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Abstract 
 
Trastuzumab-emtansine (T-DM1) is an antibody-drug conjugate (ADC) that efficiently delivers a potent 

microtubule inhibitor into HER2 overexpressing tumor cells. However, resistance to T-DM1 is emerging as a 

significant clinical problem. Continuous in vitro treatment of HER2-transformed mammary epithelial cells with 

T-DM1 did not elicit spontaneously resistant cells. However, induction of epithelial-mesenchymal transition 

(EMT) via pretreatment with TGF-β1 facilitated acquisition of T-DM1 resistance. Flow cytometric analyses 

indicated that induction of EMT decreased trastuzumab binding, prior to overt loss of HER2 expression. Kinome 

analyses of T-DM1 resistant cells indicated increased phosphorylation of ErbB1, ErbB4, and fibroblast blast 

growth factor receptor 1 (FGFR1). T-DM1 resistant cells failed to respond to the ErbB kinase inhibitors lapatinib 

and afatinib, but they acquired sensitivity to FIIN4, a covalent FGFR kinase inhibitor. In vivo, T-DM1 treatment 

led to robust regression of HER2-transformed tumors, but minimal residual disease (MRD) was still detectable 

via bioluminescent imaging. Upon cessation of the ADC relapse occurred and secondary tumors were resistant to 

additional rounds of T-DM1, but this recurrent tumor growth could be inhibited by FIIN4. Expression of FGFR1 

was upregulated in T-DM1 resistant tumors, and ectopic overexpression of FGFR1 was sufficient to enhance 

tumor growth, diminish trastuzumab binding, and promote recurrence following T-DM1-induced MRD. Finally, 

patient-derived xenografts from a HER2+ breast cancer patient who had progressed on trastuzumab failed to 

respond to T-DM1, but tumor growth was significantly inhibited by FIIN4. Overall, our studies strongly support 

therapeutic combination of TDM1 and FGFR targeted agents in HER2+ breast cancer. 
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Introduction 
 
Human epidermal growth factor receptor 2 (HER2) is a member of the ErbB family of receptor tyrosine kinases. 

HER2-amplified breast cancers respond to treatment with the HER2-targeted monoclonal antibodies pertuzumab 

and trastuzumab at a high rate but acquired resistance to these therapies remains a major clinical problem for 

patients with this breast cancer subtype. Trastuzumab-emtansine (T-DM1) is an antibody-drug conjugate (ADC) 

that provides a mechanism to deliver a potent microtubule-targeting cytotoxin to HER2 overexpressing cells. 

Initial enthusiasm for T-DM1 based on dramatic preclinical results has been diminished by the inability of T-

DM1 to improve patient outcomes as compared to the current standard of care therapy, unconjugated trastuzumab 

in combination with a taxane (1,2). These clinical data suggest that uncharacterized drivers of resistance are at 

play (3). An underlying mechanism of resistance to all ErbB-targeting compounds is the downregulation of ErbB 

receptors during the processes of invasion and metastasis. Indeed, clinical findings demonstrate discordance in 

HER2 expression when metastases are compared to the corresponding primary tumor from the same patient (4,5).  

Epithelial-mesenchymal transition (EMT) is a normal physiological process whereby polarized epithelial cells 

transition into motile, apolar fibroblastoid-like cells to facilitate several developmental events and to promote 

wound repair in response to damaged tissues (6). In contrast, initiation of pathological EMT engenders the 

acquisition of invasive, metastatic and drug resistant phenotypes to developing and progressing carcinomas 

(7)(8,9). Physiologic and pathologic EMT can be induced by cytokines such as TGF-b and HGF (10). More recent 

findings demonstrate that EMT can be initiated by treatment with kinase inhibitors and that this transition to a 

mesenchymal state facilitates tumor cell persistence in the sustained presence of these molecular-targeted 

compounds (11). In contrast to kinase inhibition, very little is known about the mechanisms by which EMT may 

facilitate resistance to antibody and ADC therapies.  

 
Induction of EMT increases the expression of fibroblast growth factor receptor 1 (FGFR1) (12,13). FGFR1 can 

also undergo gene amplification and translocation, and elevated expression of FGFR1 is associated with decreased 
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clinical outcomes of breast cancer patients (14)(15,16). Work from our lab and others suggest that upregulation 

of FGFRs and FGF ligands can serve as resistance mechanisms for tumor cells that were originally sensitive to 

ErbB and endocrine-targeted therapies (16–20). In addition to enhanced expression of the receptor, our recent 

studies demonstrate that the processes involved in EMT work en masse to support FGFR signaling through 

diminution of E-cadherin and enhanced interaction with integrins (21). Several different Type I, ATP-competitive 

kinase inhibitors against FGFR have been developed, and we and others have demonstrated their in vivo efficacy 

in delaying the growth of metastatic breast cancers (12)(22,23). Based on the potential of FGFR as a clinical target 

for cancer therapy we recently developed FIIN4, a highly specific and extremely potent covalent kinase inhibitor 

of FGFR, capable of in vivo tumor inhibition upon oral administration in rodent models (20,24).  

In the current study, we address the hypothesis that FGFR can act as a driver of resistance to T-DM1. The use 

of in vivo and in vitro models demonstrate that unlike ErbB-targeted kinase inhibitors, EMT cannot overtly elicit 

resistance to T-DM1. Instead, induction of EMT and upregulation of FGFR1 induce a cell population with reduced 

trastuzumab binding. This minimal residual disease (MRD) is able to persist in the presence of T-DM1 and 

eventually reemerge as recurrent tumors that lack HER2 expression. In this recurrent setting, FGFR acts as a 

major driver of tumor growth, which can be effectively targeted with FIIN4. Overall, our studies strongly 

suggested that combined therapeutics targeting HER2 and FGFR will delay tumor recurrence and prolong 

response times of patients with HER2+ breast cancer.  

 
Methods: 
 
Cell culture and reagents: 

Bioluminescent, HER2-transformed HMLE cells (HME2) were constructed as previously described (20). 

HME2 and BT474 cells stably overexpressing FGFR1 were also previously described (20). Trastuzumab and 

trastuzumab emtansine (T-DM1) were obtained from Genentech Biotechnology Company through the material 

transfer agreement program. Where indicated HME2 cells were treated with TGF-b1 (5 ng/ml) every three days 
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for a period of 4 weeks to induce EMT. These EMT-induced HME2 cells were further treated with T-DM1 (250 

ng/ml) every three days until resistant colonies emerged, these cells were pooled and cultured as the TDM1R 

population. Cells were validated for lack of mycoplasma contamination using the IDEXX Impact III testing on 

July 24th, 2018.   

 
Xenograft studies and drug treatments: 

HME2 cells (2x106) expressing firefly luciferase were injected into the duct of the 4th mammary fat pad of 

female NRG mice. When tumors reached a size of 200 mm3, mice were treated with the indicated 

concentrations of T-DM1 via tail vein injection. Presence of tumor tissue was visualized by bioluminescence 

imaging following I.P. administration of luciferin (Gold Bio). Where indicated viable pieces of HME2 tumor 

tissue were directly transplanted into the exposed fat pad of recipient NRG mice. Similarly, pieces of human 

derived HCI-012 PDX (Huntsman Preclinical Research Resource) were engrafted onto the exposed mammary 

fat pad of female NRG mice. Tumor bearing mice were treated with T-DM1 as indicated followed by FIIN4 (25 

mg/kg/q.o.d) resuspended in DMSO and then further diluted in a solution 0.5% carboxymethyl cellulose and 

0.25% Tween-80 to a final concentration of 10% DMSO, for administration to animals via oral gavage. 

Mammary tumor sizes were measured using digital calipers and the following equation was used to 

approximate tumor volume (V=(length2)*(width)*(0.5)). All animal experiments were conducted under IACUC 

approval from Purdue University.  

 
Cell Biological assays: 

For ex-vivo 3D culture, viable human PDX tissues were dissected as above but instead of transfer onto recipient 

animals, pieces were further mechanically dissected and treated with trypsin-EDTA. These cells were shaken 

several times and incubated at 37oC. Cells were then filtered through a 50 µM filter and plated onto a 50 µl bed 

of growth factor reduced cultrex (Trevigen) in a white walled 96 well plate. These cultures were allowed to 
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grow for 20 days in the presence or absence of the indicated kinase inhibitors (1 µM). Two-dimensional cell 

growth dose response assays were conducted in white walled 96 well plates. Cells (5000 cell/well) were plated 

in the presence of the indicated concentrations of T-DM1 or kinase inhibitors and cultured for 96 hours. In both 

cases cell viability was determined by Cell Titer Glo assay (Promega).  

 
Immuno-assays: 

For immunoblot assays, lysates were generated using a modified RIPA buffer containing 50mM Tris pH 7.4, 

150 mM NaCl, 0.25% Sodium deoxycholate, 0.1% SDS, 1.0% NP-40, containing protease inhibitor cocktail 

(Sigma), 10 mM Sodium Orthovanadate, 40 mM b-glycerolphosphate, and 20 mM Sodium Fluoride. Following 

SDS PAGE and transfer, PVDF membranes were probed with antibodies specific for FGFR1 (9740), HER2 

(4290; Cell signaling technologies), E-cadherin (610182), N-cadherin (610920), Vimentin (550513; BD 

biosciences), or b-Tubulin (E7-s; Developmental Studies Hybridoma Bank). For immunocytochemistry, 

formalin fixed paraffin embedded tissue sections were deparaffinized and stained with antibodies specific for 

HER2 (4290), FGFR1 (HPA056402; Sigma), Ki67 (550609; BD biosciences) or were processed using the 

TUNEL Assay Kit (ab206386). Additionally, cells were trypsinized and incubated with antibodies specific for 

FITC conjugated CD44 (338804) and PerCP conjugated CD24 (311113; Biolegend) or trastuzumab conjugated 

with Alexafluor 647 according to the manufacturer’s instructions (A20181; Thermo Scientific). Following 

antibody staining these cells were washed and analyzed by flow cytometry.  

 
Kinomic analyses: 

Lysates from HME2 cell conditions indicated above, were analyzed on tyrosine chip (PTK) and serine-threonine 

chip (STK) arrays using 15ug (PTK) or 2ug (STK) of input material as per standard protocol in the UAB Kinome 

Core as previously described (25,26)  Three replicates of chip-paired samples were used and phosphorylation data 

was collected over multiple computer controlled kinetic pumping cycles, and exposure times 
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(0,10,20,50,100,200ms) for each of the phosphorylatable substrates. Slopes of exposure values were calculated, 

log2 transformed and used for comparison. Raw image analysis was conducted using Evolve2, with comparative 

analysis done in BioNavigator v6.2 (PamGene, The Netherlands).  

Statistical analyses: 

Data from the Long-HER study were obtained from GSE44272. Expression values of FGFR1-4 were obtained 

from Affymetrix probes, 11747417_x_at, 11740159_x_at, 11717969_a_at, 11762799_a_at, respectively. 

Expression values were normalized to the average probe value for the entire group and differences between the 

long term responders (Long-HER) and control (Poor response) groups were compared via an 2-sided, unpaired 

T-test. 2-way ANOVA or 2-sided T-tests were used where the data met the assumptions of these tests and the 

variance was similar between the two groups being compared. No exclusion criteria were utilized in these studies. 

A Log-rank test was performed to calculate statistically significant differences in disease-free survival of HME2-

GFP and HME2-FGFR1 tumor–bearing mice. P values for all experiments are indicated, values of less than 0.05 

were considered significant. 
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Results 
HER2 is diminished following recurrence of T-DM1 resistant minimal residual disease 

Human mammary epithelial (HMLE) cells can be transformed by overexpression of wild type HER2 (20,27). 

Engraftment of these cells onto the mammary fat pad results in robust formation of highly differentiated, 

nonmetastatic, secretory tumors that form a liquid core (26). We engrafted the HER2 transformed HMLE cells 

(HME2) onto the mammary fat pad and upon formation of orthotopic tumors mice received four intravenous 

injections of T-DM1 administered once a week for four weeks (Fig. 1A,1B). This treatment protocol led to robust 

regression of these tumors to a point which they were no longer palpable and therefore immeasurable by digital 

calipers (Fig. 1A). However, these HME2 cells were constructed to stably express firefly luciferase and MRD 

was still detectable via bioluminescent imaging (Fig. 1B). Cessation of T-DM1 treatment led to recurrence of 

mammary fat pad tumors in 3 of 5 mice over approximately a 150-day period (Fig. 1A). Importantly, these 

recurrent tumors were nonresponsive to additional rounds of T-DM1 (Fig. 1A). Histological assessment of the 

recurrent tumors clearly demonstrated reduced levels of HER2 as compared to the untreated HME2 tumors (Fig. 

1C). Overall these data demonstrate that even cells specifically transformed by HER2 overexpression are capable 

of establishing drug persistent MRD in response to T-DM1 and recurring in a HER2-independent manner.  
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Figure 1. HER2 is diminished following recurrence of T-DM1 resistant minimal residual disease. A, Mice were 
inoculated with HME2 cells (2x106 cells/mouse) via the mammary fat pad and tumors were allowed to form for 
a period of 14 days. At this point mice were split into two cohorts (5 mice/group) and left untreated (no drug) or 
were treated with T-DM1 (9 mg/kg) at the indicated time points (arrows). Following complete regression of 
palpable tumors T-DM1 treatment was stopped. Recurrent tumors (3 mice) were again treated with T-DM1 
(arrows). B, Representative bioluminescent images of tumor bearing mice before T-DM1 treatment (1o tumor), 
following T-DM1 treatment (MRD), and upon tumor recurrence. C, Immunohistochemistry for HER2 expression 
in control and recurrent, T-DM1 resistant HME2 tumors.  
 
 

In vitro establishment of T-DM1 resistant cells requires prior induction of epithelial-mesenchymal transition  

Attempts to subculture the T-DM1 recurrent HME2 tumors were unsuccessful, suggesting that these cells had 

evolved mechanisms of tumor growth that were not present under in vitro culture conditions (Suppl. Fig. S1A). 

Therefore, we sought to establish a T-DM1 resistant cell line via prolonged in vitro ADC treatment. However, 

progressive treatment of HME2 cells with T-DM1 over extended periods of time failed to yield a spontaneously 

resistant population (Fig. 2A). We recently demonstrated that induction of EMT in the HME2 model is sufficient 
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to facilitate immediate resistance to the ErbB kinase inhibitors, lapatinib and afatinib (20). In contrast, induction 

of EMT via pretreatment with TGF-b1 did not induce immediate resistance to T-DM1 (Fig 2A; 2 weeks). 

Consistent with the inhibition of microtubules being the mechanism of emtansine, treatment of parental and TGF-

b1 pretreated HME2 cells with T-DM1 prevented cell division leading to the formation of non-dividing groups 

of cells and large senescent cells (Fig. 2A, 2B). Importantly, only those cells that had undergone EMT via 

pretreatment with TGF-b were capable of giving rise to extremely mesenchymal daughter cells that were capable 

of replicating in the continued presence of T-DM1 (Fig. 2A, 2B). This in vitro-derived T-DM1 resistant (TDM1R) 

cell population continued to thrive in culture and maintained their mesenchymal phenotype and resistance to T-

DM1 even after several passages in the absence of the drug (Fig. 2C). To gain insight into the mechanisms by 

which induction of EMT facilitates acquisition of resistance to T-DM1 we fluorescently labeled trastuzumab and 

utilized flow cytometry to quantify changes in drug binding. Induction of EMT with TGF-b clearly produced a 

distinct population of cells that were resistant to trastuzumab binding, giving rise to a more uniform reduction in 

trastuzumab binding in the TDM1R cell population (Fig. 2D). These findings suggest that prior induction of 

cytokine-mediated EMT contributes to loss of trastuzumab binding and is required for acquisition of resistance 

to T-DM1.  
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Figure 2. In vitro establishment of T-DM1 resistant cells requires prior induction of epithelial-mesenchymal 
transition. A, HME2 cells were left untreated (parental) or were stimulated with TGF-b1 and allowed to recover 
(Post-TGF-b) as described in the materials and methods. These two cell populations were subsequently treated 
with T-DM1 (250 ng/ml) every three days for a period of 5 weeks. Representative wells were stained with crystal 
violet at the indicated time points to visualize viable cells. B, Brightfield microscopy of crystal violet stained HME2 
parental and post-TGF-b cells following 3 weeks of continuous T-DM1 treatment. C, The T-DM1 resistant 
(TDM1R) cells that survived 5 weeks of treatment were further expanded and cultured for a period of 4 weeks in 
the absence of T-DM1. These cells along with passage-matched parental HME2 cells were subjected 96 hour 
treatments with the indicated concentrations of T-DM1 and assayed for cell viability. Data are the mean ±SE of 
three independent experiments resulting in the indicated P value. D, Parental, post-TGF-b, and TDM1R HME2 
cells were stained with Alexafluor 647-labeled trastuzumab and antibody binding was quantified by flow 
cytometry. The percentage of cells in each quadrant with reference to forward scatter (FSC) is indicated. Also 
shown is the mean, ±SD, percentages of low trastuzumab binding (TrastuzumabLow) cells of three independent 
experiments resulting in the indicated P values.  
 

FGFR1 is sufficient to reduce T-DM1 binding and efficacy 

Our previous studies establish that following TGF-b1 treatment, the purely mesenchymal HME2 culture will 

asynchronously recover producing a heterogenous population of both epithelial and mesenchymal cells (20). 

These morphologically distinct populations can also be readily visualized via flow cytometric analyses for CD44 

and CD24 (Fig. 3A and 3B). Consistent with the stable mesenchymal morphology of the TDM1R cells they 
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presented as a single population with high levels of CD44, but lacked the diminished expression of CD24 

characteristic of TGF-b-induced EMT (Fig. 3A and 3B)(27). In contrast, other markers of EMT were enhanced 

upon acquisition of T-DM1 resistance, including loss of E-cadherin and potentiated gains in N-cadherin and 

vimentin (Fig. 3C). Consistent with the diminished trastuzumab binding observed in figure 2, we also observed 

HER2 expression to be decreased in whole cell lysates from TDM1R cells (Fig. 3C). To elucidate a mechanistic 

characterization of potential mediators of T-DM1 resistance we compared the TDM1R cells to their T-DM1 

sensitive, post-TGFb HME2, counterparts using kinomic profiling on the PamStation-12 platform. Lysates from 

TDM1R cells had an increased ability to phosphorylate peptides from FKBP12-rapamycin associated protein 

(FRAP), a result consistent with enhanced PI3 kinase-mTOR signaling (Suppl. Table 1). This finding is supported 

by the Long-HER study, which compared global gene expression of HER2+ patients that experienced a long-term 

response to trastuzumab with those whose disease progressed within the first year of initiating trastuzumab (28).  

Looking upstream to receptors potentially responsible for these events, we observed the autophosphorylation 

sites of several other ErbB receptors, VEGFRs and FGFRs to be increased in the TDM1R lysates (Suppl. Table 

1). Upon further investigation into the potential of these receptors in facilitating resistance to T-DM1 we found 

that the expression levels of FGFR1 induced by TGF-b were further enhanced upon acquisition of T-DM1 

resistance (Fig. 3C). Directed analysis of the Long-HER dataset indicated that enhanced expression of FGFR1 

and FGFR2 are significantly associated with a poor clinical response to trastuzumab (Fig. 3D). Along these lines 

analysis of GSE95414 comparing T-DM1 sensitive NCI-N87 cells to their T-DM1 resistant counterparts indicated 

potential gains in the expression of FGFR2, 3 and 4 (Suppl. Fig. 2a). In contrast, analysis of GSE100192 indicated 

that T-DM1 resistant clones derived from the HER2 amplified BT747 cancer cell line do not demonstrate 

increases in any of the FGFRs (Suppl. Fig. 2B). These data are consistent with recent findings that indicate the 

BT474 model amplifies the genomic cluster of FGF ligands 3/4/19 instead of modulating FGF receptors (18). To 

elucidate if FGFR1 is sufficient to provide resistance to T-DM1 we constructed HME2 and BT474 cells to 
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specifically overexpress FGFR1 in the absence of other EMT-associated factors (Fig. 3C; (20)). Using this 

approach we found that overexpression of FGFR1, when in the presence of exogenous ligand, was sufficient to 

significantly reduce the dose response to T-DM1 (Fig. 3E; Suppl. Fig. S3). Furthermore, FGFR1 overexpression, 

in the absence of other EMT-associated events, was sufficient to cause a significant reduction in trastuzumab 

binding (Fig. 3F).  
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Figure 3. FGFR1 is sufficient to reduce T-DM1 efficacy. A, Brightfield microscopy of HME2 parental, post-TGF-
b, and T-DM1 resistant (TDM1R) cells. B, The cells described in panel A were analyzed by flow cytometry for 
cell surface expression of CD24 and CD44. The percentage of cells in each quadrant is indicated. C, Whole cell 
lysates from HME2 parental, Post-TGF-b, T-DM1 resistant (TDM1R), and HME2 cells constructed to stably 
express FGFR1 or GFP as a control were analyzed by immunoblot for expression of FGFR1, HER2, E-cadherin 
(Ecad), N-cadherin (Ncad), vimentin, and b-tubulin (b-Tub) served as a loading control. Data in panels B and C 
are representative of at least three separate analyses. D, Expression values for FGFR1-4 were analyzed in the 
Long-HER data set. Data are the relative expression of individual patients that demonstrated long-term (Long-
HER) or short-term (Poor-response) response to trastuzumab treatment, resulting in the indicated P values. E, 
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HME2 cells expressing FGFR1 or GFP as a control were treated with the indicated concentrations of T-DM1 for 
96 hours at which point cell viability was quantified. Data are normalized to the untreated control cells and are 
the mean ±SE of three independent experiments resulting in the indicated P value. F, HME2 cells expressing 
FGFR1 or GFP as a control were incubated with Alexafluor 647-labeled trastuzumab and antibody binding was 
quantified by flow cytometry. Data are the mean fluorescence intensities ±SD for three independent experiments 
resulting in the indicated P value.  

 

FGFR1 increases tumor recurrence following T-DM1-induced minimal residual disease 

We next sought to evaluate the impact of FGFR1 expression on HME2 tumor growth and response to T-DM1. 

Overexpression of FGFR1 promoted a significant increase in growth rate of HME2 tumors upon mammary fat 

pad engraftment, leading to differential TDM1 treatment initiation times for matched tumor sizes (Fig. 4A). 

Irrespective of FGFR1 expression, the liquid filled masses characteristic of large HME2 tumors quickly became 

necrotic after a single dose of TDM1 (Fig 4B). However, following this initial rapid reduction in tumor size, only 

the FGFR1 overexpressing tumors maintained a more solid mass which required two additional rounds of T-DM1 

treatment to achieve complete tumor regression (Fig. 4B). As we observed in Figure 1 the MRD associated with 

these nonpalpable lesions could still be detected by bioluminescence (Fig. 4B). Following achievement of T-

DM1-induced MRD, none of the control tumors progressed within the 40 day post-treatment observation period 

(Fig. 4C). In contrast, over 50% of the FGFR1 overexpressing tumors underwent disease progression during this 

same post-treatment time frame (Fig. 4C). Taken together, these data strongly suggest that enhanced expression 

of FGFR1 inhibits T-DM1 binding, facilitating therapeutic resistance and post-treatment tumor recurrence.  
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Figure 4.  
FGFR1 increases tumor recurrence following T-DM1-induced minimal residual disease A, Time line demarking 
the primary tumor growth period for HME2 cells constructed to express FGFR1 or GFP as a control. Cells were 
engrafted onto the mammary fat pad of female NRG mice (2x106 cells/mouse; n=5 mice per group). Tumor 
growth was monitored via digital caliper measurements at the indicated time points. T-DM1 treatment was 
initiated in each group when tumors reached an average of 1000 mm3, horizontal line. Representative 
bioluminescent images for each group are shown at the indicated time points. Days are in reference to tumor 
engraftment (Day 0). B, Time line demarking the T-DM1 treatment periods for each group. T-DM1 was 
administered via I.V. injections (9 mg/kg) at day 0 for HME2-GFP tumors and days 0,7 and 14 for HME2-FGFR1 
tumors (arrows). Tumor regression was monitored via digital caliper measurements at the indicated time points. 
Representative bioluminescent images for each group are shown at the indicated time points. Days are in 
reference to initiation of T-DM1 treatment (Day 0) for each group. C, Time line demarking the post-treatment 
observation period for each group. Once tumors regressed to a non-palpable state of minimal residual disease 
(MRD) mice were left untreated and monitored for tumor recurrence via digital caliper measurements. 
Representative bioluminescent images for each group are shown at the indicated time points. Days are in 
reference to achievement of MRD (Day 0) for each group. Data in panel C were analyzed via a log rank test 
where tumor recurrence of >50 mm3 was set as a criteria for disease progression. Data in panel A are the mean 
±SD of five mice per group resulting in the indicated P value. In panel B tumor size for each mouse is plotted 
individually. Data in panels A and B were analyzed via a two-way ANOVA. 
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T-DM1 resistant cells are sensitive to covalent inhibition of FGFR 

Given the changes in ErbB kinase signaling observed in the TDM1R cells and the ability of FGFR overexpression 

to facilitate recurrence following ADC therapy we next sought to evaluate the ability of specific kinase inhibitors 

to target TDM1R cells as compared to their T-DM1 sensitive counterparts. Lapatinib is a clinically used kinase 

inhibitor that targets both EGFR and HER2, and we recently developed FIIN4, a covalent kinase inhibitor that 

targets FGFR1-4 (24)(29). Treatment of the HME2 parental cells with lapatinib led a robust inhibition of HER2 

phosphorylation and downstream blockade of ERK1/2 phosphorylation (Fig 5A). Consistent with the reduced 

expression of total HER2, phosphorylated levels of HER2 were undetectable in the TDM1R cells and ERK1/2 

phosphorylation was minimally inhibited by lapatinib (Fig 5A). In contrast, treatment of the HME2 parental cells 

with FIIN4 had no effect on HER2 or ERK1/2 phosphorylation, but FIIN4 markedly diminished ERK1/2 

phosphorylation in the TDM1R cells (Fig 5A). Importantly, TDM1R cells also demonstrated robust resistance to 

lapatinib, even thought they had never been exposed to this compound previously (Fig. 5B). Similarly, TDM1R 

cells were also resistant to afatinib, a more potent second-generation covalent kinase inhibitor capable of targeting 

EGFR, HER2, and ErbB4 (Fig. 5C;(30)). In contrast, HME2 cells that had previously been selected for resistance 

to lapatinib (LAPR) maintained expression of HER2 and were similarly sensitive to T-DM1 as compared to the 

HME2 parental cells (Fig. 5D;(20)). Finally, TDM1R cells were significantly more sensitive to FIIN4 as 

compared to the HME2 parental cells (Fig. 5E). Taken together these data indicate that resistance to HER2-

targeted ADC therapy predicates acquisition of resistance to ErbB-targeted kinase inhibitors but the reverse is not 

true. Importantly, these drug resistant populations become increasingly sensitive to covalent inhibition of FGFR.  
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Figure 5.  
T-DM1 resistant cells are sensitive to covalent inhibition of FGFR. A, HME2 parental and T-DM1 resistant 
(TDM1R) cells were treated with the indicated concentrations of lapatinib or FIIN4 for 2 hours. Cell lysates were 
subsequently assayed by immunoblot for phosphorylation of ERK1/2 and HER2, b-tubulin (b-Tub) served as a 
loading control. Data in panel A are representative of at least two independent experiments. B, HME2 parental 
cells (parental) and TDM1R cells were plated in the presence of the indicated concentrations of lapatinib for 96 
hours at which point cell viability was determined. C, HME2 parental and TDM1R cells were plated in the 
presence of the indicated concentrations of afatinib for 96 hours at which point cell viability was determined. D, 
HME2 parental and lapatinib resistant (LAPR) cells were plated in the presence of the indicated concentrations 
of T-DM1 for 96 hours at which point cell viability was determined. E, HME2 parental and TDM1R cells were 
plated in the presence of the indicated concentrations of FIIN4 for 96 hours at which point cell viability was 
determined. Data in panels B-E are the mean ±SE of at least three independent experiments resulting in the 
indicated P values.  
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T-DM1 resistant tumors respond to systemic inhibition of FGFR 

We next sought to validate our in vitro findings by evaluating the efficacy of FGFR inhibition in the treatment of 

tumors that had acquired in vivo resistance to T-DM1. To do this we treated HME2 tumor bearing mice with T-

DM1 and passaged sections of the remaining tumors onto additional mice. The process was repeated twice until 

we obtained growing tumors that did not respond to T-DM1 (Fig. 6A). Similar to what was observed in tumors 

that were recovered following induction of MRD and in our in vitro TDM1R cells, these serially passaged in vivo-

derived T-DM1 resistant tumors also demonstrated a diminution in HER2 expression (Suppl. Fig. 1C). 

Furthermore, following three rounds of treatment with T-DM1 the resultant tumors expressed readily detectable 

levels FGFR1 as compared to untreated HME2 tumors (Fig. 6A). Importantly, we were able to significantly inhibit 

the growth of these T-DM1-resistant tumors upon treatment with FIIN4 (Fig. 6B-6D). This inhibition of tumor 

growth was consistent with induction of apoptosis and decreased proliferation as visualized by TUNEL and Ki67 

staining in tumors from FIIN4 treated mice as compared to untreated controls (Fig. 6E). 
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Figure 6.  
T-DM1 resistant tumors respond to systemic inhibition of FGFR. A, Schematic representation of the in vivo 
derivation of T-DM1 resistant HME2 tumors. HME2 parental cells (2x106) were engrafted onto the mammary fat 
pad of an NSG mouse. This mouse was treated with T-DM1 until tumor regression was observed. Sections of 
the remaining tumor were directly transferred onto recipient mice. This was repeated twice until transferred 
tumors that no longer responded to T-DM1 therapy were identified. At this point sections of a T-DM1 resistant 
tumor were assessed by IHC for FGFR1 expression as compared to the originally engraphed HME2 tumors. 
Representative FGFR1 IHC staining is shown. B, Bioluminescent imaging of mice bearing the T-DM1 resistant 
tumors described in panel A. These mice were left untreated (No Drug) or were treated with FIIN4 (100 
mg/kg/q.o.d.). C, Bioluminescent quantification of control and FIIN4-treated animals bearing T-DM1 resistant 
tumors. Data are normalized to the tumor luminescence values at the initiation of FIIN4 treatment (day 0). D, 
Tumor size as determined by digital caliper measurements at the indicated time points during FIIN4 treatment. 
For panels C and D data are the mean ±SE of five mice per group resulting in the indicated P-values. E, 
Representative Ki67 and TUNEL staining of P3, T-DM1 resistant tumors from untreated and FIIN4 treated 
groups. Also shown are the mean ±SD of TUNEL and Ki67 positive cells per high powered field (HPF), n=5, 
resulting in the indicated P values.  
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Next, we utilized a patient-derived xenograft (PDX) that was isolated from a pleural effusion of a patient 

originally diagnosed with a HER2+ primary tumor that went on to fail on trastuzumab therapy (Fig. 7A). 

Consistent with these clinical data and our findings, these PDX tumors displayed minimal staining for HER2 and 

mice bearing these PDX tumors failed to respond to T-DM1 treatment (Fig. 7B, 7C). These PDX tumors also 

demonstrated readily detectable staining for FGFR1 (Fig. 7C). Clinically, lapatinib is indicated as a second line 

therapy in HER2+ patients that do not respond to trastuzumab. Treatment with lapatinib did blunt the 3D invasive 

phenotype of the HCI-012 PDX when cultured under 3D ex-vivo conditions. However, consistent with our data 

from figure 5, the overall growth of these T-DM1-resistant PDX ex-vivo cultures was not inhibited by lapatinib 

treatment (Fig. 7D). In contrast, treatment of these ex-vivo cultures or tumor bearing mice with FIIN4, the covalent 

FGFR inhibitor, led to significant inhibition of tumor growth (Fig. 7b, 7d). Consistent with our previous studies, 

FIIN4 also demonstrated enhanced potency as compared to an identical concentration of its ATP competitive 

structural analogue, BGJ-398 (Fig. 7d). Taken together these data indicate that T-DM1 resistant tumors can be 

effectively targeted via covalent inhibition of FGFR kinase activity.  
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Figure 7.  
Trastuzumab-resistant patient derived xenografts are sensitive to covalent inhibition of FGFR. A, Schematic 
representation of the expansion protocol of HCI-012. Tumor bearing mice were split into two cohorts consisting 
of an untreated group and a group that was initially treated with T-DM1 (5 mg/kg) and then switched to FIIN4 
(25 mg/kg/p.o.d). B, PDX tumor bearing mice were treated as described in panel A and tumor size was 
measured by digital caliper measurements at the indicated time points. Closed arrows indicate T-DM1 
treatments, open arrow indicates initiation of FIIN4 treatment. Data are the mean ±SE of 5 mice per group 
resulting in the indicated p-value. C, Representative histological sections of untreated HCI-012 tumors stained 
with antibodies for HER2 and FGFR1. D, Ex-vivo HCI-012 tumor cells were grown for 20 days under 3D culture 
conditions in the presence or absence of the indicated compounds. Representative images are shown and cell 
viability was quantified by cell titer glow. Data are mean ±SD of triplicate wells treated with the indicated 
compounds.  
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Discussion  

Genomic amplification and high-level protein expression of HER2 cause constitutive oncogenic activity in a 

significant subset of breast cancer patients. These molecular events have precipitated robust diagnostics for 

trastuzumab-based therapeutics in these patients. Following disease progression on trastuzumab, patients can be 

treated with T-DM1, lapatinib or neratinib. In contrast to this current progression, our data and previous studies 

suggest that sequencing of these therapies could be improved through the first line use of kinase inhibitors 

followed by HER2 antibodies and T-DM1(31). Indeed, cells that acquired resistance to lapatinib still express 

HER2 and are still sensitive to T-DM1. In contrast, upon acquisition of resistance to T-DM1, HER2 can be 

diminished and these cells are therefore inherently resistant to ErbB kinase inhibitors. All of these therapies are 

predicated on the assumption that tumors and their corresponding metastases will remain addicted to HER2 or 

other ErbB receptors. However, increasing numbers of experimental and clinical studies indicate that following 

T-DM1 or trastuzumab treatment and metastasis, tumors can lose HER2 expression and become discordant 

(4,32,33)(34). Similar findings have been observed in B-cell lymphoma where expression of CD20 is 

diminished following treatment with Ritixumab (35). The mechanisms of antibody target diminution following 

therapeutic relapse and/or metastasis remain to be definitively determined. However, our findings using an 

ectopic HER2 overexpression system in immunodeficient mice suggest that acquisition of HER2 discordance is 

an active process that does not require immune-mediated cell clearance or endogenous transcriptional elements. 

Overall, the concept of HER2-initated tumors being capable of undergoing recurrence in a HER2 independent, 

EMT-driven fashion is supported by recent studies using doxycycline regulated models of HER2 expression 

(36,37). 

 

Herein, we demonstrate that FGFR1 can act as a major driver of tumor recurrence following onset of HER2 

discordance and acquisition of resistance to T-DM1 and other ErbB-targeted therapies. Previous studies from 
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our lab and others suggest that FGFR can act as an bypass mechanism to facilitate resistance to ErbB kinase 

inhibitors (17,18,20,38). Furthermore, FGFR signaling has also been identified as a mechanism of resistance to 

endocrine therapies in breast and prostate cancer (19,39). Therefore, FGFR appears to constitute a critical node 

in acquisition of drug resistance. The reasons for this are potentially numerous, but a possible explanation is the 

inducible nature of FGFR expression. In particular, FGFR1, FGFR3 and FGF2 expression are dramatically 

upregulated during the processes of EMT (17,20). While the mechanisms of FGFR1 upregulation during EMT 

remain to be fully elucidated, this event presents a functional and targetable link between EMT and the 

acquisition of drug resistance.  

 

FGFR signaling is clearly capable of acting as a bypass pathway during the acquisition of resistance to ErbB 

kinase inhibitors. However, our current data suggest that enhanced FGFR1 expression also plays a more active 

role in manifesting T-DM1 resistance by disrupting trastuzumab’s ability to bind to HER2. Determining the 

mechanisms by which FGFR prevents trastuzumab binding is currently under investigation in our laboratory. If 

FGFR physically disrupts antibody binding, than additional means besides kinase inhibition, may be required to 

degrade FGFR, reestablish trastuzumab binding, and prevent TDM1 persistence. In contrast, FGFR signaling 

has been shown to enhance the expression of ADAM10, a matrixmetaloproteinase capable of diminishing 

cellular binding of trastuzumab via its cleavage of the extracellular portion HER2 (40). Our data do not rule out 

this kind of indirect mechanism of reduced trastuzumab binding. Our data do clearly show that diminished 

binding of trastuzumab to cells can be manifest by induction of EMT or by direct overexpress of FGFR1. Our in 

vitro studies in figure 2 demonstrate that prior induction of EMT with TGF-b1 is required for eventual 

emergence of a TDM1-resistant subpopulation following prolonged drug treatment. These findings are in stark 

contrast to our previous studies with ErbB kinase inhibitors in which prior induction of EMT with TGF-b1 led 

to immediate resistant to both lapatinib and afatinib (20). Overall our data are consistent with a model in which 
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cytokine-induced EMT upregulates FGFR1 which can immediately serve as a bypass pathway to overcome 

inhibition of ErbB receptor kinase activity. However, FGFR1-mediated diminishment of trastuzumab binding 

also allows for the survival of a subpopulation of cells in the face of T-DM1 treatment. This drug persistent 

subpopulation can then give rise to a proliferative, HER2 negative population that is fully resistant to T-DM1. 

This presents a unique combination of both subpopulation selection and phenotype plasticity, two processes 

typically thought to be mutually exclusive in drug resistance.  

 

Our studies present covalent inhibition of FGFR as a potential approach for targeting T-DM1 resistance tumors. 

We developed FIIN4 as the first-in-class covalent inhibitor of FGFR, and an additional covalent FGFR 

inhibitor, TAS-120, is currently in phase 2 clinical trials in patients with advanced solid tumors 

(NCT02052778)(24). These studies and the studies herein demonstrate the enhanced efficacy of covalent kinase 

inhibition of FGFR as compared to first generation ATP competitive inhibitors. This may be a result of the 

structural stabilization of the inactivate confirmation that results upon covalent engagement of FGFR by FIIN4 

(41). However, erdafitinib, an extremely potent competitive inhibitor of FGFR has recently been FDA 

approved. Therefore, clinical investigation of sequential or direct combinations of FGFR inhibitors with T-DM1 

in the HER2+ setting is possible and clearly warranted.  
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Supplementary Figures: 

 
Suppl. Fig. S1. HER2 expression is diminished upon acquisition of resistantance to TDM1. A, Ex-vivo subculture 
of HME2 tumors that recurred after T-DM1-induced minimal residual disease as shown in Figure 1. These cells 
failed to thrive in culture. B, HME2 parental cells and their in vitro-derived T-DM1 resistant (TDM1R) counterparts 
were fixed, permeabilized and stained for HER2. These cells were counter stained with DAPI to visualize the 
nucleus. C, HME2 parental cells (Par), those treated and recovered from TGF-b1 (Post-TGF-b), those treated 
and recovered from TGF-b1 and subsequently selected for by continuous treatment with T-DM1 (TDM1R In-
vitro), and primary culture from P3 HME2 tumors selected for resistance to T-DM1, as described in Figure 7a of 
the main text (TDM1R In-vivo), were assayed by immunoblot for expression of HER2 and b-tubulin (b-Tub) 
served as a loading control.  
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Suppl. Fig. S2. Enhanced FGFR expression upon acquisition of resistance to TDM1. A, Expression levels of 
FGFR1-4 in the NCI-N87 cells selected for resistant to TDM1. Data are extracted from a single RNA sequencing 
experiment and are normalized to the untreated control cells. B, Expression levels of FGFR1-4 in four different 
TDM1 resistant BT474 clones (C1-3 and C6). Data are mean ±SD of expression values from triplicate RNA 
sequencing experiments conducted for the parental cells and each TDM1 resistant clone.  
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Suppl. Fig. S3. FGFR signaling is sufficient to diminish BT474 response to T-DM1. A and B, HER2 amplified 
BT474 cells expressing FGFR1 or GFP as a control were treated with the indicated concentrations of T-DM1 for 
96 hours at which point cell viability was quantified. The dose response was done in the absence (A) and presence 
(B) of exogenous FGF2. Data are normalized to the untreated control cells and are the mean ±SEM of two 
independent experiments resulting in the indicated P value. 
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Supplemental Table 1. A list of differentially phosphorylated peptides from protein tyrosine kinases (PTK) and 
serine threonine kinases (STK). Triplicate values were obtained from TGF-b pretreated cells (TGFb) and the 
resulting T-DM1 resistant cells (TDM1-R). Peptides are ranked according to changes in phosphorylation levels 
between the two cell lines.   
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PTK
ID UniprotAccessionSequence Tyr TGFb TGFb TGFb TDM1-R TDM1-R TDM1-R Change:
RBL2_99_111 Q08999 VPTVSKGTVEGNY [111] 0.00000 0.07943 1.23786 3.04357 3.03363 3.25792 2.67261
ODBA_340_352 P12694 DDSSAYRSVDEVN [345] 0.00000 2.43699 2.67296 4.17747 4.31784 4.32193 2.56910
INSR_992_1004 P06213 YASSNPEYLSASD [992, 999] 0.00000 2.01355 1.55748 4.00509 3.46684 3.53417 2.47836
ERBB4_1181_1193 Q15303 QALDNPEYHNASN [1188] 0.00000 0.00000 0.00000 2.24936 2.11128 1.99318 2.11794
VGFR1_1320_1332_C1320S/C1321SP17948 SSSPPPDYNSVVL [1327] 0.00000 0.00000 0.00000 3.67296 2.43195 0.00000 2.03497
EGFR_1165_1177 P00533 ISLDNPDYQQDFF [1172] 1.33817 2.56670 2.51048 4.21166 3.87199 4.01017 1.89282
EGFR_1190_1202 P00533 STAENAEYLRVAP [1197] 1.44200 2.94450 1.30550 3.75186 3.47665 3.85892 1.79847
MK14_173_185 Q16539 RHTDDEMTGYVAT [182] 0.35954 0.29445 0.24936 2.32193 1.81897 1.98633 1.74129
LAT_194_206 O43561 MESIDDYVNVPES [200] 2.96557 3.63402 3.38582 4.99232 5.06812 5.04687 1.70730
VGFR1_1049_1061 P17948 KNPDYVRKGDTRL [1053] 1.05344 2.74375 0.52001 3.30825 2.91232 2.89413 1.59917
EGFR_1118_1130 P00533 APSRDPHYQDPHS [1125] 2.44200 1.84194 3.41674 4.03030 4.44075 3.84383 1.53807
CBL_693_705 P22681 EGEEDTEYMTPSS [700] 3.33278 4.28051 4.48761 5.37864 5.51347 5.78334 1.52485
CD3Z_146_158 P20963 STATKDTYDALHM [153] 2.45695 3.90144 2.83813 4.68253 4.17144 4.49487 1.38411
LAT_249_261 O43561 EEGAPDYENLQEL [255] 5.52888 5.52947 5.99104 7.00361 7.13452 6.98568 1.35814
STA5A_687_699 P42229 LAKAVDGYVKPQI [694] 0.00000 0.00000 0.00000 4.04026 0.00000 0.00000 1.34675
ODPAT_291_303 P29803 SMSDPGVSYRTRE [299] 0.00000 1.34890 0.00000 0.46190 2.58042 2.32736 1.34026
ERBB4_1277_1289 Q15303 IVAENPEYLSEFS [1284] 1.37011 2.54820 2.94096 3.41163 3.98289 3.43447 1.32324
VGFR1_1040_1052 P17948 DFGLARDIYKNPD [1048] 2.37011 3.50330 3.31647 4.13317 4.51287 4.48883 1.31499
B3AT_39_51 P02730 TEATATDYHTTSH [46] 2.53417 1.62081 3.33007 3.88310 3.86827 3.65146 1.30593
DDR1_506_518 Q08345 LLLSNPAYRLLLA [513] 0.00000 0.00000 1.43195 0.00000 2.06650 3.18197 1.27217
DYR1A_212_224 Q13627 KHDTEMKYYIVHL [219, 220] 2.58496 0.95858 1.51048 2.88679 2.70671 3.26076 1.26674
STAT3_698_710 P40763 DPGSAAPYLKTKF [705] 0.24936 0.00000 0.00000 1.52001 0.00000 2.42690 1.23252
FGFR1_761_773 P11362 TSNQEYLDLSMPL [766] 2.67296 2.73560 2.88679 3.99318 3.53652 4.34488 1.19308
FGFR3_753_765 P22607 TVTSTDEYLDLSA [760] 4.27489 4.56670 4.73356 5.77690 5.60859 5.75186 1.18740
VGFR2_1052_1064 P35968 DIYKDPDYVRKGD [1054, 1059] 3.58949 4.20134 4.10813 4.80151 5.26855 5.29722 1.15611
VGFR3_1061_1073 P35916 DIYKDPDYVRKGS [1063, 1068] 2.68993 3.83623 3.63183 4.21606 4.64820 4.69939 1.13522
CALM_95_107 P62158 KDGNGYISAAELR [100] 3.17596 3.12695 3.70879 4.66117 3.92850 4.72432 1.10077
INSR_1348_1360 P06213 SLGFKRSYEEHIP [1355] 2.08586 1.06650 0.84194 3.22628 2.56210 1.48153 1.09187
FGFR2_762_774 P21802 TLTTNEEYLDLSQ [769] 4.36484 4.45695 4.87571 5.71709 5.58723 5.65632 1.08772
STAT4_714_726 Q14765 PSDLLPMSPSVYA [725] 2.46684 3.21752 3.31647 3.60970 4.27770 4.25365 1.04674
VGFR2_1046_1058 P35968 DFGLARDIYKDPD [1054] 3.54820 2.97252 3.39361 4.28191 4.41546 4.33817 1.04040
ACHD_383_395 Q07001 YISKAEEYFLLKS [383, 390] 3.59175 3.40136 3.95156 4.60859 4.53300 4.86173 1.01955
ANXA1_14_26 P04083 IENEEQEYVQTVK [21] 4.27489 4.18347 4.83241 5.22773 5.36682 5.74883 1.01753
PGFRB_572_584 P09619 VSSDGHEYIYVDP [579, 581] 8.09644 8.18385 8.06131 9.13176 9.12236 9.09858 1.00370
PGFRB_709_721 P09619 RPPSAELYSNALP [716] 6.03861 6.07096 6.36682 7.15701 7.22755 7.07318 0.99379
ERBB2_870_882 P04626 LDIDETEYHADGG [877] 3.21752 3.66440 3.78581 4.43321 4.36219 4.72329 0.95032
KSYK_518_530 P43405 ALRADENYYKAQT [525, 526] 4.05508 3.87199 4.31511 5.00170 5.07863 4.86360 0.90058
EPHA4_589_601 P54764 LNQGVRTYVDPFT [596] 3.23498 3.35689 2.96557 4.05998 4.30137 3.88310 0.89567
SRC8_CHICK_470_482 Q01406 VSQREAEYEPETV [477] 0.00000 0.00000 0.00000 2.66010 0.00000 0.00000 0.88670
ERBB2_1241_1253 P04626 PTAENPEYLGLDV [1248] 4.34488 4.50929 3.60970 5.22555 4.79760 5.05998 0.87309
RET_1022_1034 P07949 TPSDSLIYDDGLS [1029] 7.22355 7.31784 7.31134 7.77329 8.19763 8.45548 0.85789
EGFR_908_920 P00533 MTFGSKPYDGIPA [915] 0.00000 0.00000 0.00000 2.53417 0.00000 0.00000 0.84472
PGFRB_771_783 P09619 YMAPYDNYVPSAP [771, 775, 778] 4.61638 4.72329 4.99147 5.37208 5.69362 5.76393 0.83283
C1R_199_211 P00736 TEASGYISSLEYP [204, 210] 1.11757 0.00000 0.00000 3.16386 0.38060 0.00000 0.80897
CRK_214_226 P46108 GPPEPGPYAQPSV [221] 4.36748 4.73049 4.73560 5.17747 5.43447 5.56037 0.77958
VGFR1_1326_1338 P17948 DYNSVVLYSTPPI [1327, 1333] 5.38517 5.52119 5.61026 6.12148 6.29791 6.43037 0.77772
PDPK1_2_14 O15530 ARTTSQLYDAVPI [9] 7.45059 7.54369 7.47772 8.20789 8.38802 8.19986 0.77459
RON_1346_1358 Q04912 SALLGDHYVQLPA [1353] 4.96295 4.95946 5.21019 5.53300 6.01144 5.87617 0.76267
VGFR1_1206_1218 P17948 GSSDDVRYVNAFK [1213] 1.64712 1.34890 0.00000 0.87199 1.62081 2.77987 0.75889
PLCG1_776_788 P19174 EGRNPGFYVEANP [783] 1.02697 0.00000 0.00000 3.25222 0.00000 0.00000 0.74175
K2C8_425_437 P05787 SAYGGLTSPGLSY [427, 437] 3.72946 3.64277 3.73151 4.49849 4.30275 4.52356 0.74035
EPHA7_607_619 Q15375 TYIDPETYEDPNR [608, 614] 6.43541 6.36451 6.63128 6.88241 7.12967 7.58354 0.72148
MK07_211_223 Q13164 AEHQYFMTEYVAT [215, 220] 2.91594 3.24075 3.48397 3.49125 4.31374 3.95507 0.70647
CD3Z_116_128 P20963 KDKMAEAYSEIGM [123] 4.95507 4.30963 5.07782 5.29445 5.47298 5.66601 0.69697
VGFR2_1168_1180 P35968 AQQDGKDYIVLPI [1175] 4.14860 4.57243 4.51406 4.85140 5.25222 5.22045 0.69632
P85A_600_612 P27986 NENTEDQYSLVED [607] 8.30988 8.28068 8.26103 8.82535 8.89064 9.22131 0.69523
K2C6B_53_65 P04259 GAGFGSRSLYGLG [62] 5.86267 5.92895 6.19726 6.38712 6.86640 6.80273 0.68913
ZBT16_621_633 Q05516 LRTHNGASPYQCT [630] 3.61638 4.12539 3.99659 4.47175 4.61749 4.67082 0.67390
PGFRB_1014_1028 P09619 PNEGDNDYIIPLPDP [1021] 6.38289 6.61137 6.44106 7.10121 7.02027 7.31596 0.66737
EPHA2_765_777 P29317 EDDPEATYTTSGG [772] 7.82403 8.04872 7.68372 8.19828 8.45191 8.88466 0.65946
MET_1227_1239 P08581 RDMYDKEYYSVHN [1230, 1234, 1235]5.98590 6.23967 6.23099 6.64195 6.81849 6.94428 0.64939
FAK2_572_584 Q14289 RYIEDEDYYKASV [573, 579, 580] 5.91819 5.93653 6.05057 6.37077 6.68253 6.79736 0.64846
STAT4_686_698 Q14765 TERGDKGYVPSVF [693] 0.00000 0.00000 0.00000 1.92313 0.00000 0.00000 0.64104
JAK2_563_577 O60674 VRREVGDYGQLHETE [570] 5.56727 5.37011 5.92358 5.82138 6.32499 6.61887 0.63476
SRC8_CHICK_492_504 Q01406 YQAEENTYDEYEN [492, 499, 502] 10.31954 10.69997 10.48024 10.99642 11.11499 11.27957 0.63041
PDPK1_369_381 O15530 DEDCYGNYDNLLS [373, 376] 5.40458 5.67509 5.48458 5.88817 6.16234 6.38777 0.62468
NTRK2_696_708 Q16620 GMSRDVYSTDYYR [702, 706, 707] 6.59851 6.95617 6.55835 7.11639 7.34789 7.51347 0.62157
JAK1_1015_1027 P23458 AIETDKEYYTVKD [1022, 1023] 5.81608 5.79270 6.03819 6.11207 6.62053 6.76644 0.61736
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DYR1A_312_324 Q13627 CQLGQRIYQYIQS [319, 321] 5.14398 5.61749 5.41865 5.73100 6.01565 6.26996 0.61217
PAXI_24_36 P49023 FLSEETPYSYPTG [31, 33] 7.93730 8.03114 8.04800 8.42222 8.66802 8.75552 0.60977
MBP_198_210 P02686 ARTAHYGSLPQKS [203] 5.03944 5.29929 5.24434 5.53359 5.92806 5.94715 0.60858
TEC_512_524 P42680 RYFLDDQYTSSSG [513, 519] 4.95595 4.97512 5.22846 5.20503 5.95156 5.81994 0.60567
FES_706_718 P07332 REEADGVYAASGG [713] 7.80370 8.07086 7.92358 8.24210 8.49872 8.83002 0.59090
EPHB1_771_783 P54762 DDTSDPTYTSSLG [778] 6.50869 6.64168 6.56670 6.80954 7.19726 7.47313 0.58762
FER_707_719 P16591 RQEDGGVYSSSGL [714] 6.86267 6.90075 7.03488 7.24667 7.58227 7.70162 0.57742
PGFRB_768_780 P09619 SSNYMAPYDNYVP [771, 775, 778] 5.71139 5.51585 5.84194 6.08626 6.36682 6.28715 0.55702
RB_804_816 P06400 IYISPLKSPYKIS [805, 813] 5.01691 5.24649 5.52888 5.55343 6.00764 5.87848 0.54909
ZAP70_485_497 P43403 ALGADDSYYTARS [492, 493] 6.07621 6.59654 6.39426 6.58780 6.93319 7.17709 0.54369
FAK1_569_581 Q05397 RYMEDSTYYKASK [570, 576, 577] 5.29306 5.28889 5.42626 5.60075 5.91006 6.12773 0.54344
EPHA1_774_786 P21709 LDDFDGTYETQGG [781] 7.07722 7.51108 7.29098 7.57043 7.90405 8.00541 0.53354
PGFRB_1002_1014 P09619 LDTSSVLYTAVQP [1009] 5.28331 5.73356 5.41801 5.82859 5.94936 6.25685 0.53331
VGFR1_1235_1247 P17948 ATSMFDDYQGDSS [1242] 0.00000 0.00000 0.00000 0.53887 0.00000 1.05344 0.53077
VGFR2_989_1001 P35968 EEAPEDLYKDFLT [996] 7.52770 7.96186 7.70853 7.94616 8.29479 8.53491 0.52593
41_654_666 P11171 LDGENIYIRHSNL [660] 6.91503 6.95836 7.10378 7.37126 7.44654 7.72702 0.52255
VGFR2_944_956 P35968 RFRQGKDYVGAIP [951] 4.71813 5.15854 4.91142 5.09306 5.50270 5.74731 0.51833
NCF1_313_325 P14598 QRSRKRLSQDAYR [324] 4.92403 5.34622 5.26360 5.29306 5.81704 5.97771 0.51799
PRGR_786_798 P06401 EQRMKESSFYSLC [795] 4.07136 3.76393 4.22918 4.10971 4.87013 4.63073 0.51536
CTNB1_79_91 P35222 VADIDGQYAMTRA [86] 5.17295 5.56900 5.27700 5.61804 5.69887 6.22191 0.50662
PTN11_539_551 Q06124 SKRKGHEYTNIKY [546, 551] 3.65578 4.06324 3.66654 4.09226 4.35156 4.45571 0.50466
RON_1353_1365 Q04912 YVQLPATYMNLGP [1353, 1360] 4.62743 4.89047 4.91503 4.94274 5.50869 5.48822 0.50224
NTRK1_489_501 P04629 HIIENPQYFSDAC [496] 0.00000 0.00000 0.00000 1.50090 0.00000 0.00000 0.50030
PRRX2_202_214 Q99811 WTASSPYSTVPPY [208, 214] 5.92089 6.24362 6.03819 6.36087 6.58525 6.61859 0.45400
PLCG1_764_776 P19174 IGTAEPDYGALYE [771, 775] 9.58528 9.65835 9.79772 9.77270 10.25133 10.31181 0.43150
MK12_178_190 P53778 ADSEMTGYVVTRW [185] 3.85140 3.96557 4.11757 4.07621 4.42943 4.70358 0.42489
LCK_387_399 P06239 RLIEDNEYTAREG [394] 5.91684 6.21166 5.95639 6.11325 6.51257 6.72715 0.42270
MK01_180_192 P28482 HTGFLTEYVATRW [187] 4.25650 4.48153 4.54471 4.37406 5.02446 5.14706 0.42095
ANXA2_17_29 P07355 HSTPPSAYGSVKA [24] 4.09385 4.55748 5.23931 4.55401 5.10892 5.47420 0.41550
DCX_109_121 O43602 GIVYAVSSDRFRS [112] 5.93252 6.43510 6.26643 6.31271 6.70827 6.85751 0.41481
TYRO3_679_691 Q06418 KIYSGDYYRQGCA [681, 685, 686] 5.29999 5.53652 5.48458 5.46005 5.99275 6.09624 0.40932
CDK7_157_169 P50613 GLAKSFGSPNRAY [169] 4.92672 4.97944 4.63402 4.91413 5.22918 5.55169 0.38494
EPHB1_921_933 P54762 SAIKMVQYRDSFL [928] 4.33142 4.35689 4.42310 4.24506 4.88310 5.11522 0.37732
EGFR_1103_1115 P00533 GSVQNPVYHNQPL [1110] 5.23786 5.18047 5.57415 5.42500 5.78778 5.90507 0.37512
SRC8_CHICK_476_488 Q01406 EYEPETVYEVAGA [477, 483] 10.88488 11.11774 10.95201 11.11784 11.40792 11.54971 0.37361
MBP_259_271 P02686 FGYGGRASDYKSA [261, 268] 2.92672 2.61638 3.16992 2.88679 3.55053 3.35156 0.35862
RASA1_453_465 P20936 TVDGKEIYNTIRR [460] 6.96360 7.39749 7.17521 7.11168 7.67536 7.81414 0.35496
RAF1_332_344 P04049 PRGQRDSSYYWEI [340, 341] 7.34522 7.56512 7.36929 7.50300 7.81463 7.94362 0.32721
EPHA2_581_593 P29317 QLKPLKTYVDPHT [588] 0.00000 0.00000 0.00000 0.95858 0.00000 0.00000 0.31953
ENOG_37_49 P09104 SGASTGIYEALEL [44] 11.80130 11.77780 11.67478 12.15186 11.99577 12.05528 0.31634
FRK_380_392 P42685 KVDNEDIYESRHE [387] 8.91548 9.27994 8.98750 8.99713 9.47317 9.65744 0.31493
EPOR_419_431 P19235 ASAASFEYTILDP [426] 6.60775 6.88794 6.60691 6.76318 7.03633 7.21147 0.30280
NPT2A_501_513 Q06495 AKALGKRTAKYRW [511] 4.43321 4.86360 4.29167 4.52593 4.90326 5.03280 0.29117
PECA1_706_718 P16284 KKDTETVYSEVRK [713] 8.27656 8.66272 8.35323 8.36731 8.80972 8.97371 0.28608
VINC_815_827 P18206 KSFLDSGYRILGA [822] 4.50330 4.77292 4.45323 4.64820 4.80735 5.08986 0.27199
MK10_216_228 P53779 TSFMMTPYVVTRY [223, 228] 5.80784 5.99574 6.04851 5.76744 6.46036 6.43006 0.26859
CDK2_8_20 P24941 EKIGEGTYGVVYK [15, 19] 8.95727 9.18656 8.98718 9.03819 9.24640 9.62184 0.25848
PAXI_111_123 P49023 VGEEEHVYSFPNK [118] 9.47699 9.50738 9.48875 9.54660 9.77860 9.87585 0.24264
EPOR_361_373 P19235 SEHAQDTYLVLDK [368] 7.02300 7.34622 7.20393 7.11207 7.46067 7.65010 0.21657
AMPE_5_17 Q07075 EREGSKRYCIQTK [12] 3.42943 2.98289 3.12383 3.15778 3.27770 3.71502 0.20479
EFS_246_258 O43281 GGTDEGIYDVPLL [253] 12.35351 12.11916 12.32549 12.50018 12.36057 12.50713 0.18991
PLCG1_1246_1258 P19174 EGSFESRYQQPFE [1253] 0.00000 0.00000 0.00000 0.52001 0.00000 0.00000 0.17334
CD79A_181_193 P11912 EYEDENLYEGLNL [182, 188] 12.49052 12.21957 12.29232 12.51093 12.40310 12.59510 0.16891
EPHA4_921_933 P54764 QAIKMDRYKDNFT [928] 0.00000 0.00000 0.74781 0.00000 0.00000 1.16690 0.13969
EPHB4_583_595 P54760 IGHGTKVYIDPFT [590] 3.04687 3.02362 2.31100 2.34890 3.21459 3.03363 0.07188
MBP_263_275 P02686 GRASDYKSAHKGF [268] 3.28889 3.55053 3.22045 2.84194 3.64494 3.75590 0.06097
CALM_93_105 P62158 FDKDGNGYISAAE [100] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
VGFR1_1046_1058_Y1048FP17948 DIFKNPDYVRKGD [1053] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
EGFR_1062_1074 P00533 EDSFLQRYSSDPT [1069] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
VGFR1_1162_1174 P17948 VQQDGKDYIPINA [1169] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
VGFR2_1207_1219_C1208SP35968 VSDPKFHYDNTAG [1214] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
FABPH_13_25 P05413 DSKNFDDYMKSLG [20] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
MK01_198_210 P28482 IMLNSKGYTKSID [205] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
PERI_458_470 P41219 QRSELDKSSAHSY [470] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
NTRK2_509_521 Q16620 PVIENPQYFGITN [516] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
PRGR_545_557 P06401 LRPDSEASQSPQY [557] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
STAT6_634_646 P42226 MGKDGRGYVPATI [641] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
FGFR3_641_653 P22607 DVHNLDYYKKTTN [647, 648] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
RET_680_692 P07949 AQAFPVSYSSSGA [687] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
STAT1_694_706 P42224 DGPKGTGYIKTEL [701] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
EGFR_862_874 P00533 LGAEEKEYHAEGG [869] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
TNNT1_2_14 P13805 SDTEEQEYEEEQP [9] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
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STK
ID UniprotAccession Sequence TGFb TGFb TGFb TDM1-R TDM1-R TDM1-R Change:
FRAP_2475_2487 P42345 VPESIHSFIGDGL 0.00000 1.31647 0.00000 2.07298 4.34220 1.50090 2.19987
MYC_51_63 P01106 KKFELLPTPPLSP 1.39102 0.81124 1.43195 3.68571 3.67935 2.77987 2.17024
RB_774_786 P06400 TRPPTLSPIPHIP 0.00000 3.12070 2.95156 4.05344 3.74579 3.13006 1.61901
IKKB_173_185_C179A O14920 LDQGSLATSFVGT 1.77193 0.00000 1.57586 3.28889 2.31100 1.98633 1.41281
ATM_1972_1984 Q13315 KRSLAFEEGSQST 0.00000 0.73151 3.10497 2.34354 4.38972 0.69834 1.19838
IKKB_686_698 O14920 QLMSQPSTASNSL 3.08265 0.00000 0.00000 3.19689 2.64712 0.00000 0.92045
CGHB_109_121 P01233 QCALCRRSTTDCG 4.74172 5.07055 4.89687 5.38582 5.58326 5.82715 0.69569
PYGL_8_20 P06737 QEKRRQISIRGIV 5.77591 6.43195 4.74579 6.36318 5.91864 6.55950 0.62923
KIF11_919_931 P52732 LDIPTGTTPQRKS 3.47420 3.39361 3.40394 3.80735 4.10971 4.05344 0.56625
IF4E_203_215 P06730 TATKSGSTTKNRF 4.84288 5.07379 4.20282 5.45819 4.88495 5.47298 0.56554
RAB1A_187_199 P62820 KSNVKIQSTPVKQ 4.11914 3.13317 3.04026 4.36879 4.05508 3.39361 0.50831
CDK7_163_175 P50613 GSPNRAYTHQVVT 5.08265 5.32668 5.02530 6.05139 5.60019 5.21092 0.47596
MPIP1_172_184 P30304 FTQRQNSAPARML 4.88495 6.40297 4.59513 5.63238 5.17445 6.46868 0.46415
P53_12_24 P04637 PPLSQETFSDLWK 4.78086 5.96426 4.68888 5.41610 5.12851 6.25757 0.45606
RB_803_815 P06400 NIYISPLKSPYKI 5.43887 6.06243 4.75791 5.93252 5.59513 6.09026 0.45290
CDC2_154_169 P06493 GIPIRVYTHEVVTLWY 3.76193 3.35156 4.79858 4.86920 4.57129 3.81704 0.44849
ERBB2_679_691 P04626 QQKIRKYTMRRLL 7.14994 7.65794 7.05753 7.90132 7.42769 7.87918 0.44759
CD27_212_224 P26842 HQRRKYRSNKGES 5.89961 6.24542 5.62025 6.12227 6.37110 6.43384 0.38731
SRC8_CHICK_423_435 Q01406 KTPSSPVYQDAVS 3.01017 3.17897 2.68993 3.98289 3.08906 2.91594 0.36960
H32_3_18 Q71DI3 RTKQTARKSTGGKAPR 5.69730 6.08225 5.34019 5.75590 5.92984 6.53652 0.36751
KPCB_626_639 P05771-2 AENFDRFFTRHPPV 4.72638 4.63949 3.20282 4.88403 4.39232 4.38712 0.36493
MPIP3_208_220 P30307 RSGLYRSPSMPEN 2.55748 3.86079 4.06324 4.67828 3.75186 3.14244 0.36369
PDE5A_95_107 O76074 GTPTRKISASEFD 4.40651 3.46930 3.20577 4.03197 4.15778 3.96382 0.35733
E1A_ADE05_212_224 P03255 AILRRPTSPVSRE 7.99915 6.96404 7.89813 8.41235 8.12090 7.39701 0.35631
RBL2_632_644 Q08999 DEICIAGSPLTPR 1.53887 2.83432 3.00000 2.36484 3.31100 2.72329 0.34198
MP2K1_287_299 Q02750 PPRPRTPGRPLSS 5.26996 6.16955 4.96033 5.82954 5.29028 6.27700 0.33233
KS6A1_374_386 Q15418 QLFRGFSFVATGL 4.34890 5.50030 4.99318 5.39426 5.07702 5.29375 0.30755
GYS2_1_13 P54840 MLRGRSLSVTSLG 8.56591 8.88391 8.34530 9.17925 8.73873 8.74977 0.29088
MPH6_140_152 Q99547 EDENGDITPIKAK 4.59513 2.50090 3.74172 4.37930 4.17897 3.14552 0.28868
ACM4_456_468 P08173 CNATFKKTFRHLL 5.17219 5.08024 5.38582 5.75640 5.01439 5.70723 0.27992
RAF1_253_265 P04049 QRQRSTSTPNVHM 7.40490 7.94605 7.36583 7.85657 7.52888 8.16082 0.27650
ESR1_160_172 P03372 GGRERLASTNDKG 8.80291 9.34597 8.67589 9.23457 8.96725 9.42048 0.26584
VASP_271_283 P50552 LARRRKATQVGEK 7.34371 7.02884 7.07075 7.88334 7.32736 7.00170 0.25636
NEK3_158_170 P51956 FACTYVGTPYYVP 5.03280 4.92492 4.44075 4.98289 4.78284 5.40072 0.25599
NOS3_1171_1183 P29474 SRIRTQSFSLQER 7.73573 7.54966 7.56022 8.23768 7.43479 7.93274 0.25320
KPCB_19_31_A25S P05771 RFARKGSLRQKNV 7.08606 7.82811 6.57129 7.61651 6.93430 7.66601 0.24379
YAP1_121_133 P46937 QHVRAHSSPASLQ 3.89413 4.11914 4.07943 4.30137 4.64277 3.87571 0.24238
ADDB_696_708 P35612 GSPSKSPSKKKKK 5.73969 4.99830 5.00764 5.82715 5.56210 5.05016 0.23126
NR4A1_344_356 P22736 GRRGRLPSKPKQP 5.42119 5.80444 5.34354 5.81027 5.48883 5.92178 0.21724
STK6_283_295 O14965 SSRRTTLCGTLDY 7.23009 8.21294 6.71813 7.51763 6.92246 8.33918 0.20604
RAP1B_172_184 P61224 PGKARKKSSCQLL 6.08986 6.34421 5.78926 6.27278 6.00764 6.55111 0.20273
ACM5_498_510 P08912 CNRTFRKTFKMLL 6.03322 7.71748 5.91097 6.54238 6.03571 7.67789 0.19810
NEK2_172_184 P51955 FAKTFVGTPYYMS 5.58496 4.94450 4.71606 5.23786 5.18796 5.38842 0.18957
ACM5_494_506 P08912 CYALCNRTFRKTF 8.12889 9.05656 7.97609 8.60956 8.07035 9.02843 0.18226
ANXA1_209_221 P04083 AGERRKGTDVNVF 5.53300 6.77864 5.87987 6.25329 5.81608 6.64712 0.17499
H2B1B_ 27_40 P33778 GKKRKRSRKESYSI 5.77839 6.17558 5.72741 6.06487 5.87802 6.24685 0.16946
KAPCG_192_206 P22612 VKGRTWTLCGTPEYL 5.47909 5.64549 5.56095 5.32736 6.16690 5.65362 0.15412
PLM_76_88 O00168 EEGTFRSSIRRLS 6.57985 6.32125 6.34019 6.95464 6.33514 6.41099 0.15316
KIF2C_105_118_S106G Q99661 EGLRSRSTRMSTVS 8.17021 9.49650 8.22609 8.76023 8.33657 9.25280 0.15227
NFKB1_330_342 P19838 FVQLRRKSDLETS 6.65740 6.06771 6.32634 6.83718 6.46221 6.15778 0.13524
pVASP_150_164 P50552 EHIERRV(pS)NAGGPPA 9.01859 9.64559 8.83086 9.11271 9.09336 9.65642 0.12248
ACM1_421_433 P11229 CNKAFRDTFRLLL 5.06731 6.19689 5.25721 5.87431 4.99489 5.98375 0.11051
RBL2_655_667 Q08999 GLGRSITSPTTLY 5.58042 5.85328 5.52179 5.79417 5.46622 5.98847 0.09779
NTRK3_824_836 Q16288 LHALGKATPIYLD 4.05671 2.54354 2.98633 2.89047 3.33278 3.65146 0.09604
P53_308_323 P04637 LPNNTSSSPQPKKKPL 4.97858 4.40007 3.91052 5.04026 4.29028 4.22336 0.08825
BAD_69_81 Q92934 IRSRHSSYPAGTE 5.68094 6.01817 5.83432 6.07742 5.86267 5.85092 0.08586
ADDB_706_718 P35612 KKKFRTPSFLKKS 6.27735 6.55488 6.65821 6.54966 6.56842 6.59935 0.07566
ACM1_444_456 P11229 KIPKRPGSVHRTP 5.21899 5.84194 5.92627 5.91232 5.41227 5.88357 0.07366
GBRB2_427_439 P47870 SRLRRRASQLKIT 8.68280 7.89184 8.59689 8.93369 8.49148 7.94980 0.06781
TLE2_246_258 Q04725 EPPSPATTPCGKV 5.02780 2.31100 4.48883 4.88033 3.82667 3.24362 0.04100
CSF1R_701_713 P07333 NIHLEKKYVRRDS 7.73981 8.08255 8.45850 8.28147 8.09485 7.98665 0.02737
FIBA_569_581 P02671 EFPSRGKSSSYSK 5.53652 4.81801 5.56325 5.53769 5.09066 5.36616 0.02558
C1R_201_213 P00736 ASGYISSLEYPRS 4.34756 4.16538 4.89961 5.15472 4.52593 3.80151 0.02320
VIGLN_289_301 Q00341 EEKKKKTTTIAVE 4.03695 4.05835 4.46437 4.57358 4.61304 3.41674 0.01456
DCX_49_61 O43602 HFDERDKTSRNMR 5.15319 4.31647 5.60859 5.05998 5.10892 4.91864 0.00310
KAP3_107_119 P31323 NRFTRRASVCAEA 9.12505 8.42721 8.93347 9.28841 8.82283 8.37709 0.00086
RBL2_959_971 Q08999 DRTSRDSSPVMRS 3.90870 3.22628 3.85704 4.58723 3.27208 3.13317 0.00015
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CSK21_355_367 P68400 ISSVPTPSPLGPL 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
CREB1_126_138 P16220 EILSRRPSYRKIL 6.89184 6.58354 6.93029 7.21019 6.65578 6.53711 -0.00087
GPSM2_394_406 P81274 PKLGRRHSMENME 4.99232 5.84856 5.71709 5.62357 5.53887 5.38582 -0.00324
BAD_93_105 Q92934 FRGRSRSAPPNLW 8.24703 7.37126 8.25846 8.52482 7.97295 7.36087 -0.00604
KAP2_92_104 P13861 SRFNRRVSVCAET 8.56799 7.02509 8.33024 8.65983 8.16964 7.04687 -0.01566
RB_350_362 P06400 SFETQRTPRKSNL 4.54471 5.27208 3.74172 4.16386 3.58723 5.75034 -0.01902
EPB42_241_253 P16452 LLNKRRGSVPILR 8.57014 7.53123 8.49231 8.74032 8.26387 7.50974 -0.02659
RB_242_254 P06400 AVIPINGSPRTPR 4.97598 5.60019 5.11757 5.21313 4.87848 5.45012 -0.05067
PPR1A_28_40 Q13522 QIRRRRPTPATLV 9.32918 8.96861 9.06868 9.52670 8.77423 8.91182 -0.05124
NMDZ1_890_902 Q05586 SFKRRRSSKDTST 8.33041 8.37307 8.40201 8.44669 7.95924 8.51302 -0.06218
PRKDC_2618_2630 P78527 TRTQEGSLSARWP 6.87315 8.19800 6.86570 7.13685 6.70619 7.88679 -0.06901
LMNA_192_204 P02545 DAENRLQTMKEEL 3.81318 3.31920 3.20282 3.67509 3.82475 2.62523 -0.07004
TOP2A_1463_1475 P11388 RRKRKPSTSDDSD 8.89270 8.97652 8.67323 8.89836 8.50502 8.92588 -0.07106
DESP_2842_2854 P15924 RSGSRRGSFDATG 4.93386 5.30206 5.06080 5.34086 4.85610 4.88495 -0.07160
NCF1_296_308 P14598 RGAPPRRSSIRNA 9.16728 8.08456 9.12256 9.36008 8.69664 8.08606 -0.07720
SRC_413_425 P12931 LIEDNEYTARQGA 4.12070 1.26076 3.62743 3.29722 3.45943 2.02027 -0.07732
REL_260_272 Q04864 KMQLRRPSDQEVS 5.30481 5.19986 5.32261 5.33682 5.13704 5.11128 -0.08071
KCNA1_438_450 Q09470 DSDLSRRSSSTMS 4.70879 3.57129 4.36484 4.29999 4.32329 3.75590 -0.08858
ERF_519_531 P50548 GEAGGPLTPRRVS 4.34622 4.36219 3.64712 5.05998 3.79172 3.23208 -0.09058
VTNC_390_402 P04004 NQNSRRPSRATWL 7.37979 6.66063 7.45959 7.43824 7.03051 6.75363 -0.09254
MARCS_160_172 P29966 FKKSFKLSGFSFK 5.77938 5.61415 5.51168 5.62357 5.39102 5.60691 -0.09457
GSUB_61_73 O96001 KKPRRKDTPALHI 5.78581 6.31476 5.57472 5.54704 5.71295 6.12109 -0.09807
KCC2G_278_289 Q13555 VASMMHRQETVE 6.85892 7.48837 6.65794 6.80053 6.56383 7.34237 -0.09950
PTK6_436_448 Q13882 ALRERLSSFTSYE 6.94760 6.80078 7.01123 7.07460 6.48852 6.88610 -0.10346
MBP_222_234 P02686 HFFKNIVTPRTPP 5.28331 5.75135 5.53417 5.51941 5.26573 5.46684 -0.10562
CA2D1_494_506 P54289 LEDIKRLTPRFTL 4.80833 6.31511 4.69939 5.28540 3.97078 6.22264 -0.11467
CFTR_761_773 P13569 LQARRRQSVLNLM 9.92190 8.95502 9.95573 9.93972 9.58882 8.91046 -0.13122
MARCS_152_164 P29966 KKKKKRFSFKKSF 6.03322 6.18982 6.10259 5.88909 5.70931 6.33244 -0.13160
BAD_112_124 Q92934 RELRRMSDEFVDS 6.52858 7.34555 6.71347 6.52179 6.82499 6.83718 -0.13455
NCF1_321_333 P14598 QDAYRRNSVRFLQ 6.87246 5.46067 6.84099 6.86243 6.37701 5.52297 -0.13723
RYR1_4317_4329 P21817 VRRLRRLTAREAA 7.51033 7.19634 7.44732 7.53755 6.94318 7.25507 -0.13940
KCNB1_489_501 Q14721 KWTKRTLSETSSS 5.01607 4.05835 5.30688 5.36484 5.28610 3.31100 -0.13979
GPR6_349_361 P46095 QSKVPFRSRSPSE 6.25007 6.61804 6.39975 6.26855 6.14398 6.40907 -0.14875
LMNB1_16_28 P20700 GGPTTPLSPTRLS 3.93029 4.45943 4.14090 4.28191 3.83432 3.96382 -0.15019
CDN1A_139_151 P38936 GRKRRQTSMTDFY 11.19101 12.09551 11.36758 11.25221 10.86953 12.00000 -0.17745
VASP_232_244 P50552 GAKLRKVSKQEEA 4.82571 4.01691 4.60635 4.52829 4.50570 3.87756 -0.17914
K6PL_766_778 P17858 LEHVTRRTLSMDK 5.73969 6.11796 5.50210 5.26502 5.69730 5.85375 -0.18123
VASP_150_162 P50552 EHIERRVSNAGGP 6.41578 5.46190 6.49125 6.39523 6.12889 5.29445 -0.18345
FRAP_2443_2455 P42345 RTRTDSYSAGQSV 5.85657 5.32804 5.46376 5.42246 5.35356 5.31579 -0.18552
MYBB_513_525 P10244 DNTPHTPTPFKNA 4.47052 3.43950 3.89230 3.81124 4.42183 3.00340 -0.18862
PTN12_32_44 Q05209 FMRLRRLSTKYRT 7.77578 6.83408 7.56771 7.75072 7.15930 6.69651 -0.19035
CAC1C_1974_1986 Q13936 ASLGRRASFHLEC 7.26873 6.25329 7.37356 7.29150 6.86617 6.12266 -0.20509
KCNA6_504_516 P17658 ANRERRPSYLPTP 9.48031 8.60579 9.72348 9.46495 9.18019 8.54106 -0.20780
pTY3H_64_78 P07101 RFIGRRQ(pS)LIEDARK 10.52054 11.57317 10.65958 10.54325 10.46659 11.09677 -0.21556
KCNA3_461_473 P22001 EELRKARSNSTLS 5.11128 4.66225 5.03695 5.06080 4.63621 4.42943 -0.22801
LIPS_944_956 Q05469 GFHPRRSSQGATQ 6.75891 5.64277 6.79221 6.53447 6.08104 5.88541 -0.23099
PLEK_106_118 P08567 GQKFARKSTRRSI 7.86710 7.86885 7.92739 7.85187 7.26218 7.85222 -0.23236
TAU_524_536 P10636 GSRSRTPSLPTPP 3.83050 4.19541 4.04522 4.07460 3.44451 3.81704 -0.24499
FOXO3_25_37 O43524 QSRPRSCTWPLQR 8.30232 8.38264 8.25792 8.23931 7.73049 8.23317 -0.24664
RS6_228_240 P62753 IAKRRRLSSLRAS 8.82823 7.45183 8.90490 8.78414 8.29289 7.35223 -0.25190
ADRB2_338_350 P07550 ELLCLRRSSLKAY 7.50075 6.40522 7.41849 7.39264 6.87269 6.29514 -0.25466
CENPA_1_14 P49450 MGPRRRSRKPEAPR 7.70983 8.43164 7.89150 7.85151 7.40971 7.97922 -0.26417
ANDR_785_797 P10275 VRMRHLSQEFGWL 4.35822 6.93208 3.99830 2.78383 4.67189 6.99830 -0.27819
IKBA_26_38 P25963 LDDRHDSGLDSMK 3.77392 2.55748 3.64929 2.94804 3.27489 2.90870 -0.28302
TY3H_65_77 P07101 FIGRRQSLIEDAR 7.27595 7.70931 7.41960 7.11816 6.87941 7.53682 -0.29016
KCNA2_442_454 P16389 PDLKKSRSASTIS 6.66681 7.56311 6.86617 6.67002 6.33851 7.20927 -0.29276
ATF2_47_59 P15336 VADQTPTPTRFLK 5.37995 4.72226 5.40329 4.65794 5.40779 4.55979 -0.29333
GRIK2_708_720 Q13002 FMSSRRQSVLVKS 8.88621 7.79943 8.98079 8.69408 8.36978 7.71774 -0.29494
SCN7A_898_910 Q01118 KNGCRRGSSLGQI 6.27138 5.49064 6.36351 6.21789 5.87756 5.14167 -0.29614
MP2K1_281_293 Q02750 GDAAETPPRPRTP 0.98633 2.78778 3.64712 3.77392 2.68571 0.00000 -0.32053
AKT1_301_313 P31749 KDGATMKTFCGTP 4.93653 4.11443 4.46684 4.91594 4.87941 2.63402 -0.36281
MYPC3_268_280 Q14896 LSAFRRTSLAGGG 8.63970 7.76719 8.60244 8.29808 7.92380 7.58482 -0.40087
F263_454_466 Q16875 NPLMRRNSVTPLA 9.89839 9.43773 10.10650 9.72789 9.40831 9.03768 -0.42292
BCKD_45_57 O14874 ERSKTVTSFYNQS 4.70253 5.44638 4.55748 4.67828 4.64494 4.06974 -0.43781
KPB1_1011_1023 P46020 QVEFRRLSISAES 6.86384 6.14514 7.01712 6.63868 6.29653 5.75489 -0.44534
STMN2_90_102 Q93045 AAGERRKSQEAQV 5.47543 4.67189 5.11286 4.54820 5.35356 3.92134 -0.47902
MK10_214_226 P53779 AGTSFMMTPYVVT 3.38060 2.33278 4.00679 3.43195 2.47175 2.31100 -0.50182
CFTR_730_742 P13569 EPLERRLSLVPDS 6.85869 6.12578 7.29202 6.68359 6.20429 5.81753 -0.52369
RADI_559_569 P35241 RDKYKTLRQIR 5.52770 5.43384 4.97858 4.96557 4.76193 4.43069 -0.59398
CDN1B_151_163 P46527 IRKRPATDDSSTQ 5.18646 3.51048 4.28889 4.43195 3.77392 2.62523 -0.71825
BRCA1_1451_1463 P38398 EKAVLTSQKSSEY 4.50929 2.62963 4.04026 4.80151 3.41674 0.00000 -0.98698
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COF1_17_29 P23528 DMKVRKSSTPEEV 1.33817 3.15166 5.11443 3.18796 0.00000 2.39620 -1.34003
PDPK1_27_39 O15530 SMVRTQTESSTPP 3.25507 2.29445 3.49608 0.00000 2.44701 2.07943 -1.50639
ELK1_410_422 P19419 ISVDGLSTPVVLS 3.48397 2.87941 2.22628 0.00000 2.73969 1.05344 -1.59884
ELK1_356_368 P19419 LLPTHTLTPVLLT 3.53182 0.00000 3.15472 0.00000 1.62081 0.00000 -1.68858
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