inhibitory effect of ZM-PI05 in breast cancer cells. (A) Half inhibition con-

centrations of copanlisib and ZM-PI05 in multiple breast cancer cells. (B) Anti-

proliferative activity on MDA-MB-231 and SK-BR-3 cells treated with copanlisib or

ZM-PI05 for 72h (n= 3). (C) Immunoblots for p110, p85 and actin proteins in MDA-

MB-231 cells after treatment with ZM-PI05 for 24h. (D) Immunoblots for p110α in

MDA-MB-468, MDA-MB-453, MCF7, SK-BR-3 and BT474 cells after treatment with

ZM-PI05 for 24h (n= 2). The data are presented as the mean ± standard deviation

(SD) values. The statistical values of p110α protein were calculated with GraphPad

Prism8.

breast cancer cells, ZM-PI05 induced significant cell apoptosis,

while the degrader inhibited growth of triple-negative breast can-

cer cells mainly by arresting the cell cycle.

It showed that the degrader ZM-PI05 induced about 50% de-

crease of p85 expression in different breast cancer cells (Fig. S9A

in Supporting information). p85α and p85β are two types of reg-

ulatory subunits related to p110α, which paly different roles in

the proliferation of tumor cells [26]. So, in order to investigate

which regulatory subunit was related to the anti-proliferation ac-

tivity of ZM-PI05, we utilized shRNA to construct p85α and p85β
knockdown MDA-MB-231 cells, respectively. The results showed

that when p85β was knocked down, the growth of tumor cells was

significantly slowed down, while p85α knockdown had little effect

on cell proliferation (Fig. S9B in Supporting information). Further-

more, we found that deletion of p85β resulted in decreased sensi-

tivity of tumor cells to the degrader. Compared with MDA-MB-231

cells which were transfected with blank plasmid, p85β knockdown

cells were less sensitive to ZM-PI05, while p85α knockdown cells

still had response to the molecule. The above results indicated that

down-regulation of p85β rather than p85α was the main reason

why the degrader displayed such better proliferation inhibitory ac-

tivity than the inhibitor, which was also consistent with the re-

ported research results [27].

Additionally, we further investigated the p85β-related func-

tions affected by ZM-PI05. The iSH2, cSH2, and nSH2 domains

at the N-terminus of p85 protein bind to p110 proteins to reg-

ulate its activity, while SH3 and BH domains at the C-terminus

are important for its regulatory functions independent of PI3K.

For example, XBP-1 is translocated to the nucleus with the assis-

tant of p85 proteins to regulate the expression of various down-

stream proteins, and then unfolded protein response (UPR) oc-

curs [28,29]. The PROTAC molecule ZM-PI05 induced the degrada-

tion of p85β protein, inevitably blocking the non-enzymatic func-

tions of its backbone, such as transcription regulation. To explore

whether ZM-PI05 could affect the above functions by degrading

p85β protein, the change of transcription process was detected by

RNA-seq.

Transcriptomics revealed that the ZM-PI05 group showed a

distinct transcriptional profile compared to DMSO, copanlisib or

p85β-knockdown groups (Figs. S8D and E in Supporting informa-

tion). Compared with copanlisib group, ZM-PI05 caused signifi-

cantly deeper and broader transcriptional expression changes, with

801 genes to be up-regulated and 587 genes to be down-regulated

(Fig. S9C in Supporting information). While ZM-PI05 and p85β
knockdown groups showed the common transcriptional disruption

on 160 genes (Fig. S9D in Supporting information), which were

enriched in angiogenesis and stress response and cellular adhe-

sion pathways (Fig. S8B in Supporting information). This finding is

consistent with the existing studies that p85β has multiple inde-

pendent functions involved in cytoskeleton and cell adhesion [30].

Also, the azide intermediate 17a composed of a CRBN binder and

linker that are used in the synthesis of ZM-PI05 showed slight ef-

fect on gene expression (Fig. S8C in Supporting information). These

results proved that ZM-PI05 affected the non-enzymatic functions

of the PI3Kα complex, while the binders at both end did not. In-

vestigation will be conducted to reveal more biological details in

our future study.

In conclusion, we developed the PROTAC molecule ZM-PI05

that can selectively degrade p110α and down-regulate p85 for the

first time. In breast cancer cell lines, ZM-PI05 efficiently degraded

p110α proteins, accordingly displayed stronger inhibition effect

than the inhibitor on these cells. ZM-PI05 affected the prolifera-

tion of non-triple-negative breast cancer cells and triple-negative

breast cancer cells by inducing apoptosis and cell cycle arresting,

respectively. In addition, the degrader ZM-PI05 down-regulated

p85β protein concurrently, which is the regulatory subunit of

p110s to affect the overall functions of PI3K and enhance the anti-

proliferation efficiency of the degrader. Because of this, PROTAC

molecules can achieve equivalent or even better inhibitory effects

than inhibitors at the lower concentrations, that is, selective PI3K

degraders can be used in clinical treatment at low doses to avoid

the reported toxicity caused by current drugs. The overexpression

of p85β frequently occurs in breast cancer cells, so it is also a tar-

get worthy to be studies. Currently, there is no modulators tar-

geting p85β , and the existing degraders targeting p110α cannot

down-regulate p85 proteins efficiently. The PROTAC molecule ZM-

PI05 developed in this work could simultaneously down-regulate

the subunits p85α and p85β , which provided a novel and useful

tool compound for the functional studies of p85 regulatory sub-

units in further in-depth biomedical research.
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