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Figure S1. Effect of CDK1 knockdown on activation of the CDK2 reporter in CDK4/6 activating cells.
(A) Averaged CDK4/6 activity traces (left) and CDK2 activity traces (right) after mitogen stimulation. MCF-10A cells were transfected with control siRNA (black) and CDK1 siRNA (red) and were synchronized in quiescence by mitogen starvation for 48 hr. Data are mean ± 95% confidence interval (Control, n = 2,150 cells; CDK1, n = 1,142 cells). 
(B) Expression of CDK1 protein 48 hr after siRNA transfection in cycling MCF-10A cells.

Supplemental Figure 2
[image: ] Figure S2. Inhibition of Rb phosphorylation by CDK4/6 inhibitors, but not by CDK2 inhibitors.
(A‒C) Three-dimensional activity maps of CDK4/6 versus CDK2 activity where cell density, the percentage of inactivated APC/CCdh1, and the percentage of p-Rb at sites T373 (A), S608 (B), and S780 (C) are color-coded. After 48 hr mitogen removal, MCF-10A cells were stimulated with mitogens for 12 hr and treated with DMSO, roscovitine (60 µM), CDK2 inhibitor III (60 µM), palbociclib (1 µM), abemaciclib (1 µM) or ribociclib (1 µM) for 1 hr prior to fixation.
(D) Single-cell correlation between nuclear-bound Rb signal and CDK4/6 (left) and CDK2 (right) activity. Cell density is color-coded. After 48 hr mitogen removal, MCF-10A cells were simulated with mitogens for 12 hr prior to in situ extraction and fixation. 
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Figure S3. Classification of CDK4/6high cells into populations with or without activated CDK2.
(A) Left to right, single-cell traces of CDK4/6 activity, CDK2 activity, and APC/C degron for CDK4/6high and CDK4/6low cells as a function of time after mitogen stimulation. Blue and red lines correspond to CDK2inc and CDK2low cells, respectively. Green and yellow points correspond to the time of activation/inactivation and fixation, respectively. To create more heterogeneity in the timing of CDK4/6 activation, mitogen-starved cells were stimulated with mitogens for various durations (9, 10, and 11 hr) prior to fixation. 
(B) Left to right, distribution of p-Rb at S807/811, T373, S608, and S780 for CDK4/6low (red) and CDK4/6high (blue) cells. Green dotted line indicates a threshold used to classify p-Rb populations.
(C) Single-cell traces for CDK2 activity (left) and APC/C degron (right) aligned to the time of CDK4/6 activation in all population. Yellow points correspond to the time of fixation. Green dotted line indicates CDK4/6 activity onset. 
(D) Cumulative frequency of time between CDK4/6 activation and CDK2 activation. 
(E) Averaged APC/C degron traces aligned to the time of CDK4/6 activation. Black, blue, and red lines correspond to all population, cells with CDK2 activity, and cells without CDK2 activity, respectively. Green dotted line indicates CDK4/6 activity onset. Data are mean ± 95% confidence interval (All population, n = 1,917 cells; with CDK2 activity, n = 879 cells; w/o CDK2 activity, n = 1,038 cells). 
(F and G) Left to right, single-cell traces of CDK4/6 activity, CDK2 activity, and APC/C degron aligned to the time of CDK4/6 activation in cells without (F) or with CDK2 activity (G). Yellow points correspond to the time of fixation. Green dotted line indicates CDK4/6 activity onset. 
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Figure S4. Kinetics of E2F-target gene expression as a function of time since CDK4/6 activation.
(A‒D) Cyclin E2 protein (A), E2F1 mRNA (B), Cdc25A mRNA (C), and cyclin E2 mRNA (D) levels versus time since CDK4/6 activation. Left to right, all population (black), cells with CDK2 activity (blue), and cells without CDK2 activity (red). To create more heterogeneity in the timing of CDK4/6 activation, mitogen-starved cells were stimulated with mitogens for various durations (9, 10, and 11 hr) prior to fixation.
[bookmark: OLE_LINK26](E‒G) Averaged cyclin E2 protein (E), Cdc25A mRNA (F), and cyclin E2 mRNA (G) levels aligned to the time of CDK4/6 activation. Black, blue, and red lines correspond to all cells, cells with CDK2 activity, and cells without CDK2 activity, respectively. Dotted line indicates protein or mRNA level in CDK4/6low cells. Data are mean ± 95% confidence interval. (E: All population, n = 1,930 cells; with CDK2 activity, n = 1,226 cells; w/o CDK2 activity, n = 704 cells; CDK4/6low cells, n = 3,986 cells; F: All population, n = 1,981 cells; with CDK2 activity, n = 1,068 cells; w/o CDK2 activity, n = 913 cells; CDK4/6low cells, n = 4,462 cells; G: All population, n = 1,930 cells; with CDK2 activity, n = 1,226 cells; w/o CDK2 activity, n = 704 cells; CDK4/6low cells, n = 3,986 cells).
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Figure S5. CDK4/6 activation triggers E2F activity regardless of CDK2 activation kinetics.
(A) Expression of cyclin E1/2 protein 48 hr after siRNA transfection in cycling MCF-10A cells.
(B and C) Top, MCF-10A cells were treated with control (black) and cyclin E1/2 siRNA (red). Bottom, MCF-10A cells expressing DHFR-cyclin E1 were stimulated with mitogens without (black) or with TMP (50 µM, red). Cumulative frequency of cells with CDK4/6 activation (left) and CDK2 activation (right) in CDK4/6high cells (B). Average CDK4/6 activity traces aligned to the time of CDK4/6 activation in CDK4/6high cells (C). Green dotted line indicates CDK4/6 activity onset. Data are mean ± 95% confidence interval (siRNA: Control, n = 3,172 cells; cyclin E1/2, n = 1,042 cells; DMSO, n = 470 cells; TMP, n = 932 cells). 
(D and E) Averaged Cdc25A mRNA levels aligned to the time of CDK4/6 activation for CDK4/6high cells. Dotted lines indicate averaged Cdc25A mRNA level in CDK4/6low cells. MCF-10A cells were transfected with control (black) or cyclin E1/2 siRNA (red) and were stimulated with mitogens for various durations (9, 10, and 11 hr) prior to fixation (D). MCF-10A cells expressing DHFR-cyclin E1 were stimulated with mitogens for various durations (9, 10, and 11 hr) without (black) or with TMP (50 µM, red) prior to fixation (E). Data are mean ± 95% confidence interval (D, siRNA: Control, n = 387 cells; cyclin E1/2, n = 921 cells; E, DHFR-cyclin E1: DMSO, n = 574 cells; TMP, n = 495 cells).
(F) Expression of CDK2 protein 48 hr after siRNA transfection in cycling MCF-10A cells.
(G and H) E2F1 mRNA levels versus time since CDK4/6 activation (G). Averaged E2F1 mRNA levels aligned to the time of CDK4/6 activation (H). Data are mean ± 95% confidence interval. (siRNA: Control, n = 3,932 cells; CDK2, n = 2,501 cells). MCF-10A cells were transfected with control (blue) or CDK2 siRNA (red) and were stimulated with mitogens for various durations (9, 10, and 11 hr) prior to fixation.
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Figure S6. CDK2 activity controls CDK4/6-independent cell cycle progression.
(A) Single cell traces of CDK4/6 activity (left) and CDK2 activity (right) in p21 knockout MCF-10A cells treated with control, palbociclib (1 µM), or 10 min NCS pulse (100 ng/ml) (top to bottom). All treatments were performed 11 hr after mitogen stimulation (marked in gray). Blue and red lines correspond to CDK2inc and CDK2low cells, respectively.
(B) Expression of p27 in p21 KO and p21/p27 dKO MCF-10A cells (Left) and p57 in p21/p27 dKO and p21/p27/p57 tKO MCF-10A cells (right). 
(C) Single cell traces of CDK4/6 activity (left) and CDK2 activity (right) in MCF-10A cells transfected with control siRNA (top) or CDK1 siRNA (bottom). MCF-10A cells were treated with palbociclib (1 µM) at 11 hr after mitogen stimulation (marked in gray). Blue and red lines correspond to CDK2inc and CDK2low cells, respectively. Cells were classified based on CDK2 activity using 2 windows as indicated in arrows.
(D) Percentage of CDK2low cells of each condition as indicated. After 48 hr mitogen removal, MCF-10A cells without and with DHFR-cyclin E1 expression were stimulated with mitogens for 11 hr with or without TMP (50 µM) followed by acute treatment with EdU (10 µM) ± palbociclib (1 µM) for 15 min prior to fixation. Data are mean ± s.d. (n = 5 biological replicates). P-values were calculated with two-sample t-tests. 


Supplemental Figure 7
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[bookmark: OLE_LINK36]Figure S7. CDK2 activity regulates S phase entry. 
(A) The percentage of p-Rb at S807/811 for each treatment condition as indicated. After 48 hr mitogen removal, MCF-10A cells without DHFR-cyclin E1 expression were stimulated with mitogens with or without TMP (50 µM) for 11 hr followed by acute treatment with EdU (10 µM) and palbociclib (1 µM) for 15 min prior to fixation. Data are mean ± s.d. (n = 3 biological replicates). P-values were calculated with two-sample t-tests.
(B–E) Histogram of p-Rb at T373 (B) and S608 (C) and the percentage of p-Rb at T373 (D) and S608 (E) for each treatment condition as indicated in p21/p27/p57 tKO MCF-10A cells with DHFR-cyclin E1 expression in G0/G1 phase. After 48 hr mitogen removal, cells were stimulated with mitogens for 11 hr with or without TMP (50 µM) followed by acute treatment with CDK4/6 inhibitor (palbociclib, 1 µM) and EdU (10 µM) for 15 min prior to fixation. Data are mean ± s.d. (n = 3 biological replicates). P-values were calculated with two-sample t-tests.
(F) The percentage of S phase cells for each treatment condition as indicated. After 48 hr mitogen removal, wild type MCF-10A cells without (black) and with DHFR-cyclin E1 expression (green) and p21/p27/p57 tKO MCF-10A with DHFR-cyclin E1 expression (blue) were stimulated with mitogens with or without TMP (50 μM) for 11 hr followed by acute treatment with EdU (10 μM) and palbociclib (1 μM) for 15 min prior to fixation. Data are mean ± s.d. (n = 3 biological replicates).
(G) Percentage of S-phase cells in Melanocyte (black), HS68 (red), BJ-5ta (green), and RPE1 (blue) cells with or without cyclin E1 overexpression. Cycling cells were treated with or without TMP for 6 hr followed by treatment with EdU (10 µM) for 15 min prior to fixation. Data are mean ± s.d. (n = 3 biological replicates).


Supplemental Figure 8
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Figure S8. Inhibition of CDK4/6 and CDK2 activities by contact inhibition. 
(A) Representative images of CDK4/6 and CDK2 reporters in MCF-10A cells in control (top) and 48-hr contact-inhibited (bottom) conditions.
(B) Histogram of CDK4/6 and CDK2 activities in control (top) and 48-hr contact-inhibited (bottom) conditions. Red dotted line indicates a threshold used to classify active CDK4/6 and CDK2 (Control, n = 5,266 cells; Contact inhibition, n = 27,499 cells).


Supplemental Figure 9
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Figure S9. Full scan images of immunoblots.
5

image1.png
>

CDK4/6 activity

CDK4/6 activating cells

—_
(631

1.07 Control siRNA Control siRNA

CDK1 siRNA 2 CDK1 siRNA
=
0.8 ‘g 1.0
Al
0.6 é
O 05
0.4
0 4 8 12 16 20 0 4 8 12

Time since mitogen stimulation (hr)

16 20

B

CDK1 (log2, a.u.)

cycling MCF-10A
—Mean -- Median

control CDK1
siRNA siRNA




image2.png
CDK4/6 activity >

CDK4/6 activity =~ CDK4/6 activity =~ CDK4/6 activity = CDK4/6 activity

CDK4/6 activity

o o © o o o
o0 - ol MO =

N
N D

o Qo
o ©®» = o

o
o

© o o
o ©» = o

o
o

© o o
o o = o

o
[N}

© o 9
o ®» = o

o
[N}

0
0 04 08 12 160 04 08 12 160 04 08 1.2 16

Cell density APC/CM-off (%)

low [T ]

L

v, TR

CDK4/6i (palbo)

bo)

I:;

CDK4/6i (Ri

CDK2 activity

high o [EEEETTT7]100

kot

p-Rb (T373) (%) B Cell density APC/CM-off (%) p-Rb (S608) (%) C
oM ]100 low [T high o [EEET"""]100 o MEETT""]100
e 2 1 | DMSOsgk - Leghi i e - e > ]
% 0.8 % 0.8
s 06 o 0.6
204 204
< 0. 3 0
o
S 02 S 02
o o
0 0
> 1 > 1
208 208
& 0.6 @ 0.6
2 04 204
< 0. 3 0.
o
S 02 S 02
o o
0 0
> 1 {CDK4/6i (Abem) > 1
EO.S TR Eo'g
@ 0.6 © 0.6
3 04 3 04
X
S 02 S 02
() ()
0 0
> 1 > 1
= =
% 0.8 % 0.8
o 0.6 < 0.6
204 204
< 0. 3 0
S 02 S 02
() ()
0 0
> 1 > 1
% 0.8 % 0.8
s 06 o 0.6
204 204
< 0. 3 0
o
S 02 S 02
o o
0 0
> 1 > 1
208 208
& 0.6 @ 0.6
2 04 204
< 0. 3 0.
o o
0O 0.2 O 02
o o

D

Nuclear-bound Rb

Nuclear-unbound Rb

0
0 04 08 12 160 04 08 1.2 160 04 08 1.2 16

CDK2 activity

Cell density
high

low

0.2 0.6 1 02 06 1 14
CDK4/6 activity CDK2 activity

Cell density APC/CM-off (%)
low [T high o ([EEEETT]100 0

i, |

p-Rb (S780) (%)
100

CDK4/6i (Abem)

.IIII
BELRCE L G

CDK4/6i (Ribo)

L]

0
0 04 08 1.2 160 04 08 12 160 04 08 1.2 16

CDK2 activity




image3.png
CDK2 activity )

CDK4/6"e" CDK4/6"

- CDK4/6-on
« Fix & Stain

>

« CDK2-on

N

CDK4/6 activity
CDK2 activity

0

0

8

o

x10?

N

APC/C degron

0

8

+ APC/CCdn-off

Time since mitogen stimulation Time since mitogen stimulation Time since mitogen stimulation

B CDK4/6'°W_ CDK4/ghigh CDK4/g'"ow _CDK4/6”9’h 10 CDK4/6'°_W CDK4/ghigh
S S 2 8 S
> 12 > > >
O o g O 6 [5)
c c c c
) o) ) o)
S 8 S = S
o o o o
o @ 4 o o
W 4 - L 5 -
0 0 0
5 7 9 11 8 10 12 85 9 95 10 10.5

p-Rb (S807/S811, log2, a.u.) p-Rb (T373, log2, a.u.)

All population x10

APC/C degron

« Fix & Stain
2

0

0
-2

Time since CDK4/6-on (hr)

2 0 2 4
Time since CDK4/6-on (hr)

6

w/o CDK2-on

\V)
—
D

CDK4/6 activity B

0

-2
Time since CDK4/6-on (hr)

with CDK2-on
/ ?

CDK4/6 activity 9

0
-2
Time since CDK4/6-on (hr)

p-Rb (S608, log2, a.u.)

100

50

0

0 1 2 3

Cumulative frequency (%)

and CDK2-on (hr)

Time between CDK4/6-on

10 CDK4/6°"  CDK4/6"s"

o N B~ O 00 O

11
p-Rb (S780, log2, a.u.)

9 10

E All population
c with CDK2-on
2 35 w/o CDK2-on
o)

© 25

(@)

O

a 15

<

5

2 4

6
Time since CDK4/6 on (hr)

4 2

x10?

2

APC/C degron

-2

6
Time since CDK4/6-on (hr)

APC/C degron

6
Time since CDK4/6-on (hr)

> a4 b

Time since CDK4/6-on (hr)

Time since CDK4/6-on (hr)




image4.png
All population
with CDK2-on
w/o CDK2-on

3

3

©
<
X
o
(@)

6

4

2

< 0 <
e} N N ©
(‘n-e ‘gboj) uieroid g3040

LLI

w/o CDK2-on
.5

with CDK2-on

All population

(‘n-e ‘gbo|) uisroid g304A0

<

Time since CDK4/6-on (hr)

Time since CDK4/6-on (hr)

o
Al
-~

e) YNHW 1423

Time since CDK4/6-on (hr)

All population

with CDK2-on

w/o CDK2-on
+ --- CDK4/6"

6

[19) o Te} o

~— ~—

(‘'n"e) YNHW YS2op0

o
(o0] <

(‘n'e) YNHW YS2opD

4

2
Time since CDK4/6-on (hr)

All population
with CDK2-on
w/o CDK2-on

2

3

©
<
X
o
(@)

o o O O
(sp) [QVANE

(‘'n"e) yNHwW g3040

Time since CDK4/6-on (hr)

(‘n'e) yNHw g304A0

o

Time since CDK4/6-on (hr)

Time since CDK4/6-on (hr)




image5.png
A

SsiRNA: Control  cyclin E1/2

GAPDH
B SiRNA SIRNA
;@‘ CDK4/6hish § C CDK4/g"ih
- Control - Control Con.trol
2 100 cyclin E1/2 2 100 cyclin E1/2 > 1.1 : cyclin E1/2
() (O] S
- - 2
o © d
= = ©
.02) 50 -02) 50 i 0.7
© s o)
> >
£ g ©
3 0 3 0 0.3
S o 1 2 3 4 O o 1 2 3 4 “5 o0 5 4 &
CDK4/6-on time (hr) CDK2-on time (hr) Time since CDK4/6-on (hr)
_ DHFR-cycEt DHFR-cycE1
2 CDK4/6hh & CDK4/6hh
> 2 100 11 :
e 100 DMSO o DMSO 2 : DMSO
o) TMP (0] TMP = TMP
> > "6
O O S
0 £ 50 © 07
50
g E 3
© ©
= S o
E o E 0 0.3
O o 1 2 3 4 O O 1 2 3 4 2 0 2 4 6
CDK4/6-on time (hr) CDK2-on time (hr) Time since CDK4/6-on (hr)
D CDK4/6"a" E CDK4/6"a"
S siRNA = DHFR-cycE1
S 60 Control
:(’ cyclin E1,2
4
E %0
<
Q 20
8 10 SEEEEEEEEEEEENEEEEEEEEEN]
0 ---CDK4/6"v S --- CDK4/6"ov
2 4 6 2 4 6
Time since CDK4/6-on (hr) Time since CDK4/6-on (hr)
cycling MCF-10A Control siRNA
F G H CDK2 siRNA

—
w

CDK2 (log2, a.u.)
2R

—Mean -- Median

\J

control CDK2
siRNA siRNA

u
o

E2F1 mRNA (a.u.)
(&)
o

)

u

—
o
o

Control siRNA

E2F1 mRNA (a.
3

o

--- CDK4/6""
2 4 6 2 4 6
Time since CDK4/6-on (hr)Time since CDK4/6-on (hr) Time since CDK4/6-on (hr)





image6.png
>

CDK4/6 activity__L CDK4/6 activity.,

CDK4/6 activity_,

p21 KO MCF-10A

CDK2" CDK2"*"

0

5

\V]

CDK2 activity

10 15 20

CDK2 activity

10

CDK2 activity

10

20 0 5

15
Time since mitogen stimulation (hr)

10

MCF-10A

B MCF-10A
p21KC  p21/ p279%° p21/ p27%°  p21/ p27/p57*°
p57
GAPDH GAPDH
WT MCF-10A

CDK2cCDK2'ow
1 d47%) (53%) CDKA4/6i 5
z A z
= : =
SiRNA © 1 &
Control < gt
X )
8 o
0
0 5 10 15 20
1 5(92%) (48%) CDKA4/6i
= 2
= =
SiRNA & 1 3
CDK1 3 <
X a
8 ©)
20 0 S
0 5 10 15 20 0 5 10 15 20
Time since mitogen stimulation (hr)
Control DHFR-cycE1
p=0.76
— p=0.04
o
o
o
p=0.68 p=0.10





image7.png
WT MCF-10A (G0/G1) B D tKO MCF-10A

>

without DHFR-cycE1 DHFR-cycE1 (GO/G1)
50 tKO MCF-10A (G0/G1) 0
p=0.97 DMSO (- TMP) DMSO (+ TMP

<)

& 40 10

- *

2 20 °

%) 0=0.82 S 10 CDK4/6Bi (- TMP) _CDKA4/6i (+ TMP)
o - o)

&2 10 2

a

10
-ﬂ

5

0

p-Rb (T373 IogZ a.u.)

DHFR-cycE1 = tKO MCF-10A
tKO MCF-10A (GO/G1) (GO/G1)
10 DMSO (- TMP) DMSO(+TMP 80
> ©
< 0 8 40 p<0.001
2 10 CDK4/6| (- TMP)  CDK4/6i (+TMP) %)
O
D 18% £ 20
L 5 Y
0 0
CDK4/6i -+ +
pr(SGOS, |092,a.u.) TMP - + - +
MCF-10A DHFR-cycE1
F o writhouorrrocen G Melanocyte  HS68 BJ-5ta RPET
WT(DHFR-cycE1)
601 tKO (DHFR-cycE1) 60
¥ 50 <
~ ~ @)
o 40 o 40
@ @
5 &
on 20 o 20
0





image8.png
Control

Contact
inhibition

CDK4/6 sensor

CDK2 sensor

o
<]
=
S

= active-CDK2
u\; 6 10 o
34
] Jﬂ Wk 5
w0 0
0 0.5 1 15 0 05 1 15 20
CDK4/6 activity CDK2 activity
Contact
inhibition
I@‘ . active-CDK2
26 10 —
34
5 5
F 2
o
T 0 0
0 0.5 1 15 0 05 1 15 20

CDK4/6 activity

CDK2 activity




image9.png
Fig. 2A

p-Rb (S807/811)

(kDa)

= 150

100

150
R cew e e
’ 100
50
b-actin _—w_——-—
37
h&—
Fig. 2B (kDa)
150
p-Rb (S807/811) - —
100
150
Rb — G g—— gp— » *
100
h_;
___—ﬁ
50
b-actin Wy s sy ey \—
37
h___
150
p-Rb (S807/811) g ey P— g—
100
—__*
150
Rb el S e ——
100
;
b-actin Pr— — — — — ~
; 37
Fig. S5A Fig. S6B
MCF-10A
Cyclin E tra’\rl;?éct émﬁl cili?Ehﬁz p21/ p279©
(kDa)75- . . p27 PP

-E‘Qg‘

37
. Sh—
Non- iRNA  siRNA
GAPDH tran(;?ect élontrol cillcE1/2
(kDa)75 ot —

RPN -

p21%© Clone#1 Clone#2

(kDa)
20 ? L — —

MCF-10A
GAPDH p21/ p279K0
(kDa) p21¥° Clone#1 Clone#2

37 E|—— -—-—-—-’

MCF-10A
p21/p27  p21/p27/p57
p57 dKO tKO

MCF-10A

p21/p27 p21/p27/p57
GAPDH dKO tkO
(kDa)
50




